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Abrupt InAs/GaSh superlattices have In-Sh and Ga-As interfacial chemical bonds that are not present in the
constituent materials InAs and GaSb. We study the effect of interfacial atomic mixing on the electronic
structure of such superlattices, including electron and hole energies and wave function localization, interband
transition energies, and dipole matrix elements. We combine an empirical pseudopotential method for describ-
ing the electronic structure with two different structural models of interfacial disorder. First, we use the
“single-layer disorder” model and change in a continous way the composition of the interfacial bonds. Second,
we study interfacial atomic segregation using a layer-by-layer kinetic model of molecular beam epitaxy
growth, fit to the observed scanning tunneling microscopy segregation profiles. The growth model provides a
detailed structural model of segregated InAs/GaSb superlattices with atomic resolution. The application of the
empirical pseudopotential method to such structures reveals remarkable electronic consequences of segrega-
tion, among them a large blueshift of the band gap. This result explains the surprising gap increase with growth
temperature observed for similar structures. In particular we find(thatiperlattices with only In-Sh interfa-
cial bonds have lower band gagisy 50 me\j than superlattices with only Ga-As interfacial bongis)
Heavy-hole—to—electron transition energies increase with the number of Ga-As interfacial bonds more than
light-hole—to—electron transition energi¢si.) The heavy-holdnhl wave functions show a strong localization
on the In-Sb interfacial bonds. The heavy-hole wave functions have very different amplitudes on the Ga-As
interface and on the In-Sb interfadé:) Sb segregates at InAs-on-GaSb growth, whereas As and In segregate
at GaSbh-on-InAs growth, but Ga does not segredajel he segregation of Sb and In induces a blueshift in the
band gap(vi) There is an in-plane polarization anisotropy due to the low symmetry of the no-common-atom
InAs/GaSb superlattice. This anisotropy is reduced by interfacial segregation.
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[. INTRODUCTION istence of unequal bonds at the two opposite interfaces. Con-
sider, for example, thé@021) (InAs)/(GaSh superlattice with
The InAs/GaSh quantum-well and superlattice system hagerfectly abrupt interfaces. Since the two bulk materials
unusual electronic properties because of both its uncommo@aSb and InAs do not share common atoms, the two inter-
band alignment and its low spatial symmetry. The first un-faces are characterized by different bonds than the bulk
usual fact is that the band alignment of InAs/Ga@kavy In-As and Ga-Sb bonds. When growing In-As-on-Gd&h
solid lines in Fig. 1 is such that the conduction band mini- ferred to as “normal growth sequenc’one finds the plane

mum (CBM) of InAs is belowthe valence band maximum Seduencel)

(VBM) of GaSb(by ~175 me\j. Thus, (InAs),/(GaSh), .. —Sb-Ga—Sb-Ga—As—IN—As—In—- -
superlattices with thick layersn(—«) are nominally semi-
metals with GaSb-like holes above the Fermi energy and (InAs—on—GaSh 1)

InAs-like electrons below it. As the thickness of the InAs and, i the formation of a Ga-As monolayer at this interface.
GaSb_ layers decreases, quantum confmeme_nt raises t falogously at the “inverted interface{GaSh-on-InA§ the
InAs-like electrqn levekl and lowers the GaSb-like heavy- sequence of planes is

hole (hh) and light-hole (h) levels hhl, Ih1, hh2, etc.

[Fig. 1(a)], eventually(around a period of 28 monolayery -+-—As—In—As—In—Sb—-Ga-Sh-Ga: - -

opening up ahhl-el semiconducting band gap that keeps
increasing with reduced thicknesses up~td00 meV. This (GaSb-on—InAs) )
tunability of the band gap betweenl75 and+400 meV has  with the formation of an In-Sb monolayer at this interface.
made this system technologically interesting for infraredThe ensuing lowE,, symmetry of the “no-common-atom”
devices? The second unusual fact is that, since InAs/GaSksuperlattice has a number of effects on the electronic struc-
lacks a common atomic element, this superlattice has a lowdure. We expect such unique electronic features to be sensi-
C,, point group symmetry than common-atom superlatticedive to the interfacial intermixing studied here.

such as InAs/GaAs or AlAs/GaAs whose symmetrpisg; . (i) Coupling of In1-hh2 and hhl-el & =0. Even in

