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tween the first light-holéh 1 state and the second heavy-hole
state hh2 and, respectively, between the first heavy-hole
state and the first electron stag& are already nonzero by
symmetry, Vin1nn2(kj=0) 70 and Vhhie1(kj=0) 70 at
zero in-plane momentunk(=0). Consequentlyf) if 1h1
andhh



a gapEy=253 meV was measured for a sample with only
Ga-As interfacial bonds, with a difference of about 40
meV12
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() Dente and Tilton used discrete screened potential tices as a function ofi. We see that as is reduced from
v,(G;) available only at few reciprocal lattice vectdgs of infinity, the el level moves up, whilhhl, |h1, andhh2
the two binary compounds GaSb and InAs. Instead, we fimove down, all states becoming more and more confined
directly a continousv,(q) to all four binary compounds within the corresponding wells. Whem<28 the superlat-
Gasb, InAs, GaAs, InSbwhose bonds are present in the tices acquire a semiconducting gap with the first electron
superlattice (Appendix and do not make any special as- stateel localized in the InAs layer and the first hole state
sumption about the shape of the interface potential: the inph1 |ocalized in the GaSbh layer. At=28 the energy of the
terfacial Ga-As and In-Sb bonds are treated individually,o{ |evel becomes lower than the energy of the hohd

each bond having its own band offset with respect 10 itSsiate  However, the expected metallization of the system

environment. : : :
. - . . n r f th ning of the anticrossin
(i) We use an explicitly strain-dependent pseudopotentlaﬁjoes ot occur because of the opening of the ahthlc,e?ss g

v,.(q,€), whereas Dente and Tilton used a strain-independe ap. The calculated_ antlcross:mg gap kg0 is Eq .
potentialv ,(G;) and applied slight form factor adjustments :,1,1 meV fnset to Fig. 1 We T'nd a strong wave funct|o.n
to the InAs potential to fit the band gap of the strained maMiXing at thehhl-el anticrossing, in good agreement with
terial. However, the strain-dependent(q,e) was previ- experlme_rﬁ5 and other calcula_tlon%l. _ _ _
ously showR? to be crucial for correctly describing strained N @ddition toel-hhl coupling and anticrossing we find
bonds. In fact, the Ga-As and In-Sb bonds at the interfaces G¥S0 anticrossing between the hole levétel and hh2
the InAs/GaSh SL differ by 14%, while the lattice mismatch @roundn=13. For superlattice periodsclose ton=13 the
of either GaAs and InSb with respect to InAs and GaSh igvave functions of the two hole states strongly intermix. The
6%—7%. calculated anticrossing gapE'""?=40 meV. This causes
(i ) Dente and Tilton do not model the pseudopotential ofthe appearance of new transitidihl <~ e2 andhh2«-el in
the alloys that could exist in this system, e.g., GaAsShthe spectra that become allowed because of this mixing.
GalnAs, GalnSb, and InAsSb, whereas in our method they
are explicitly describedAppendix.
The differences in the methods produces by necessity dif- B. Asymmetric (InAs)g/(GaSh)r,
ferent results for the superlattices, even though the bulk com- Figure 1b) shows the electron and hole states of

