PHYSICAL REVIEW B, VOLUME 65, 205308
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A tight-binding calculation of the electronic properties of the semiconductor Ga$&Isand InSe/Sil11)
heterojunctions is performed in a charge-dependent tight binding approach where the only Coulomb effect is a
shift of all the pseudoatomic levels of a given atom at slig the same quantity; . The fitting parameterd;
are determined in the framework of constrained optimization techniques using the conjugate gradient method.
The band offsets at the interfaces are determined and found to be in quantitative agreement with recent
experiments on both heterojunctions. In addition, this optimization technique allows us to give more insight in
the charge transfer between atomic planes at the heterojunction. As a result of the the strain induced by the
lattice mismatch of the IlI-VI half layer grafted to the($11) surface the charge distribution does not match
the simple charge neutrality condition in the case of Ing&13).
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I. INTRODUCTION from the fact that, until recently, the electronic structure of
I11-VI compounds has been determined in a pseudopotential
Heteroepitaxy has become a key technology in fabricatingpproach(for a review on band calculations, see Ref).15
electronic devices. In particular, a lot of effort has been delndeed, the electronic structure of a heterojunction can be
voted to the epitaxial growth of such layered structure mateobtained from first-principle calculations, based on local
rials as transition metal dichalcogenides, GaSe, or fita, density formalism plus pseudopotentidis®However, such
since it should accommodate large lattice mismatch. In thi§omputations are cumbersome, and in semiconductor hetero-
context, the successful attempts to grow the layered [1I-viunctions a much simpler and convenient computational tool
semiconductors by molecular beam epita®yBE)>~" has IS the consistent tight-binding approad:" Only recently
renewed the interest in these materials. Indeed, GaSe h&il we complete a full band calculation of GaSe and InSe in
been used as a lattice mismatch/thermal expansion bufféhe tight-binding approact?. The purpose of this work is to
layer in the GaAs in the $111) systenf of interest to the extend it to the computation of the interface electronic struc-
optoelectronics and photo-electronic integrated systemdure between these materials and1$1).
These important potential applications were the motivation
for extens_ive exp_erimental studies of the GaSé/MH). II. THEORY OF THE HETEROJUNCTION
Structural information on GaSe(%il1) heterostructures have
been obtained by reflection high-energy electron GaSe and InSe belong to the same family of IlI-VI lay-
diffraction >’ transmission electron microscogyEM),8 and  ered compounds and crystallize in the same symmetry. The
x-ray standing wave measuremehtdore recently, such crystallographic properties and the nature of their interface
studies have been extended to InS@/8l), thus completing with Si(111) are then expected to be identical. This is con-
the family of II-VI/Si(111) heterostructures obtained by firmed by all the structural analyses performed so far on both
MBE. In particular, the TEM revealed that the GaSe/GaSe/Sil1l) and InSe/Silll) interfaces. Therefore, we
Si(11Dinterface is abrupt just as that of the GaSe($iL1).2  shall focus attention in this section on the GaS@/Si) in-
Auger electron spectroscopy in GaS¢13i) (Refs. 5,7and  terface which is the archetype of IlI-VI/@i11) interfaces,
in InSe/S{111) (Ref. 12 gave information on the surface and has been most studied in the literature. Then we shall see
composition. In the recent past, these analyses of structurédter in this work how the results can be extrapolated to
and compositional properties have been completed by thSe/S{111).
investigation of electronic properties. The band offset at the First, the symmetry breaking at the freg(18il) surface
interfaces determined from photoemission yield spectrosimplies the existence of dangling bonds which favor recon-
copy is 0.9 and 0.3-0.4 eV for GaSd/Hil) (Ref. 1) and  structions. However, the basic two-dimensional layer of
InSe/S{111) (Refs. 12,13 respectively. GaSe has hexagonal symmetry similar to the nonrecon-
These numerous experimental studies contrast with thetructed Si111) surface. We then expect that this symmetry
lack of theoretical work on the IlI-VI/$i111) heterojunc- is restored by the deposition of GaSe which cancels the ex-
tions. In particular, the valence band offset at the interfacéstence of dangling bonds. Indeed, experiments have deter-
has not been investigated theoretically yet, although this pamined that the interface structure is independent of the type
rameter in any heterojunction is crucial in determining itsof initial Si(111) surface on which the epitaxial growth of
electronic properties, and is recognized as a key parameter thin GaSe films is achieved. To be more specific, the inter-
the physics of device¥. One reason for this disparity be- face structure has been found identical for initial surfaces
tween experiments and theory in the present case may conas different as the reconstructedx7-Si(111) and the
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3% /3 Ga-Si surfaces, or the H{3IL1) which is nonrecon-

