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We have developed efficient screened-exchange local-density approxint@{idrDA) methods for films
and superlattice§~LM/SL) with which to calculate self-consistent electronic structures for both occupied and
unoccupied states. Considering nonuniform charge densities and local-field effects ifirgetion for FLM/
SL, we have employedionlocal Thomas-Fermi wave vectors to define the screened-exchange interaction.
Three methods, fobulk, superlattice andfilm, have been implemented in the full-potential linearized aug-
mented plane wave method. The film sX-LDA method was then applied to ti@08 X 1 surface. The
calculated occupied surface states show very good agreement with experiment. On the other hand, an under-
estimation of the correction to the unoccupied surface states, by about 0.2 eV, was estimated in comparison
with availableGW calculations. The ionization energy of Si was evaluated with the film geometry to be 5.35
eV by virtue of the quasiparticle corrections, showing good agreement with the experimental value of 5.15
+0.08 eV. We also present an application of the superlattice sX-LDA meth¢80®) ordered InAs/InSb
heterojunctions and superlattices. Band gaps and band offsets under strained conditions were directly calcu-
lated by sX-LDA without any experimental data as input. Slightly larger valence-band offsets than the LDA
results, by about 0.08 eV, agree with the consequence oBihecalculations, indicating an increase of the
potential negativity in the InAs region. This potential change along with the charge redistribution at the
interface is found to be crucial to evaluate accurate band gaps of the superlattices.

[. INTRODUCTION Sham (GKS) scheme, and that the discontinuity of the
exchange-correlation potential is introduced through the non-
Recent major advances in the quantitative computation ofocal screened potential. Encouraging results for the band
ground-state properties in solids are essentially related to thgaps, structural properties, and optical properties were dem-
development of density-functional theory in the local-densityonstrated for several bulk semiconductor matefials The
approximation (LDA) and the local-spin-density advantages of the sX-LDA over tl@@W calculations are that
approximation’:2 Despite its great success with ground-stateit is much less computationally demanding, and that it per-
properties, as expected this theory does not yield agreementits the self-consistent determination of ground-state prop-
with experimental excitation properties, typically representecerties.
by band-gap problems in semiconductorsth usual under- Excitation properties in films and superlattiqg€d-M/SL)
estimates by 40-50 %owhich originate in the discontinuity of semiconductors are related to several important applica-
of the exchange-correlation potential at integer particldions: band-gap and band-offset engineering in semiconduc-
numbers: > tor heterostructures, catalytic adsorption processes at semi-
While the GW approximatiofi is a standard approach to conductor surfaces, and metal-semiconductor contacts.
obtain more precise quasiparticle states, its heavy computa¥hile simplified basis functions like localized Gaussian ba-
tional demands have hampered its application to more consis sets are sometimes employed to reduce the computation
plicated and/or larger systems. In addition, determining selftime for theGW calculations'? the greatly reduced compu-
consistent properties within the W approximation is still tational demands of sX-LDA motivate us to consider the
questionable; recently presented results of fully self-self-consistent determination of the FLM/SL properfigs.
consistentGW calculation$ show a large discrepancy from  There is, however, a substantial difference between
the observed band gap of Si and the bandwidth of K. FLM/SL and the bulk in the treatment by sX-LDA; since
The screened-exchange LDA meth@X-LDA) was first  spatial nonuniformity in charge densities is essential, at least
proposell by Bylander and Kleinman in order to obtain a in the direction perpendicular to the film or superlattice-
better band gap. Seidit al. showed that the method is ac- ferred to as the direction, the linear response function is no
tually described in the framework of the generalized Kohn-longer approximated ag(r —r') which is usually taken for
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the bulk sX-LDA. This means that, in contrast to the bulk
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Now we consider the case of FLM/SL. The essential dif-

case, we cannot employ a constant Thomas-Fermi wave veterence between FLM/SL and the bulk is that the linear re-

tor for FLM/SL.

sponse for the FLM/SLx(r,r’), is spatially nonuniform,

In this paper, we extend the sX-LDA method for the casesecessitating a translationally noninvariant response function
of FLM/SL using anonlocal response function which does in the z direction, whereas we used the response function in
not have spatial invariance in tlzalirection, and employ the the form y(r—r’) for the bulk; in other words, we need to

screened interaction introducingonlocal Thomas-Fermi

include local-field effects in the direction. In theGW cal-

wave vectors. It is implemented with our full-potential lin- culations, the response function and the corresponding

earized augmented plane wageLAPW) method** which

screened interaction are directly calculated by the random-

has highly accurate representations for both bulk and filmphase approximatio(RPA). Instead of its heavy evaluation,
geometry. We then present two particular applications inve employ a rather simple but reasonable nonlocal response
Sec. lll, namely, the $1002X 1 surface and the InAs/InSb function:

superlattice. The results, including surface states, ionization

energy, valence- and conduction-band offsets, and band gaps

are compared with available LDAGW, and experimental
results to evaluate the accuracy of the methods.