pounds are described similarly. For example in the(inAs)g/(GaSh), ©01) SL's vs n. While the hole states
(InAs)g/(GaSh), superlattices weDente and Tiltoh get  move to higher energies as the thicknessf the GaSb bar-
gaps of 238 meV290 meVj, 281 meV 814 meV}, 305 meV  rier increases|as is the case in Fig. @ for symmetric
626 meV), and 325 meV338 meVj for m=8, 12, 16, and  (InAs), /(GaSh)], we see in Fig. b) that also the electron
24, respectively. state moves tdiigher energies as increases, opposite to
Another strain-dependent empirical pseudopotentialig. 1(). The net effect is a blueshift of the band gap.
method for InAs/GaSh has been recently proposed by Shaw The reason for the bluesHiftis as follows: the energy of
et al?*** The inclusion of the strain dependence in thethehhl hole state moves upward asncreases and its wave
pseudopotential form factors is conceptually similar to thatfunction becomes less and less confined. This effect goes in
used in our schem&[compare Eq.6) of Ref. 20 with Egs.  the direction ofdiminishingthe fundamental gap. However,
(A1) and (A3) in the Appendiy, but the method is imple- the gapincreases instead, because the energy of the first
mented differently. In our case the use of a continous moglectron statel moves upwards as increases, by a larger
mentumq functionv,(q,€) reduces the number of param- amount. This is so because the wave function of the electron
eters that have to be fit and produces authomatically thetate becomes more and more confined in the InAs well as
strained form factors at all the appropriate superlattice wavenhe thicker GaSb layer provides a larger barrier for the elec-
vectorsG;. Shawet al**** construct, instead, the strained tron states and diminishes the interaction between electron
potentialV(G;) through a direct numerical interpolation be- states in subsequent InAs wells. It is indeed the coupling
tween the form factors corresponding to a series of hydropetween theel states of neighboring InAs wells that pushes
static strains. A more significant difference between ourdown the energy of thel “bonding” electron states in su-
method and that of Ref. 24, is in the description of the interperlattices with short GaSb barriers.
facial bonds. In our method we use specific atomic pseudo- The calculated transition energies Iatfrom the various
potentials to describe the Ga-As and In-Sb interfacial bondgalence subbands to the lowest conduction subband are re-
with respect to the In-As and Ga-Sb bulk compourfsise  ported in Table I, where they are compared with the values
the Appendix We have found it essential for obtaining a deduces from the absorbance spectroscopy results of Kaspi
good description of the alloy positive band bowings. No speet a126 The comparison is only tentative, because the proce-
cial treatment of the different interfacial bonds is presenteqjure of extracting sharp transition energies from broad ab-

in Refs. 23 and 24. sorption spectra has some uncertainties. Nevertheless, the in-
terband transitions seen by the experiment are predicted
. ABRUPT (InAs),/(GaSh),, (001) SUPERLATTICES reasonably well by our calculations, in particular the blue-

shift observed for the energy of the first transition when the

GasSb thickness is increased. The measured samples we are
Figure 1@) shows the electroel and hole fih1, Ih1, comparing our calculations with in Table | have been grown

hh2) levels of symmetric (InAs)/(GaSh), 001) superlat- with particular attention to minimize imperfections like in-

A. Symmetric (InAs),/(GaSb),
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teratomic diffusion and segregation during the growth and @) (InAs)g/(GaSb) [x{"=0 Ga-As bondsat the InAs-
interfacial broadening, obtaining high-quality superlatticesgn-GaSh interface amdl(Z)zl in-Sb bonds at the GaSh-
very close to the abrupt model, as successive characterizgn_jnas interfacé

tions have showR® However, it is impossible to eliminate ©) (INAS)-In-Sb-(Gashy [to Xl(l):]_ (n-Sb bonds at

pompletely th_ese imperfections and grow perfectly abrup{he InAs-on-GaSh interface am,‘iz)=1 (in-sb bonds at the
interfaces. It is then important to assess how the imperfec-

tions can modify the results we have obtained for the perfec?'"’lzb'on'lnAS interfade ) G
geometry and recompare with experiment. ) (GasSby-Ga-As-(InAs) [X, ) =0 Ga-As bonds at
the InAs-on-GaSb interface and®?=0 Ga-As bonds at

IV. SINGLE-LAYER MODEL OF INTERFACIAL the GaSb-on-InAs interfage
DISORDER By inserting mixed S)t;?Asl,XI layers we can vary gradu-
A Model ally the interfacial composition and change continuougly

(0<x{"<1). To generate configurations with fractional in-
terfacial composition we use a larger surface unit cell. The
interface unit cell is shown in Fig. 2. It is & interface
unit cell in the substrate plane, containing 16 primitive unit