structed since the hydrogen saturates the dangling #ond.
The only difference is that the H-terminateck1 surface

gives the best interface quality. This interface structure can
be easily understood from the nature of the chemical bonding
on the IlI-VI compounds. One layer of GaSe is made of the
pilling of four atomic planes, in the sequence Se-Ga-Ga-Se
The strongest bond inside the layer is the ionocovalent
Ga-Ga bond which insures the rigidity between the lower
half-layer Se-Ga and the upper half layer Ga-Se. On anothe
hand, the interaction between Se atoms on adjacent layers 10 planes
weak, and is responsible for the layered nature of the com-
pounds. Therefore, we do not expect a stable heterojunctiol
with a Se plan as a first atomic plan above Si, since the bonc
involving Se is too weak. On another hand, we expect that ¢

stable heterojunction can be formed if the upper half-layer N\ = ——
Ga-Se is deposited on the Si surface, since the GaSe ha — ‘ T T a3
layered is strongly bonded to Si, via the Si-Ga bond substi- P o P e |

tuted to the Ga-Ga bond. Indeed, this is confirmed by the H - et T

experiments which all show that the Ga atoms are covalently
bonded to Si top atoms and a GaSe half-layer is grafted onto g 1. Atomic structure of thé111) heterojunctionsa is the
the S(111) surface(see Ref. 22, and references theyeWet  parameter of the 2D lattice in @11) atomic plane of the Si sub-
according to the Ga$e00]) and S{111) 3m symmetries, strate. The Si substrate is ended by a §I:H) surface on one hand,
there are two different ways to build the interface if one halfand by the heterojunction with the I1l-VI half layer on the other
layer is on the the silicon substrate chosen as reference, cdfand. The structure is the same for GaS@/Rl) and InSe/Sil11).
responding to two orientations at 180°. The only differenceOnly the numerical values of the distanbg between the metal
between them, however, concerns the position of the Se atGa,In and the Si111) planes at the interface, and the distahge
oms with respect to the Si atoms underneath. The interactiopetween the metal and the §EL1) atomic plane are changddee
between these atoms, will be the order of magnitude of thdable ). For convenience in the tight-binding calculations, a fictive
interaction between a Se atom of a half-layer and the GA&D lattice is generated by reproducing this structure along the c-axis
atom of the other half-layer, i.e., negligikﬂ%Therefore, the perpendicular to the interface, with periodicityalso given in Table
electronic properties such as band offsets at the interface will
not be sensitive to the type of orientation. As far as electronic
properties are concerned, the relevant information providetion of the GaSe layers in A and B, relaxed and strained
by the experimental studies of the crystallographic structurelomains. Moreover, any attempt to simulate a thicker film by
is that the epitaxy between the first half-layer GaSe and periodic arrangement of the (& and Se atoms would not
Si(111) is a pseudomorphic epitaxy:the half-layer is later- match the reality either, and then would not allow a better
ally strained on the unrelaxed($11) surface, with Ga atoms comparison between theory and experiments. Roughly
on top of the Si atoms. The schematic drawing of the interspeaking, it means that in the tight-binding approach, the
face structure is reported in Fig. 1. basis set of the Hilbert space on the GaSe side of the hetero-
The structural analyses recently made by Jedrecyunction will be truncated to the orbitals involving Ga and Se
et al?*?*reveal that the pilling of GaSe above the first half- orbitals of the first half layer grafted on (3iL1). We shall,
layer is much more complex. The epitaxy above the first-halhowever, indirectly take into account the fact that there is
layer is not made plane by plane, but layer by layer, whichsome pilling of GaSe domains above the grafted half layer
implies the existence of steps at least one sheet high, i.e., 18 choosing the matrix elements of the tight-binding Hamil-
A. Even the first layer above the half layer grafted ofl$l)  tonian equal to these which fit the dispersion relations of
is divided in domains with different orientatiofieferred to  bulk GaSe. After these general aspects which outline the
as A and B(Refs. 23,24], and stacking faults are obsenfed. main features of our approach, let us now report how the
Part of the domains of this first layer is relaxed with a latticeHamiltonian is built in practice. The first step is to determine
parameter close to that of bulk GaSe, but part remains latethe atomic positions which is still a structural problem, de-
ally strained®®?*Therefore, in our model to investigate elec- tailed hereunder in this section. The second step is to deter-
tronic properties, we have restricted the G&B&e part to  mine the matrix elements of the Hamiltonian, and is reported
the half layer grafted on §il11). Moreover, due to the large in the next section.
dielectric constant, the charge transfer at the heterojunction For GaSe/S111), the position of the atoms at the inter-
does not extend beyond the first half layer and will not beface is known from experiments. The position of the
affected significantly by this restriction. It should affect atomic planes parallel to the interface is identified by their
quantitatively the band offsets, but still the deviation is ex-relative distance. Those are the parametgrsl,,h,,h, de-
pected to be small. Indeed, no spread out in the distributiofined in Fig. 1 and reported in Table I. The position of the
of band offsets has ever been observed despite the distribatoms inside the atomic planes is identified by the lattice
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TABLE I. Crystallographic parameters for the GaS&l$l) and  rametersa,d, ,d, are bulk Si parameters as the Si surface is
InSe/S{11]) heterojunctions. All the parameters are expressed in Aunrelaxed, and are thus the same for both heterojunctions.
The in-plane lattice parametet, as well as the distances; ,d; To keep the number of atoms considered finite and the
between(111) atomic planes are characteristics of the Si lattice, andjimension of the Hamiltonian matrix, it is necessary to keep
in the two heterojunctions are the distance between the Si and Ga Parallel to the interface are sets of two Si-Si planes. Each set
In (111 atomic plgnes I{,), the distance between the Ga or In and is made of two atomic planes separated by a distaacand
the Se(111) atomic plane k), and the lengtft of the hexagonal o o4 5 gistancel, from the next set. In the calculations, the
unit cell of the pseudo-3D lattice used to build the tight-binding thickness of thé layer has been c.;hosen equal to 21’ 16 A
I;;r::::i’ggn'inmfs ?ﬁ?k ?(r)f t:gr?ng:(f;ﬁs ’gegoiii(;iosnu’ and which corresponds to five sets. We have checked that this Si