Il. THEORETICAL FRAMEWORK

First, we review the sX-LDA method and its application .
to bulk material$® and then present the theoretical frame-

work and its implementation for FLM/SL.

In the sX-LDA, a GKS equation is written invoking per-

turbation theory as
(A2 -+ A g |y =€i), (D)
where
Abg=N— 3k )

Here h°* is the LDA Hamiltonian, 2}- the nonlocal
screened Fock exchange operaffé&. the corresponding lo-

cal one, and|i) are the eigenkets of the sX-LDA. The

screened Fock exchange operator is given as

occ
v§;<r,r')=—; W(r, e (]l )
Employing the simple Thomas-Fermi screening fop,,,
we have the screened interaction in the form

e Kgr
W(r)=——, @

and the corresponding local potentials,

1/3
vl p(r)]=-2 ;p(r)) F(y), (5)
F —14 t2y21 72+3|1+4
(y)= —§yarcan;—€ |\ n ?
(6)

X(r1,r2)=x(ri2;p12), (7)
where
+
P p(z1) " p(22) ’ )

i.e., the response function depends on an intermediate den-
sity between the planar-averaged densifi€s;) and p(z,)
and the distance between the two positions=|r;—r,|.
Clearly, in a homogeneous system, K@) is reduced to a
response function that depends only on a constant average
density over the solid, i.e., the approximation used in sX-
LDA for the bulk. Applications of Eq(7) have been under-
taken in calculations for the Hmoleculé® and for a surface
energy'® and give reasonable improvement over the results
using the homogeneous form.

Considering the Thomas-Fermi screening function, Eg.
(7) yields a screened interaction for FLM/SL as

. e Kes(z1.22) 112
Ws(f12i21122)=r—12, €)

where thenonlocal Thomas-Fermi wave vectdt:g is de-
fined by

4
[sz(Zl:Zz)]2:;(3772P12)1/3- (10

For a local screened potential, we use & .but assume that
v depends orp(z), and keep it independent @f(r). With

this particular choice of screening function, a Fourier com-
ponent of Eq.(9) is given analytically as

~ 1 .
WFS(qu;zl,zz)= Kf drxyWFs(rlz;Zl,Zz)e_quy.rxy

2T ([
- TJ‘ dr Jo(qum)e_ Kesz1.2) T,
dip

(11)

whereq,, is a two-dimensional wave vectal;,=|z, 7,/

Here y=Kre/qe, wherekye is a Thomas-Fermi screening a s the area of the unit cell, anty is the zeroth order Bessel
wave vector, andi is a Fermi wave vector corresponding to f,netion.

the average densitﬁ It needs to be emphasized that, as

discussed in Ref. 8, it is assumed that theal screened-

We evaluate matrix elements,=(1k|vir|2k) of the
nonlocal screened Fock potential, E8), for a Bloch statek

exchange density functional has the same dependence on thg three casesbulk, superlattice andfilm. For the bulk, we

local density as the LDA exchange functional,_so thdtas
no dependence op(r) andqg depends only om.

follow the implementation and notation given by Massidda
et al}’ Each matrix element is given as follows:
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(1) Bulk The screened function depends only on ¢, . .(r)=[A,(k+G)u, g (E,,2)
Iri=ral, v
ooe +Bv(k+G)ukxy+GXy(Ev,z)]exg[i(k+G)-rxy],

'12:_% EG: Pq(G)Pmzc(G)W(k—q+G). (12 20

whereu andu are solutions of the two-dimensional Schro

dinger equation given an ener@y, and a position along the

z axis, and the coefficients, andB, are determined by the

continuity condition at the boundary of the vacuum and the
occ slab surfacé® Since we do not use periodicity in tlzedirec-

— * / tion, the integral in Eq(14) is naturally evaluated on real
lo==2 2 2 Praud Gry G Pmaai( Gy Gy space meshes. Including an extrapolation technique beyond a
finite vacuum region, typically 25 a.u., we accurately con-

><|~:F3(k—q+GXy :G,,G.). (13  sider the solution at— e, giving a definite potential without
ambiguity due to the constant gauge and, therefore, the work

(3) Film. The screened function is E€9), and there is no function. , _ ,
periodicity in thez direction: _Note t_hat th_e_lntegral in Eq(11) is usually converged

quickly with a finite range of. A problem would be found

(2) Superlattice The screened function is E@9), but
there is a periodicity in the direction that defines a finite
size of the unit cell,

md Gy G,,G,

occ " " whenq,, andkgs are very small; in practice, however, this
o= — > > f dzf dZ' prak(Gyy 2) case does not contribute to the matrix_ elements of(EFdD.
mg Gy J - - since the amplitudes of the corresponding wave functions are
E . negligible.
X pmgak(Gry 2 YWk —q+Gyyi2,2").  (14) Starting from the LDA results calculated by the usual

) ~FLAPW procedure, we calculate the overlap charge density
Here the Fourier transforms of the overlap charge densityatrices and construct the matrix elements for the sX-LDA.
matrices and the screened interactions are defined as After diagonalization, the new eigenfunctions obtained are
used to update the screened Fock exchange operator and the
— r o (r ryei(k—a+G)-r 1 charge density in the following iteration until the charge den-
Pmank(G) Jd Yma(1) (1) . (19 sities and eigenfunctions satisfy self-consistency.