Our first model of interfacial disorder aims at transform-
ing simply and continuously th€,, system with two un-
equal interfacefEqgs. 1) and 2)] to aD,4 system with equal
interfaces. We do this as follows. We observe first that if in I fi h | h oo P
the plane sequence of Ef)) of the InAs-on-GaSb interface celis. In figure we show aiso the _pro;ecnon ontq t . D
we change the interface As plane into a Sb plane, then ngterfacg of thg standard cubic unit gell. We obtain different
trasform the Ga-As interface into a In-Sh interface. If weNterfacial configurations; by occupying differently the 16
leave the other interface sequence, that of @ un- planar sites with Sb and As atoms. Thus, all the configura-
changed, we end up with a superlattice having a noninteger
number of layers (InAs)s/(GaSb} 5, with two equivalent
In-Sb interfaces. We denote this configuration as
(InAs);-In-Sb-(GaShy to stress the presence of an extra
In-Sh interface. In a similar way, we can change the Sb plane
at the GaSb-on-InAs interfadsequence of Eq@)] into an
As plane, leaving the other interface, the sequence oflBg.
unchanged. The resulting SL has now tequivalentGa-As
interfaces. We indicate this (InAgy/(GaSb) 5 SL configu-
ration as (GaShyGa-As-(InAs).

By denoting the fraction of Sb atoms at the interfacial
anion planei (i=1 for the normal interfacei,=2 for the
inverted interface asx{, we have the following.



B. Results for the single-layer model of interfacial disorder:



Figure 5 shows the calculated dipole transition elements
of the hh1—el transition atk=(0.02,0.02,0)Z /a



for polarization directions along the superlattice growth
[001] axis and the two in-plangl10] and[—110] axes as a
function of the number of Ga-As interfacial bonds. We can
see that{l) in the case of théthl—el transition, the total
oscillator strength is higher for the twid,4 structures with
zero Ga-As interfacial bonds and with two Ga-As interfaces,
than for theC,, structure with only one Ga-As interface.

@) The in-plane polarization anisotropy is higher in the
case of theC,, superlattice. We can conclude, therefore, that
a larger inequality of the interfacial bonds at the two subse-
quent interfaces leads to a larger in-plane polarization anisot-
ropy.

B) In the case of théh1—el transition there is a switch
in magnitude of the oscillator strengths of th&l0] and
[—110] polarizations and the oscillator strength is much
larger for the[001] polarization than for in-plane polariza-
tion. The total

increase of Ga-As interfacial bonds, the behavior shown in
Fig. 6 for the transition energies reflects mainly the shifts of
the heavy-hole levelsfii) While the agreement with the
experimerft® for the first two transitions is good, we disagree
with the assignment of the third transition at 670 meV to
hh2—el. We will come back to this point again in Sec. V.
Figure 7 gives the dipole matrix elements of thal
—e€l, Ihl—el, andhh2—el transitions at the BZ center



the D,y structure which has zero polarization anisotropy
This observation shows that there is a definite dependence of
the Ih1-hh2 band coupling on the nature of the interface
bonds.

A comparison of the polarization ratios

i1'10_ Pi'jllo
\ = @)
MRt P
fvhereP indicates the transition dipole oscillator strength of
transitioni—j) of the hhl—el andlhl—el transitions
can also shed some light on the composition of the interfacial
bonds. In Table Il we give the calculated polarization ratios
\| | of thehhl—~el andlhl~el transitions for one struc-
ture for each{x{"’} value. We observe that the following.

() The polarization ratios of thth1«el transitions are
always larger than those of thehl«< el transitions.

(i) A very small (<0.09 polarization ratio othhl<el
means that the two interfaces of the superlattice have ap-
proximately the same bonds.

(i) A ratio between the magnitude of the polarization
ratios of thenhl—el and of thehl—el transitions, given
in Table I, larger than 0.4 is an indication that the structure
is Sb rich with a larger number of interfacial In-Sb bonds
than of Ga-As bonds.

In this section we have seen that the nature of the inter-
facial bonds in the no-common-atom superlattices has a
strong effect on the in-plane polarization anisotropy of the
single interband transitions. We will see next that also segre-
gation affects the energies and the in-plane polarization an-
isotropy of the transitions.