' layer is thick enough to simulate an infinitely thick layer, and

GaSe/Si111) InSe/Si111) that the .electronic structure of the heterojunction remains
quantitatively the same upon further increase of the number

a 3.84 of Si layers. This Si layer is terminated by a H-Hil) sur-
ds 1.78 face. This termination with hydrogen has been used to avoid
d, 0.78 the spurious localized surface states inside the energy gap
d, 2.35 due to the dangling Si bonds on the nonreconstructed bare
h, 237 2.67 Si(111) surface. The heterojunction on which the calculations
h, 1.07 1.44 have been made is reported in Fig. 1.
C 21.163 21.833

Ill. ELECTRONIC STRUCTURE OF HETEROJUNCTIONS

parameter of Si for the silicon part. For GaSe, the Ga atoms [N this section, we first recall briefly how an ideal inter-
are located at a distantg from the Si atoms at the surface, face is described in the tight-binding scheme, and how it can
on the vertical of Si sites. We have already noticed that th&€ Simplified by the use of the local-neutrality condition,
symmetry allows for two orientations at 180° of the geWhich is a simplification successfully tested on heterojunc-
plane, leading to two atomic positions. A first investigation ilONS involving zinc blende semiconductors in the past.
of the atomic position by the x-ray standing-wave technique As an hetgrOJunctlon |s'formed, there is a charge transfer
favors one of them, as it locates the Se atoms on a verticdrough the interface, which creates a dipole. The valence
line running through the center of the triangle formed byband_offset can _thus be calculated in a model Whlch consid-
three Ga interface atomi€.This is thus the position we have ©rS elthgr this dlpole, or the rellated charges at.the_ mtgrface.
chosen to build the heterojunction. Again the electronic propt€t us first consider the electric charge analﬁ_%mghmh IS
erties will not be sensitive to this choice anyway, for reasondarticularly suited to the tight-binding calculations. The net
already mentioned in this section. These considerations full§!€ctric charge®); carried by the atoms on siiecreate on
determine the position of the Ga and Se atoms inside théit€] @ potentialV; which shifts the energies of the pseudo-
atomic planes parallel to the interface, and the two param@tomic orbitals by an amount
etersh; andh, fully determine the location of the Ga and Se
gt?lniljg sites in three dimensions for the half-layer grafted on V= E C;i Q (1)
i(112). .