Prani( Gy 2) = f Ay (1) ) (797G, Il APPLICATIONS
(16) A. Si(1002X 1 surface
In this section, we report calculations of the(1%i0)2
~ A7 X 1 surface as an application of the film sX-LDA method.
W(a)= m 17 Among extensive experimental and theoretical studies on the
a4 K 2 1 reconstruction surface of @00, there has been a con-
L 1 trovgrsial issue: whether the Qimers of the surface are asym-
|~:Fs(k_q+ny):2 _f dz—J dz' metric (_buckled or symmetnc (pa_rallel to_ the surfage _
N L)z L)-we Scannning tunneling microscopy images indicated coexist-
. ) _ ence of the asymmetric and symmetric dimer& Low tem-
X e (k) (z- 2 ~LN)FS perature observations, however, showed that the number of

asymmetric dimers increases, suggesting that the asymmetric
dimer is energetically stabf8. Several density-functional
(18)  calculations have also been performed for this system. Some
of the results showed that the asymmetric dimers are lower in
andG is the reciprocal lattice vectof) is the volume of the energy than the symmetric ones by about 0.1 eV/dfté?
unit cell, L is the thickness of the unit cell for a supercell |y addition, calculations for the symmetric dimers yield a
geometry, andN are unit cell indices. metallic surface, which is contrary to experimental
We solve the secular equation Hd) self-consistently in  yegy|ts?4-26However, due to the LDA problem for excitation
a second variational way; the sX-LDA Bloch stat¢gr)  energies, whether the surface states of the asymmetric dimers
=(rli) are expanded in terms of the FLAPW basis#ffr)  lead to a semiconducting or metallic character has remained
as a question; metallic surfaces were obtained by démuand
Pollman using the Green-function scattering formalfém,
and by Zhu, Shima, and Tsukada using the norm-conserving
nonlocal pseudopotenti&f,while surface band gaps of 0.1
eV were obtained by the pseudopotential calculations of Ihm,
The representation of our FLAPW method is actually suit-Cohen, and Chad?, and by Dabrowski and Scheffléf Re-
able for the film method; the basis function in the vacuumcent GW calculationd®®! have demonstrated quasiparticle
region is given by corrections to the LDA surface states, giving well established

X (Kyy=0Oyyt Gyy32,2" +LN),

wi<r>=; ya(r)(nli). (19)
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FIG. 1. Surface Brillouin zone of the @002 1 with the cor- FIG. 2. Self-consistent band structures in fB&0] direction for
responding bulk Brillouin zone. Shaded area shows the firsL2 the S{1002x1 surface calculated by the film sX-LDA method
surface Brillouin zone. (dashed lines and for the bulk Si band structure projected into the

2X1 surface Brillouin zone calculated by the bulk sX-LDA

surface band gaps for the asymmetric dimers, while keepingethod. Filled circleglabeledF, S, andB) represent the experi-
the symmetric dimer surface metalfitEfficient GW calcu-  mental data taken from Ref. 38. The valence-band maximum of

lations using model dielectric functions were also performedpulk Si is set to be zero.
showing a difference of about 0.1-0.3 eV in the surface
states from the results using the RPA dielectric functidns. relativistically and updated at each iteration, whereas the va-

As stated in the previous section, the slab geometry of théence states were treated semirelativistically. The spin-orbit
film method can provide absolute energy levels as we tak@éteraction was not included since its effect is very small in
the potential level far outside the surface to be zero. WorkSi. Optimized positions were determined within the LDA
functions of the metal surfaces are thus successfully obtaineechlculations. For the sX-LDA calculations, we employed cut-
within the LDA calculations® On the other hand, a diffi- off parameters 6.25 Ry for the plane-wave balsis4 for the
culty may be found in the case of semiconducting surfacespherical harmonics, and all occupied and three empty states
states since there is no Fermi surface and the energy levefer atom to achieve convergence of the eigenvalues to within
should include more or less the LDA error. Perdetval.  0.02 eV. Summations over the Brillouin zone for both LDA
showed? that, while the band gap is not correctly evaluatedand sX-LDA self-consistent calculations were done using
from the Kohn-Sham eigenvalues, the center of the gap reldour speciak points® in the irreducible wedge. We assumed
tive to the vacuum level is still correct. It is therefore quite self-consistency of the charge densities and eigenfunctions
interesting to see how accurately we can evaluate the abswhen the average root-mean-square difference between the
lute energy levels with self-energy corrections by sX-LDA. input and output charge densities was less than 1

We used a slab containing eight layers of Si, i.e., sixteen< 10 % e/(a.u.y.