The lower symmetry of InAs/GaSb is manifested by the ex-common-atonD,4 superlattices, the coupling potentials be-
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| ishes atk;=0. However, in no-common-atom superlattices
(InAs)n (GaSb)n | ** $-&1 with inequivalent interface¥ n; hn1(kj=0)#0 by symme-
a00 | =1 hht | | try. Consequently(a) if Ih1 andhhl approach degeneracy
el -2oihh1 | Ih1l will anticross (as opposed to crogshhl. (b) The
200 - - ":: ] el—hhl andel«lh1 transitions develop an in-plane po-
w larization anisotropy whereby the dipole transitions have un-
CinAs L hh2 equal strength along thd110] and [—110] in-plane
CBM // directions™"® Effects(a) and(b) are unique tcC,, superlat-
2001 Ih1 Ih1 i tices with inequivalent interfaces and are expected to drasti-
w0l 1 cally change as the superlattice interfaces are modified.
hh2 (iii) Interfacial “spikes” in the band allignmentsSince
inAs VBM, ) ) ) both the “normal” interface and the “inverted interface”
0 10 20 30 manifest fundamentally new types of chemical bo(@a-As
Superlattice Period n and In-Sb, respectivelyabsent in the constituent binary
compoundgInAs and GaSh we expect such bonds to have
800 | (b) their own band offsets. Pseudopotential calculationdeed
show considerable local variatior{sspikes”) in the band
600 = (InAs)g /(Gasb)n (InAs)g/(GasSb).., | offsets across these interfaces. In particular, the In-Sb
400 b L i strained layer has a rather higth VBM [230 meV above
o1 /,/— K GaSb(Ref. 2)] which can act as a hole trap. These interfacial
200 - . potential spikes must naturally be sensitive to the interfacial
composition and intermixing.
[ s hh1 //’,=GaSbVBM The foregoing discussion highlights the importance of
200 F Ih1 //r i studying interfacial morphology in no-common-atom super-
hh2 lattices, where the interfacial symmetry of abrupt structures
[inAs VBM 7 mandates unique electronic properties. There are a number of
600 | . . . . experimental reasons to consider the interfacial morphology
10 0 10 20 30 40 50 of such superlattices and their effects on the electronic prop-
Thickness of GaSb layer ngasp erties. First, the known tendentgf Sb to surface segregate
relative to As and the tendency of In to segregate relative to
FIG. 1. First electron statel and hole statefhl, Ih1, and  Gga suggests possible disorder effects on interfacial morphol-
hh2 vs (a) superlattice perioch in symmetric (InAs)/(GaSb) gy, Second, recent cross-sectional scanning tunneling mi-
superlattices andb) GasSb layer thicknessigasy in asymmetric — .rq5c0py(STM) measurements on InAs/GaSh superlattices
(InAs)g/(GaSbh), superlattices. The inset shows a close-up of theobserved directly Sb penetration into the first few InAs
region of theel ar?dhhl. amicr(.)SSing'.The arrow ife) ?nd@cates monolayers. Third, there are conspicuous changes in
the enerdy of tel slecron site of the — 8 monolayers wide 16 Dnd Gaps of InAS/GaSb superlattices that are observed
InAs well between verv widdinfini in samples grown at slightly different conditions. These un-
y wid€infinite) GaSb layers. ; - - -
expectedly large effects could arise from different interfacial
morphology. For example, Yangt al® found a 30 meV
tween the first ||ght'h0|d3hl state and the second heavy'h0|eincrease in the nominal 280 meV gap value for a
state hh2 and, respectively, between the first heavy-hole(inAs)s o/ (Ing 26Ga 75Sb)yo/ (INAS)s s/ (AISh),,  structure
state and the first electron stat@ are already nonzero by \when the layer thicknesses were kept constant but the growth
symmetry, Vin1nn2(kj=0)#0 and Vippe1(k=0)#0 at  temperature was varied from 460 to just 500°C. Besides
zero in-plane momentumk(=0). Consequentlyta) if Ih1  having such large variations in the band gap for nominally
andhh2 approach degeneracy, thel andhh2 levels anti- identical structures grown by the same grower, there are
cross(as opposed to cropat some critical superlattice pe- large variations in band gaps of the same structure grown by
riod [~60 ML for (AlAs),/(GaAs), (Ref. 4 and~15 ML  different growers. These data were recently summarized by
for (InAs),/(GasSb), (Ref. 1]; (b) the transitiondhl—e2  \Vurgaftman and Meyét (see Fig. 13 in Ref. )1 who
andhh2+ el become dipole allowedg) hhl will anticross  showed that there are systematic differences between the
el. In InAs/GaSb this occurs at28 ML (Ref. 5 (see also  band gapdgor, via ak-p fit, between the band offsets that
inset to Fig. 1. (a), (b), and(c) do not occur if the coupling yield those gapsderived using data from different groups. In
potentialsV|y1nn2(Kj=0) andVyp e1(kj=0) are zero, asis  some cases they found differences as large as 100 meV for
the case in the conventional eight-bakdp modef which  structures that are nominally quite similar. Also, the energy
does not “see” the correct atomistiC,, or D,q Symmetry, gaps were measured to be 25-90 meV lower in InAs/GaSb
confusing it with Tq. Thus, conventional eight-bankl-p  superlattices with In-Sb interfacial bonds than in structures
models givecrossingof Ih1l andhh2, or hhl andel, and with nominally identical thicknesses but Ga-As interfacial
dipole forbidden IhL«— e2 andhh2«el transitions. bonds. In particular for superlattices with nominal period
(i) Coupling of Ih1 and hhl ak;=0. In common-atom =8, E;=209 meV andEy=216 meV were measured for
superlattices with equivalent interfaces, this coupling vantwo different samples with only In-Sb interfaces whereas
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Energy Levels (meV)

o

-400

165302-2



EFFECTS OF INTERFACIAL ATOMIC SEGREGATION . .. PHYSICAL REVIEW B5 165302

a gapEy=253 meV was measured for a sample with only ~ (ix) The hhl4h1 andlh1-hh2 band coupling strengths
Ga-As interfacial bonds, with a difference of about 40depend substantially on the interfacial bonding configuration.
meV?!2 The comparison of the in-plane polarization ratios of differ-