For InSe/Si111), the positions of the atoms have not yet or, in matrix notationV=C~1Q. Whether the charges are
been determined experimentally. Since, however, experi- ' . A : .
ments have confirmedpthat the st)r/ucture is the same as tEat considered as uniformly distributed in atomic planes parallel
GaSe/Sil11), we have extrapolated the results obtained o f8 the interfacé® or localized on the atonfS,the determina-
GasSe 10 the, InSe half-layer grafted or(1iD), and kept the ion of_C*l prqvides thg expression @f as a function of the
same geometry. For GaSe(Ei1), h, =2 37+0’ 3 A(Ref. 9 potennal matrixV. Starting from a.sgtcoo,vq), we can es-

) L e ) timate the charge transf€— Q, within the linear response

which, within experimental uncertainty, is the sum of the Gaformalism i.e., restrict to the first order term the expansion
and Si covalent radiidg,=1.36 A anddg=1.11 A, re- PRGN P

spectively. As the covalent radius of In i, = 1.56 A, we of Q as a function ofV in a Taylor series in the vicinity of

can then estimate for the InSefBil) heterojunctionh; (Qo,Vo):

=.d|n+.d5i=2'.67 A. The GajSe bond length at the interface Q—Qo=—x(V—Vy), )
with Si(111) is the same as in bulk Ga8&o keep constant

this metal-Se bond length, the dilatation of the half-layer towhere y is the susceptibility matrix. The self-consistent so-
adjust the lattice parameter of Si implies a decreashk,of lution of the linear system of Eq$l) and(2) is

with respect to bulk GaSe tn,=1.07 A. The same geomet-

ric argument applied to the InSe half layer grafted of1 Bl C iy 1

implies an increase oh, (as the halflayer now suffers a V= I+C’1XV0+I+C’1XC Qo. )
contraction to adjust the Si lattice parameter, up hto

=1.44 A. These parameters which define the atomic posiNote thatl in this equation is the identity matrix, and will be
tions in the heterojunction are reported in Table |. The panoted as 1 in the following. This equation only requires the
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validity of the linearization in Eq.(2), i.e., that the set

(Vg,Qp) is a good approximation to the self-consistent equa- +gg | +d]
tion. The so-called local-charge-neutrality condition, which +OHOM e
corresponds to a charge distribution preserving the electro- / /. /. srecion 11

static stability of the system, i.e., preventing the system from \ / /
J VLY
-394

becoming infinite far from the surfaéé?®is a good approxi-

mation to the self-consistent charge distributf@rnother & 2 2

choice is possible, such as the zero-dipole model in which i 142

the charge distributio, is such that it does not give any 4

dipolar potentiaf®> Both choices, however, give the same £ aion of semicondustor | ® union of semiconductor2

determination of the band offset, within 0.1 eV. In this work ) cotonofsemenducort W caton ofsmicondciors

we have chosen the zero-charg&C) model which corre- FIG. 2. Charge distribution preserving electrostatic stability in