Si atoms involved in the unit cell, with hydrogen atoms that The bulk Si band structure was calculated by the bulk
saturate the Si dangling bonds at the bottom surface of theX-LDA with a tetragonal unit cell. We obtained a funda-
slab in order to prevent an interaction between the twamental band gap of 1.1@.17) eV, an indirect band gap at
surfaces’ The atomic positions of the top four layers were of 1.26 (1.25 eV, and a valence-band width of 12.78 (12.5
allowed to be relaxed and optimized for th&x2 asymmet- +0.6) eV, showing very good agreement with
ric dimer structure using atomic fortecalculations. The experiment®’ (values in parenthesesin order to put the
potential level at the vacuum far from the top surface of thebulk band structure together with the film band structure, we
slab is chosen to be zero; the vacuum level of the bottonused the Si 4 core level in the sixth layer from the surface as
side can be different from zero due to the polarizationa reference, which showed good convergence within 0.05 eV
through the slab. We have also calculated bulk Si using &#etween the fifth and the sixth layers. In this way, we have
tetragonal supercell structure whd®€1) plane has the same evaluated both the surface band energies and the valence-
area as the two-dimensional unit cell of 802X 1 to see band maximum(VBM) measured from the vacuum level
the folded bulk bands on the surface Brillouin zai$82).  within the above uncertainty. For convenience, we present
The relation between the bulk and surface Brillouin zones isll calculated and experimental energies measured from the
illustrated in Fig. 1. VBM of bulk Si.

For the FLAPW-LDA calculations, the exchange- In Fig. 2, we present the band structures of thel@)2
correlation energies  were treated using thex1 surface and bulk Si along tt610] direction on the SBZ
Hedin-Lundqvist® parametrization of the exchange- calculated by the sX-LDA methods, compared with angle-
correlation potential. Cutoffs of the plane wave basis, 9.0 Ryresolved photoemission dataThe results for the surface
and of the potential representation, 49 Ry, and an expansicstates at symmetry points are summarized in Table I. The
in terms of spherical harmonics witk8 inside the muffin-  occupied surface stateB (,,) calculated by the film sX-LDA
tin spheres were used. The core states were calculated fulshow good agreement with the experimental data in Table |



2556 R. ASAHI, W. MANNSTADT, AND A. J. FREEMAN PRB 62

TABLE |. Calculated surface statgsneasured from the valence-band maximum in) @¥ Si(1002x 1. The results of theGW
calculations taken from Ref. 31 using the RPA dielectric functiGhV-RPA) and the model dielectric function®ef. 44 proposed by
Hybertsen and LouiéGW-HL), and available experimental datéxpt,) are shown for comparison.

Dup D down
r J K J’ r J K J'
LDA —-0.35 -0.32 -0.80 —-0.92 0.47 0.60 0.09 -0.16
sX-LDA -0.32 —-0.24 —-0.77 —-0.83 0.78 0.90 0.42 0.23
GW-RPA —0.15 -0.20 —0.80 —0.85 0.95 1.00 1.10 0.85
GW-HL —-0.30 —-0.35 —1.05 —1.05 0.80 0.85 0.95 0.70
Expt. -0.4,2-0.1° —-0.4,2-0.1° -1.02 —-1.0,2-0.1° 1.1,°1.2¢ 1.3¢ 0.44,°0.554
dReference 39.
PReference 38.
‘Reference 25.
YReference 42.
as well as the experimental dispersiBpin Fig. 2. A small  —0.38 (—0.36) eV atK and —0.63 (—0.55) eV atJ’ by

correction to the LDAD,,, states, 0.03-0.08 eV, was ob- | pA (sX-LDA), while the GO-LDA calculationgwith the
tained, as shown in Table I; the LDA calculations alreadygy corrections yield 0.05 (0.15 eV at K and —0.25
yield good agreement with experiment for the,, states (_ g 10) eV atd’; our results are, however, closer to the
relative to the VBM as seen in other LDA calculatidfis’  (ior [ DA result€®®® —037 eV atK. —047 eV and
Good agreement between experimentally observed occupieﬁ0 57 eV at)’ and, to the experimental ,values,o 67 eV at
structuresB,; and B, and the present folded bulk bands, aS 31 from the IPiE resultd and —0.66 atJ’ from the optical

shown in Fig. 2, indicates that both structures come from the . . }
bulk resonance states: The structBeeis coincident with the absorption studie®: On the other hand, focusing on the cor

upper valence bands for bulk Si along feX direction, and rections afl” where both LDA results agree with each other,
identified as the transition from the bulk valence bands to th&'€ found that theD 4o, States of sX-LDA are lower in en-
free-electron-like final band.On the other hand, the bulk ©€r9Y than those of th&W method using the RPA dielectric
band along withB, comes from the band along tH&-J’ m.atrlx by about 0.2 eV, but are guantltatlvely cqmparaple
direction folded onto the 21 domain(see Fig. 1 This with .those pf theGW method using the model dielectric
directly supports an interpretation wheg is explained by ~function (with €..=10.0) proposed by Hybertsen and
the surface Umklapp transition originating from the bulk Louie* Note that the sX-LDA method has an obvious ad-
transition atJ’.3 The rest of the occupied structuBy is ~ vantage over the above model dielectric function; the latter
understootf*° to be the surface states associated with theéeeds to calculate or assume the dielectric consta(i)
p(2x2) or c(4x2) reconstructed surfaces, which are notwhich significantly changes in space at the surféce.
considered in the present unit cell. The rest of the discrepancy with experiment, which exists