V. KINETIC GROWTH MODEL OF SEGREGATION
A. Model

While the single-layer model of interfacial disorder clari-
fies the role of the interfacial bond symmetries on the elec-
tronic structure and the interband transitions, it does not take
into account the effects of atomic segregation, diffusion, and
cross incorporation occurring during sample growth. To gen-



term is the rate oA atoms leaving the surface after exchang-
ing with bulk B atoms. The conservation &f atoms and of
the total number of surface atoms at any titleads to the
conditions

x5 @) + x5 €)=x5 (0)+x3 0) + P ut, @)

x5 0 +x5 6)=x50)+x30)+ @+ Dp)t, 8)

and, at anyt, we havexg(t) +xg(t) =1. A small fractionxg
of the segregating Sb specie is incorporated into each InAs
layer during the growth because of an unwanted vapor bach-
ground. This cross incorporation has been taken into account
modifying slightly the fluxesb o and® g, during the growth
of InAs so as to have the incorporation of a small constant
Sb fractionxy=0.015 into each InAs layer, as proposed in
Ref. 3. Our approximations are the followin§) the barrier
energies, Eq.6), for atomic exchanges are assumed to be
independent of the atomic species surrounding the exchang-
ing atoms, (i) surface reconstructions during growth are ne-
glected, and(ii) surface roughness and the lateral disorder
related to steps are also neglected.

We solve numerically Eqsb)—8) for A=Ga, In, As, and



tice matched to a GaSb substrate. While we have modeled
the profile along th¢é001] growth direction no experimental
information is available on the atomistic arrangement in the
perpendicular substraté01)



A\n/ca for cation segregation and a smalk,y s for anion

Figure 10 shows the interband transition energies as a
function of the superlattice growth temperature for the
(InAs)g/(GaShy superlattice. At the far left we have re-
ported the calculated energies of the abrupt superlattice by
squares, while the experimental absorbance data of Kaspi
et al?® are shown with thick horizontal bars. For each
growth temperaturdand, thus, for the same segregation pro-
file along the growth directionwe have calculated three
structures which differ only for the in-plane atomic arrange-
ment. We see that the following.

(1) A segregation-induced ste@mrease blueshif of the

segregation causes the narrowing of the InAs electron well

with increasingT.

C. Results for the electronic and optical properties
of segregated superlattices

In this subsection we analyze the consequences on the
electronic and optical properties of the segregation-induced

modification of the superlattice profile along the growth di-

rection.

In Ref. 29 we studied the implications of segregation on
the wave functions. In that paper we compared the ampli-

tudes of the hhl hole wave functions of the

(InAs)g/(GaSb)g superlattice for the abrupt geometry and

for the structure grown af,=525 °C. The amplitude of the
hhl wave function, which is much larger on the In-$b-
verted interface than on the Ga-ABorma) interface in the
abrupt geometrysee Fig. 4a)], is substantially reduced by

segregation. The wave function amplitude becomes similar at
the two interfaces. Segregation affects to a lesser degree also

thelhl andel wave functions, which remain closer to the
abrupt caselsee Fig. 4






ML. Because of the anion smaller segregation energy, the
penetration length of Sb into InAs is much smaller.
B) The inverted interface is less broadened but In and, at
a larger growth temperature, As segregation leads 1 ML
shift of the interface backward into the InAs well. As a con-
sequence the InAs electron well becomes 1 ML narrower.
Finally, we have studied the consequences of the changes
in the superlattice profiles and of the interfacial disorder on
the electronic properties, applying the empirical pseudopo-



scription of the Ga-As and In-Sb interface bonds we have



and gaps of the four binary compounds are in excellent



The atomic positions are relaxed using the valence force
field expression

3
— 2
E= Ei Jgia’i (ri-ri—doi)z

nevetheless good. The deviations are within 0.1 for
INgsGa&y sAS, INgsGaysSh, and InAgsShys. Only for the
GaAg sShy s alloy is the calculated bowing, 0.53 eV, de-
finetely smaller than the experimental valué..0 eV.
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