sponds to the exact solution in the case when the charge {$11) heterojunctions between semiconductors, after Ref. 29 and
uniformly distributed in the atomic planes parallel to the in-references therein. Dashed lines represent atomic planes parallel to
terface, and seD,= Q*C in the equations. Equatid) gives  the interface plane.
the potential at any distance on both sides of the interface,
and then the valence band offs&E,=A(V)=V,_,. present case, all the atoms inside a given atomic plane par-
—Vio_.: allel to the interface are of the same kind and thus suffer the
same potential shift. A single index which numbers the
B X Jc e plane position from the interface is thus sufficient to fully
AEv—FAEu +FA(C Q™). 4 identify theU;’s. The charge transfer across the interface is
X X responsible to the dipole potential barrier, and the problem
whereAEZ°=(Vg)i— +-—(Vo)i— - is the valence band off- has to be solved self-consistently to determiig, . In fact,
set when the charge distribution@C. We can have a better screening in such systems with high dielectric constant is
physical understanding of the last term of E4), if we note  very efficient, and it has been argued that a very good ap-
that the valence band offset through the heterojunction is proximation to the fully self-consistent solution is provided
by the the local-charge neutrafiy?°in heterojunctions be-
AEvzvdierAES (5) tween semiconductors of the same class. This can be viewed
from Egs. (4),(8) as AE, reduces toAEZ® in the limit of
large susceptibilityy, or equivalently large dielectric con-
tante(0). This means that one can determih&, and the

-1

with Vg, the heterojunction dipole IayeAES is so called
natural band offset, defined adE’=E,,—E,;, with

E,1.E,» the energies at the top of the valence bands referre harge exceség; on atomic sites of each plariéoy impos-

to the electrostatic potential in the bulk infinite semiconduc-; ;
- . ing that all thedq; approach the local-charge neutrality con-
tors 1 and 2Si and the 11I-VI compounds in the occurrence gigon. di app 9 y

The valence band offset in the zero charge case correspon Yet, there are many charge distributions which preserve

ing to the local neutral condition {see Eq(5)] the local-charge neutrality condition and electrostatic stabil-
AEZC—VEC | AED. ©) ity of the systent® As in prior works? we consider the
solution where only one plane presents a charge different
Since this is a good approximation to the self-consistent sofrom the bulk charge. This solution is displayed in Fig. 2, in
lution, the self-consistent result for the charge trangf@®  the case of 4111 heterojunction with bulk chargesq,,
across the junction can be derived within the linear response g; on anion and cation of the material on one side of the

theory[see Eq.(2)] which can be written interface,+q,,—Q, on the other side. The modified charge
. at the interfacganion plangis —(3q,+0q,)/4. In our par-
Q= CVyip= — x(Vaip— Vip)- (7)  ticular case, the substrate on which the -Vl material is

deposited is silicon, which is a purely covalent material,
henceq;=0. Since the first atom plane above Si is a Ga
plane(see Fig. 1, i.e., a cation plane, the Si interface plane is
A(C Q%) =AEC. 8) the analog of an anion plane in the general case, and the
v formula above displayed applies, with=0. The simplest

The screening factor of this term in Eqg),(8) defines the charge distribution within the local-charge neutrality ap-
dielectric matrix ase(0)=1+C™ 1y. proximation is then

The charge transfer trough the interface and the related
dipole p.otential entering. the equations gorres_por_1d to a qi2<00:o, in:CO: —q/4, qizfl: +q, qizfzz -q.
change in the Coulomb interaction. The tight-binding ap- 9)
proach is well suited to solve this problem, since the effects
of Coulomb interactions is simply to shift all the energy lev-i=0 corresponds to the @il1) plane at the interface <0
els of a given atom by the same amount. Only the diagonatorresponds to the Si substraiez 1,2 correspond to the
matrix elements of the Hamiltonian matrix are thus shifted,metal (Ga or In plane, and Se plane of the grafted layer,
by an amount; from their value in the bulk material. In the respectively.

The solution of the linear set of Eq&)—(7) gives Eq.(4),
with
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IV. 1I-VI /SI(11)) SYSTEMS along the(111) directions in the interface plane, instead of
the conventional(100 set. The Si-Se interactions vanish

In this section, we first detail how the pseudo tight- since the interactions in the pseudo-Hamiltonian are trun-

binding Hamiltonian appropriate to the problem has bee ; ;
built. Then, we report the numerical method we have used t%ﬁ;e%éoa?ggijé nsiggggf?nl\é(sé;rg%gn;@?n'i itrﬂ;ns.r];g

calculate the electrostatic charges, and the correlated bar(l)g“y new matrix elements generated by the heterojunction

offsets". along the_ lines Of. the general considerations re are thus Si-metal interactions. In a tetrahedral environment,
ported in the previous section.

the off-diagonal parameters can be estimated from the scal-
ing law?*
A. The Hamiltonian matrix