While the FLAPW calculations give a metallic surface asin the GW calculations as well, probably comes from the
seen in the negativB 4, State at)’, the sX-LDA calcula- insufficient size of the unit cell we considered. Thus an ad-
tions give a semiconducting surface, which is observed injitional correction can be expected by considering a larger
experiment. We obtained an unoccupied surface bangnit cell such asc(4x2), where the two branches for the
(Dgown With the value of 0.78 eV at’ and the minimum  surface bands, which are observed in experiment, are well
value of 0.23 eV afl;. Optical absorption studiésshowed  described®3 An overestimation of the dimer-dimer interac-
that indirect and direct transitions take place with thresholdsions in the calculations with a (21) unit cell results in a
of 0.44 eV atl; and 1.1 eV al". In addition, the experimen-  |arger dispersion of the surface states and a smaller band gap
tal structureF; located around 0.55 eV &t was suggested between two surface states. Zaual. showed® from calcu-
to be the minimum of the unoccupied dangling-bondlations on the (X 1), p(2X2), andc(4Xx2) unit cells that
bands}" with the results of angle-resolved inverse photo-the band gap between the occupied and unoccupied surface
emission(IPE), an energy difference of about 0.65 eV be- bands is increased by 0.1-0.2 eV with increase of the unit
tweenI” andJ;, the Dy, State afl” is estimated to be 1.2 cell from (2X 1) toc(4X2).
eV. The Dy, States calculated by sX-LDA are thus con- The absolute value of the VBM measured from the
cluded to be lower than the experimental values by 0.2—0.4acuum level, i.e., the ionization energy, was evaluated by
evV. sX-LDA (with a combination of the bulk and film sX-LDA

In order to analyze the source of this discrepancy withcalculations mentioned abovi be 5.35 eV, in good agree-
experiment, we compare with tH@W calculations! using  ment with the experimental value of 5:19.08 eV* We
the Gaussian orbital LDAGO-LDA) basis set in Table I. It also obtained the VBM 4.84 eV from slab and bulk calcula-
should be noted that very different results from ours for thetions purely within the LDA. Assuming that the center of the
D 4own States aK andJ’ are mainly due to the discrepancy of band gap af’ is fixed with respect to the vacuum level, we
the LDA eigenvalues rather than the accuracy of the correcgot a corrected VBM of 5.21 eV after adding one half of the
tions: measuring from th® 4., state atl’, we obtained  band-gap correction ab’ obtained by the bulk sX-LDA
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calculations—confirming numerically the theoretical con- TABLE Il. Band gaps(in eV) of strained bulk InAs and InSb as

sequenc¥ of Perdewet al. for the Kohn-Sham eigenvalues. well as (InAs)/(InSb); superlattices calculated by sX-LDA. Cor-
In summary, results for the @002x 1 surface calcu- rections to the LDA band gap# eV) are also presented in paren-

lated by the film sX-LDA method follow(1) While the oc-  theses.

cupied surface bands showed good agreement with exper

ment, there is an underestimation of the quasiparticle 8s=ainas 8s=Aay 8s=ainsp

correction to the unoccupied surface bands by about 0.2)a¢ 046110  0.141.07 —0.191.04
eV—as estimated in comparison with t@WV calculations. InSb 0.120.99 0.270.99 0.260.99
(2) The sX-LDA method, with a combination of the slab and (INAS),/(InSb), ~0.020.92 0.090.92 0.041.00

bulk geometries, yields not only surface states measured
from the vacuum level but also accurate ionization energies

of the bulk semiconducting materials. interface termAb since the[001] direction is not much af-
fected by a macroscopic electric field. We evaluate and
B. InAs/InSb superlattices band gaps for the superlattice by the superlattice sX-LDA

ethod, and examine how the method changes the LDA
éectronic structure. Since we calculate self-consistent wave
unctions and charge densities, it is also interesting to see

attention particularly for designing optoelectronic dewces.Charge transfer induced by SX-LDA: this can be significant at

Applications of InAg,Sh/InAs, -, Sty alloys and super- the interface in narrow band-gap materials like InAs and

Iatpces to mfr ared detectors a'.qd e.m|tters, for example, reJnSb where the FLAPW calculations underestimate the band
quire a precise band-gap tuning in the order of 10-10

0 6 i
meV 46-4Many theoretical approaches to this problem havedor>, by 250% and 409}8’ respectively. The bulk term
been undertake®¥-55 Most of the studies have focused on AE}" depends on ordering directions and strain conditions
valence-band offéetéVBO’s) based on LDA calculations @&t the interface considered. Here we are capable of calculat-
utilizing the alignment of the average poterffaP or the N9 Not onlyAE but alsoAE; directly by the bulk sX-LDA
core level&: -5 at the interface between two different binary Method using a biaxially strained tetragonal unit cell with a
semiconductors. To obtain band gaps and conduction-barlgttice parameteas that represents the substrate on which the
offsets (CBO'S), however, one needs to know the Superlattice grows. _ _
conduction-band levels by fitting parameters with experi- We considered three different lattice paramet@igas
ment and/or by estimating empirically from the results of (6.08 A, aisy (6.46 A), and their average value,, (6.26
each binary constituefit:>3In addition, it is usually assumed A). Structural optimizations for the bulk and the superlattices
that the correction to the LDA band gap is independent ofvere undertaken within the LDA. The Ind4states were
stress conditions and/or superlattice periods; its accuracy f€ated as valence states. Cutoffs of the plane wave basis,
not always guaranteed until it is confirmed by experiment ort3-0 Ry, and of the potential representation, 64 Ry, were
by certain quasiparticle calculations. Quasiparticle calculatSed- The optimized positions were decided by minimizing
tions based on th&W approximation have also been re- the total energy and the atomic force on each atom. For the
ported for heterojunctions and superlattié&s? In particu- ~ SX-LDA calculations we put In @ states in the core. In both
lar, Zhang etal. emphasize the importance of the LDA and sX-LDA calculations, summations over the Bril-
quasiparticle correction to the LDA VBO; they concluded louin zone for bulks and superlattices were done using, re-
that theGW quasiparticle correction to the VBO is 0.12 eV SPectively, eight and three speciapoints in the irreducible
(as much as 30% of the LDA VBOlor GaAs-AlAs hetero- Wedge. As will be discussed later, for an analysis of the
junctions, in excellent agreement with experim&halso, charge density, we used the same muffin-tin radius, 2.4 a.u.,
the GW method with model dielectric functions has beenfor In, Sb, and As. The spin-orbit interaction was included in

applied to INAs/GaAs superlattid®sand AIN/GaN superlat- @ Perturbative approach using self-consistent sX-LDA wave
tices and ordered alloy¥. functions and eigenvalues to treat rather large spin-orbit ef-

In this section, we apply our superlattice sX-LDA method fects in the present systems. cher para_meters fqr the LDA
to strained (InAs)/(InSb); [001] superlattices, where we and sX-LDA are the same as in the previous section.
can compare with available LDA calculatiGAs™to see the In Table Il we show the band gaps of strained bulk InAs
detailed effects of the methods. We evaluate band offset@nd InSb calculated by the bulk sX-LDA. The band gaps of
using core-level binding energies as references to the aligMAS and InSb with their own lattice parameters, 0.46 eV and
ment at the interfac® 53 The VBO (AE?) and CBO AE®) 0.26 eV, are in excellent agreement with the experimental

Studies on the energy-band alignment in semiconductin
heterojunctions and superlattices have received considera

for a heterojunction consist of two contributions: values of 0.42 eV and 0.24 eV respectively. The band gap
of InAs decreases linearly as the lattice parameter increases
AEVC=Ab+AE}°, (21 from ajuas to aysp, While that of InSb changes nonlinearly

and shows almost the same value &y, and a,,gp. This

whereAb is an interface term that is the difference in energytendency has already been predicted within the LDA, assum-
between two core levels at both sides of the heterojunctioning that the quasiparticle correction to the LDA band gap is
and AEy® is a bulk term that is the difference in energy independent of strait? We show the corrections to our LDA
between two binding energies of the core levels relative tdband gaps obtained by the sX-LDA calculations in Table II.
the valence-band maximum or the conduction-band mini-The correction of the InSh band gap is almost constant, while
mum (CBM) in the isolated bulk constituents. As shown that of the InAs band gap is changed by0.06 eV as the
previously:® the 3x 3 superlattice is sufficient to define the lattice parameter increases—it is small, but about 10% of the
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TABLE lIl. Calculated valence(vVBO) and conduction(CBO)  describes reasonable quasiparticle states and VBO's. The
band offsetgin eV) of strained InAs/InSb heterojunctions. In addi- CBO’s of the sX-LDA are also larger than the LDA results
tion to the present resulisX-LDA), previous LDA results taken gptained by Wei and Zung@rcorresponding to the differ-
from Ref. 52(WZ) and Ref. SAPCP are also shown for compari- - gnce jn the VBO, except for the InAs substrate, where their
son. The CBO’s in Ref. 52 are estimated by using experlmentagmaller VBO cancels the larger band gap, as mentioned
band gaps and stress-independent corrections to the LDA. above !