In the heterojunction model in Fig. 1, there are ten Si Vapy= Napyd 2exd —2.5R/d-1)], (10
atomic planes, one metal and one Se atomic planes parallel } i )
to the interface, and one H-atomic plane which terminategvhered is the nearest-neighbor distance between atoms of
the Si substrate, hence 13 atomic planes parallel to the intef0€ same nature as those under considerafothe actual
face. A fictive three-dimensional superlattice can be generdistance between the atoms under consideration. The param-
ated by piling series of 13 atomic planes along thaxis ~ ©ters7qs, have been determined by Harristna, 3 label
perpendicular to the interfaces. The unit cell of such a supefthe orbitalss,p or s* involved in the interaction, ang its
lattice is hexagonal, with a basis in the plane parallel to th&omponenio or 7. This scaling law has been used success-
interface which matches that of the two-dimension&l 5i) fully to determine the electronic structure of heterojunctions
nonreconstructed lattice, and heighivhich separates the 13 between 1I-VI or 1ll-V compounds in the past, including
planes in Fig. 1. Note the unit cell contains 13 atdorse for ~ GaAs. It is then a good approximation to estimate the Ga-Si
each atomic plane Such a superlattice cannot exist as it interaction. We also used this scaling law to evaluate the
would actually be unstable with respect to an infinitesimalSi-H coupling at the bottom of the Si film in Fig. 1. Indeed,
shear force, because the basic layers of thickieeds not  NO sizable change in the density of states has been introduced
interact. This geometric construction must just be viewed a8y the H-S{111) interface with this estimate of the Si-H
a mathematical convenience to restore a periodicity and ininteraction. The Se-metal interactions have been kept equal
variance by translation a|0ng the axiS, so that standard to their values determined in the bulk, since we have seen in
tight-binding calculations of bulk materials can be used tothe previous section that this bond length is the same in the
determine the electronic structure of the heterojunction. Takbulk compound and in the heterojunction. Therefore, the
ing into account the 13 atoms of the unit cell and the fivetight-binding Hamiltonian matrix is built with the same tight- -
sp3s* orbitals for each atom, the tight-bindingp’s*  binding parameters as in bulk Si and GaSe or InSe defined in
pseudo-Hamiltonian matrix we are dealing with has a dimenSec. Il and Fig. 1, plus the Si metal and Si-H interactions
sion 13<5=65. There is a powerful tight-binding model to determined by Eq(10) for atomic positions determined in
deal with structural properties of covalent and ionic S€c. Il and Fig. 1. The pseudoatomic energies of the orbitals
sp-bonded semiconductors on equal footfigYet this  are shifted by the quantitids; defined earlier in this section,
method is not suited to the present purpose, because it Which are the only fitting parameters in the problem.
based on the use of scaling empirical laws to determine pa-
rameters such as overlap matrix elements due to nonorthogo- B. Numerical procedures
nality of the orbitals on different sites. These scaling laws are

relevant to the case of these materials which crystallize in the T.hese parametetd; must be chosen so that t.he.cha.rge.s
carried by the atoms are close to the charge distribution in

zinc blende or the rocksalt structure. In layered compound " .
however, small but significant deviations from the scalingSEq' (9). The fitting procedure we have chosen is the least-

laws arise as a result of the weaker interactions between tlféquare f'T[ procedure which amounts to find the minimum of
layers. In this particular case, the overlap matrix element e function

would have to be considered as fitting parameters, making

the whole procedure questionable. Instead, we have recently 1) — _ 4ZCy2

investigated the band structure of bulk GaSe and InSe in a fquib Z (Gi—a™) (A9
different tight-binding approach allowing us to get rid of the

overlap element® In this framework, we have determined in the space of parametefs);}. According to our hetero-

the pseudo-Hamiltonian matrix elements in #@s* basis  junction model in Fig. 1, there are 13 atomic planes parallel
which reproduce the nonlocal pseudopotential band strudo the interface in each basic layer, and then 13 parameters
ture, as well as the optical and photoemission experimentdl; . The boundary conditiokJ;_ _,3=0 restricts the number
data, the direct and indirect band gdpghe tight-binding  of independent parameters to 12. The least-square fit proce-
parameters, i.e., diagonal and off-diagonal tight-bindingdure then amounts to the search for a minimum of the func-
Hamiltonian matrix elements for GaSe and InSe are reportetion f in the 12-dimensional space of parameters. The nu-
in the tables of this previous work. The tight-binding param-merical procedure we have used for this purpose is the
eters for Si are those reported by Vd3glbefore the appro- conjugate gradient method, as typified the Polak-Ribiere
priate rotation is applied to the Hamiltonian to write the ma-algorithn?® we already used to determine the the tight-
trix in the appropriate hexagonal cell with lattice vectorsbinding parameters of GaSe and InSe.
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The calculation of in Eq. (11) requires the calculation of
the electrostatic charge carried by the atoms in the heterog > @
junction. This charge is deduced from an integration of the®
density of occupied states. The expression of the density o%

states on an atom located in the plangarallel to the inter- &1
face takes the form o
1 > ~ ) 0 T T T T
n®=-5[ | |3 v ®lePoE-k L T
BZa=1

12

where() is the volume of the Brillouin zone, on which the

integral is performedﬂf(IZ) is the eigenfunction of the 65
X 65 Hamiltonian matrix defined earlier, for the eigenenergy =

(©
- w
E(K). ¢; . is the pseudoatomic wave function of the orbital & /’\/\/\\
0 N\

a for an atom in the atomic planeand then belongs to the
set of 65sp3s* basis functions in which the Hamiltonian -%0 25 -20 15 -0 -5
matrix has been constructed. Such integrals over the Bril-_ )
. . . . € -
louin zone, can be determined by replacing the integral by ag 2

discrete summation over the “specitl points,”*"® pro- 3
vided the Dirac functions are smoothed. For this purpose, theg .
Dirac distribution has been replaced by a Gaussian of width
0=0.2 eV. This value ofr is large enough to insure that the £

integrant is smooth so that the special point approximation is ,
valid, and small enough so that the peaks in the density ol .3 .25 .20 15 10 5

states are not smeared out in the process. We used a set
eight speciak points in the hexagonal Brillouin zone gener- § 2
ated by the procedure of Chadi and Cofigfthe validity of
this procedure has been checked earlier, since the same setg

(@
the hexagonal Brillouin zone of bulk GaSe and InSe, and theg“
same value ofo have been shown to reproduce quantita- @
tively the density of states of these compouffihe charge  ©

carried by the atom under consideration is then given by 0_30 _2I5 _2[0 _115 _110 1

E(V)

tates/eV atom)

eV at

E,
q= f_wni(E)dE' (13 FIG. 3. Density of occupied states on a Si atom far from the

_ interface(a) and at the interfacéb), on a Ga(c), and a Sdd) atom
E, is the energy at the top of the valence band, which als®f the half layer grafted on Si in the GaSe/Sil) heterojunction.
depends ori, due to the offset. The procedure is thus theThe origin of energies is taken in the vacuum.
following. For a given choice of the set of parametfk},
corresponding to one step of the minimizationfdby the
conjugate gradient method, the solution of the eigenproblem
of the pseudo-Hamiltonian is solved, then(E) is deter- that a precision of 0.001 eV in the charge results in a preci-
mined as described above, from whigh is inferred as the ~Sion of 0.01 eV in the band offsétin CdTe/HgTe hetero-
energy at the top of the occupied states below the energyinctions. The extrapolation to our case then leads to an es-
gap, theng; is calculated by integration of;(E) according timate of the precision on the offset the order of 0.1 eV in
to Eq. (13). our calculations.

The accuracy in the calculation of the band offset in our

model is determined by the accuracy with which the charges
are calculated. The highest accuracy is obtained by Green'’s
techniques by decimation techniqu4® The procedure we In practice the boundary conditiom.o=0 andU,_- ;3
have used is less accurate, and to check its validity, we have O implies thatU;_,=0. Therefore, the set of 12 param-
used it to determine the charge on Ga and Se atoms in bulitersU; is in practice reduced to four finite parameters only,
GaSe. We find a chargg;,= +0.66e and —0.6% with ethe  which insures the unicity of the solution. The density of va-
absolute value of the electric charge carried by an electrorience states in the different atomic planes is reported in Figs.
while neutrality condition that both charges are equal and and 4 for GaSe and InSe, respectively. Note the main peaks
opposite. A measure of the error in the determination of then the density of states of @a) and Se reproduce qualita-
charge is then(ggatgsd/2|=0.00%. It has been shown tively those observed in the corresponding partial densities