We present in Table Il the calculated band gap$’ aif

2™ Ains 2 By %™ s [001] ordered (InAs)/(InSb); superlattices. Small band

VBO gaps, within=0.1 eV, for all three substrates were obtained,
sX-LDA 0.98 0.62 0.34 although we might expect larger negative ones due to the
PCF 0.88 0.54 0.22 large VBO. Similar small band gaps were also reported for

wz 0.91 0.57 0.25 1x 1 superlatticeS® The period of these superlattices is ac-
CBO tually too short to establish bulklike valence and conduction

sX-LDA 0.64 0.75 0.79 bands, due to their strong hybridization at the interface, in
wz 0.68 0.68 0.68 contrast with the localized core levels that are quickly con-

verged with respect to the period of the superlattices. The
corrections to the LDA band gaps in Table I, however, sug-
change in the band gap itsel,0.65 eV. These results sug- gest that it is not easy to estimate accurate band gaps of the
gest that the assumption of independence of the band-gaperlattices from the LDA results and the corrections for the
correction to pressure for the bulk binaries is good overall abulk binaries. For example, while the correction to the super-
long as we are concerned about a small change in the bargftice band gap with the InSb substrate may be estimated by
gap induced by stress. We note that the band gap of InSthe average of the corrections for the two binary constituents
with the InAs lattice parameter was calculated to be 0.12 eVas used in Ref. 53, this is not the case for the InAs and
which shows the largest difference from the result of 0.19 eVaverage substrates. The different corrections are considered
given in Ref. 52. This is not from a difference in the quasi-to result mainly from a change of the wave-function charac-
particle corrections to LDA but from the difference in the ter and localization at the VBM, and from neglecting many-
LDA band gaps themselves, possibly because of the slightlpody effects on the potential at the interface—as will be
different unit cell optimized by the total energy. The banddiscussed below.
gap of InSb with the InAs lattice parameter is quite sensitive In Table IV, we show crystal-field splittings at the VBM,
to the size of the unit cell; in fact, we observed that a dewhich are defined by the difference in energy between the
crease ot/a by 0.6% from the optimized value increases thedoubly degenerate stalg, and the staté’,,, calculated by
band gap by 0.06 eV with a very small incredbg 2 me\) sX-LDA and LDA. The values for the X1 superlattice are
of the total energy. taken from Ref. 53. The results show a decrease of the
The calculated band offsets are shown in Table IIl. Whilecrystal-field splitting as the substrate lattice parameter in-
two previous LDA result®®*for the VBO agree with each creases, and a significant interchange of the wave-function
other to within 0.03 eV, a systematic increase of the VBO bycharacter at the VBM fronh's, to I' 4, for the InSb substrate.
0.05-0.12 eV is obtained by the sX-LDA calculations. ThisTheI's, andI',, states are found to be highly localized at
correction agrees with the quasiparticle correction to thehe interface; the former is on the Sb site and the latter is on
VBO for the unstrained InAs/InSb heterojunction, 0.08 eV,the As site. Thus, the above trend suggests that the energy
obtained byGW calculations)’ indicating that our method bands of the InAs side shift upward relative to those of the

TABLE IV. Calculated crystal-field splittings at the valence-band maximurgg(in eV) and localiza-
tions of the VBM (R,) and the CBM R;) densities, calculated by sX-LDA and LD#An parenthesgs A
positive crystal-field splitting means the doubly degenelajgestate is located above thg,, state. Local-
ization is defined by the ratio of the angular decompositibe p state forR, and thes state forR.) of the
muffin-tin charge density on the As site to that on the Sb site at the interface of gi{Ae3b); superlattices.

As= Ainas as= Aay as= Aipgp
Acr
(InAs),/(InSb), (0.4693 (0.063) (—0.259
(InAs)3/(InSb)s 0.740.57 0.24(0.11) —0.08(—0.19
InAs 0.000.00 —0.35(-0.33 —0.62(—0.57)
InSb 0.970.90 0.41(0.39 0.000.00
R,
(InAs)3/(InSb), 0.350.4H 0.420.53 1.331.59
Re
(InAs);/(InSh)s 1.321.19 1.161.09 1.000.88