V. THE RESULTS
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TABLE Il. Valence band offsets for the two heterojunctions in-
vestigated. The theoretical results are from this work, the precision

()
is dictated by the precision with which the electrostatic charges are
calculated. Experimental results are from Ref. 11 for GaGElDi
and Refs. 12,13 for InSe/@il1).
Theory (eV) ExperimentgeV)

o P ! B B 1 Gase/Sill) 0.98+0.1 0.90:0.1
InSe/Si111) 0.32£0.1 0.35:0.1

N
|

N
|

n(E) (states/eV atom)

(©
dictions of Eq.(9). It is also in agreement with the analysis
of core level spectra which give evidence of a charge transfer
M from Ga-Se to the Si layéf an additional charge transfer of
o~ about 0.08 between Ga and Se with respect to the bulk
0 T T T T i i i
situation. It should be noticed that such a transfer has been
| . . inferred from optical measurements of GaSe under
pressuré? Indeed, we have already noticed in Sec. Il, that

the distance between Ga and Se atomic planes for the half
layer grafted on Si is smaller than in the biudee Table)l

(b)

14 We can then expect that this charge transfer between Ga and
Se in the heterojunction is due to the shrinking of the dis-
tance between the Ga and Se atomic planes equivalent to an

0

T T T T uniaxial pressure applied along tleeaxis perpendicular to

-30 -25 -20 -15 -10 -5 the interface. In InSe/§i11), the deviation with respect to
neutral charge condition is negligible, since the minimum of
the functionf is f=10"3 in this case. Indeed, we have no-
ticed that the strain and the Si substrate amounts to an
uniaxial dilatation instead of a pressure along thexis.

n(E) (states/eV atom)

n(E) (states/eV atom)

M)
|

n(E) (states/eV atom)

VI. CONCLUSION

o 4
|
.
.
L B
.
.

53]
[=]
N
&)
N
o
-
(&}
-
[=]
w

E(eV) The electronic structure of GaSe(Bil) and InSe/SiL11)

FIG. 4. Density of occupied states on a Si atom far from thehas been investigated theoretically_ in the tight-binding ap-.
interface(a) and at the interfacéb), on a In(c), and a Séd) atom  Proach. The band offsets are found in agreement with experi-

of the half layer grafted on Si in the InSe{8L1) heterojunction. ~ments. The use of constrained optimization techniques using
The origin of energies is taken in the vacuum. the conjugate gradient method includes the constrain that the

charge distribution should not depart too much from a charge
neutrality condition, but at the same time it allows for a
small departure from this charge neutrality condition, to ad-

of states of bulk 11-VI compound®, except that they are just the fact that this condition is not exact, in particular in
shifted in energy. The valence band offsets are reported if@Se/Sil1l), where the lattice mismatch between the two
Table 1I. Our result for the interface GaSe/Si is found in€omponents has significant effects on the charge transfer.
agreement with most recent experimental dAtAE,=0.9 This result is consistent with experimental results, if we con-
+0.1 eV. The difference with a smaller val@@7 eV) pub- sider the effect of the constrain as effective pressure effects.
lished earlier has been attributed to a bad estimate of th&he tight-binding approach combined with the constrained
ionization energy for th¢100) face of GaSé! so it will not optimization techniques is thus a powerful tool to investigate
be taken into consideration. A similar quantitative agreemen{€ €lectronic structure of complex heterojunctions such as
is found between our model and the experimental reSults IV-VI/Si(111), where the interfaces are complémo com-
for the offset at the InSe/Si interface. mon anion, strong lattice mismafch

In GaSe, a sizeable deviation with respect to the neutral
charge condition is found, as the the functfdakes its mini-

mum value atf ~10 2, while the charge distribution on the ACKNOWLEDGMENTS
Si atomic plane at the interface, on the Ga atoms and on the
Se atoms are, respectively; 0.16e,+0.72,—0.5%. The M.O.D.C. aknowledges financial support by Minigtele
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