8Reference 53.
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InSb side as the lattice parameter increases. From a compari- _
son between two periods of the superlattices in Table 1V, we
found that the longer period gives a greater shift of the en- l
ergy bands of the InAs side downward relative to those of
the InSb side—recovering the VBO in the heterojunction. To
show the localization of the VBM and CBM states in more Ts,
detail, we present in Table IV the ratio of the angular decom- T Acp(0.74)
position of the muffin-tin charge density on the As site to e VBO(0.98)
that on the Sb site at the interface. We took the dominant E.(0.46)
components, thp-like ands-like states for the VBM and the Ch P
CBM, respectively. Note that thelike component is also A
large on the In sites and gives a qualitatively similar trend as
listed in Table IV; however, in this case more localization of
the CBM in the InSb region is observed for the InSb sub-
strate. The localization at the VBM is changed significantly
from the Sb side to the As side when the interchange of the ag=a,,
wave-function character at the VBM occurs, as mentioned
above. On the other hand, the localization of the CBM is
changed from the InAs side to the InSb side as the lattice E.(0.09) _{ E,(0.27)
parameter increases. CBO(0.75) g_‘_| T
From these results, we depict the band alignments of the Y
short-period superlattice as shown in Fig. 3. Note that Fig. 3 1 sy VBO(0.62)
is not a rigorous way to express the real situation since the E.(0.14) Ty AACR(0.24)
VBM and CBM in superlattices cannot be resolved in real :
space, but rather an intuitive way, where the trend of the
atomic-scale localization in Table IV is consistently de-
scribed. Also, we put the band alignments of the heterojunc- InAs (InAs)3/(InSb); InSb
tions in Fig. 3, although we cannot determine the relative
energy positions of the superlattice and the heterojunction.

E,(0.12)

Eg(-0.0Z) 'y s,

CBO(0.64)

InAs (InAs)3/(InSb)z InSb

1—‘4\1

The trend of the band alignment for the superlattices with

respect to the lattice parameter is similar to that of the VBO

for the heterojunctions. Both trends result mainly from the

change in the crystal-field splitting of the VBM. From Fig. 3, B S

we expect a spatially indirect gap for all three substrates; CBO(0.79) Eg(O'ML Acp(0.08) E,(0.26)

however, there is also the possibility of obtaining a spatially RN |

direct gap in the InSb region with a lattice parameter be- l Ty b e—— | YBO@O.34)

tweena,, anda,,sp. ‘ LV |
Comparing with the LDA results in Table 1V, we found Fav

that the sX-LDA results give an increase of the crystal-field g (Olg)T
splitting, and, correspondingly, more charge on the InSb side  ®
for the VBM and on the InAs side for the CBM. These InAs (InAs)3/(InSb); InSb
changes are considered to come from a many-body correc-
tion to the LDA potentiaP® which enhances an ionic bond- ~ FIG. 3. Schematic band alignment of strained (InAénSb);
ing structure and leads to a more negative potential in InAssuperlattices and InAs/InSb heterostructures. Thick solid and dotted
We can see this effect more clearly using Fig. 3: a shift of thdines show valence-band maxima and conduction-band minima, re-
InAs bands downward relative to the InSb bands leads t§Pectively. For the superlattice, the left half represents the (inAs)
more weight coming from InSh for the VBM and to more _reg_ion and the right half represgnts the (_In§tn)gion; each band is
weight coming from InAs for the CBM. Furthermore, the indicated only in a more Iocallzepl region. quculated band gaps
reason why the band-gap correction for the InSb substrate iffg): Valence-band offsetSVBO's), conduction-band offsets
Table Il is larger than that for the other substrates can b -BO S.)’ and crystal-field splitingsXce) are presented in paren-
understood as follows: in the case of a spatially indirect ese(in ev).
minimum gap with the VBM localized in the InSBnAs)  and conduction-band offsets in heterojunctions without
region, the above relative shift of the potential by the sX-knowing any experimental values, as confirmed by compar-
LDA reduces(increasesthe band-gap correction estimated ing with previous LDA calculations and th@W quasiparti-
from the corrections for the binary constituents, while thecle corrections. Also, the superlattice sX-LDA method pro-
gap of the superlattice with a spatially direct minimum gapvides direct calculations of the band gaps in superlattices.
does not depend so much on the potential shift. Thus th&he many-body corrections by the sX-LDA modify the LDA
band-gap correction for the InAs and averaged substrates tential so that the ionic feature at the interface is more
smaller than that of each binary constituent. conspicuous, causing a larger VBO and crystal-field split-
In summary, the sX-LDA scheme, with a combination of ting. These effects are sometimes crucial to evaluate elec-
the bulk and superlattice methods, yields accurate valenceronic structures of narrow band-gap superlattices.
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IV. CONCLUSION lar, we saw significant corrections to the electronic structure
by the sX-LDA even when LDA calculations gave an erro-

neous metallic band structure in semiconducting materials.
é)n the other hand, a certain limitation exists in the present

We have developed sX-LDA methods to apply to
FLM/SL by introducing the film and superlattice methods in

addition to the traditional bulk approach. The main idea use

to extend sX-LDA to FLM/SL is to consider local-field ef-

fects in thez direction. These methods have been success-

fully implemented with the FLAPW method, which is ca-

pable of treating both two-dimensional slab and bulk

geometries. Two applications presented here, ti&08i 2

X 1 surface and InAs/InSb superlattices, have demonstrated

approach. This was seen in the slight underestimation of the
correction to the Si surface states. To improve the accuracy,
more rigorous correlation or screening effects, e.g., full con-
sideration of the local-field effects or going beyond the
Thomas-Fermi description, may be required.
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