In this paper we use a fully atomistic pseudopotential®nt transitions can shed light on the nature of the interfacial
modef® to study the effects of interfacial intermixing in bonds. _ S _

InAs/GaSh superlattice$Ls) on their electronic properties. ~ Our resultgmainly those in pointsi), (ii), and(iv) above

We study two intermixing models. In the first “single-layer €xplain the large spread in band gap values found in the
disorder” model we continuously alter the Ga-As interfaceliterature for the InAs/GaSb systeth.

layer of the sequence of E@L) and the In-Sb interface layer
of the Sequence of Eq2) into identical interfaces, thus
changing the superlattice symmetry fra@y, to D,q4. In the
second “layer-by-layer segregation” model we simulate the Since we found the continuumlike conventionklp
molecular beam epitaxyMBE) growth via a quantitative method to be inappropriate for short period no-common-
model fit to the cross-section&k) STM measured segrega- atom superlattice$’* we use a fully atomistic approach. We
tion profiles® In both cases, we apply a plane-wave pseudosolve the single-particle Schiimger equation

potential method to study the electronic properties before

and after interfacial mixing. We find that both the bond com- B

position at the interfacial planes and segregation have impor- ——V2+ E v (F—Rna) | (1) =€ ¢i(1), ®)

tant effects on the interband transition energies and on their 2 na

in-plane polarization anisotropy. We find, in particular, the

following. where R,,, denotes the position of thath ion of type «

(i) The band gaps of superlattices of perine-8 with  (=In, Ga, As, Sh. The calculation includes a spin-orbit in-
only In-Sb interfacial bonds are 50 meV lower than the gapseraction; thus, the wave functiong(r) are spinors with
of analogous structures with only Ga-As interfacial bondsspin-up and spin-down components. The spin-orbit nonlocal
This value is in good agreement with experim&nt. potential is calculated using the small box implementation as

(i) The heavy-hole—to—electron transition energies in-described in Ref. 14. For the potentig] we do not use the
crease with the number of interfacial Ga-As bonds more thaiocal density approximatiodLDA), since not only does it
light-hole—to—electron transition energies. The trend ofproduce the well-knowt? LDA errors in band gaps, but also
Ihl—el transition energy with Ga-As interfacial bonds is the all-important effective masses are considerably in error.
approximately linear. Instead, we fit the screened atomic pseudopotentjdlg) as

(iii) The heavy-hole wave function amplitudes are mucha function of momentung to calculated and measured prop-
larger on the In-Sb interfaces than on the Ga-As interfaceserties of the four underlying binaries GaSb, InAs, GaAs, and
The electron wave functions are, instead, more delocalizethSb and their interfaces. The properties fitted include the
and depend less on the interfacial bonding condiguration. measured bulk band energies at high-symmetry points, mea-

(iv) Sb and In segregation induces a bluest#f large as  sured effective masses, and LDA-calculated hydrostatic and
50 meV) of band gaps. biaxial deformation potentials of the individuaVBM,

(v) A stronghhl wave function localization takes place at CBM) band edges, as well as LDA-calculated strained band
the In-Sb interfacial bonds. This localization leads to a dis-offsets. The details of the fit are described in the
tinct behavior of the band gap versus the interfacial bondAppendix®~*® and the two figures within, where we also
composition and superlattice period. Both the change of thehow how the potential works for the ternary alloys GaAsSb,
interfacial bonds and segregation alter thiel wave func-  GalnAs, GalnSb, and InAsSh. The atomic positiéhg are
tion localization and induce large band gap changes. obtained by minimizing the superlattice strain energy, mod-

(vi) We predict that Sh segregates at the normal interfacesled via the valence force fiéftl(see the Appendix The
while As and In segregate at the inverted interface. Ga atomwave functions are expanded in a plane-wave basis, and the
do not segregate in the usual temperature rag¥— Hamiltonian matrix elements are calculated in this basis with
500 °Q at which the InAs/GaSb SL's are grown. no approximation. The Hamiltonian matrix is diagonalized

(vii) At low growth temperaturd =400 °C anion inter-  via the folded spectrum methdd.
mixing is larger at the normal interface than at the inverted We contrast now our method with other strain-dependent
interface, in agreement with experiment. Indium penetrateempirical pseudopotential approaches that have been pro-
deeply into the GaSb segment and its penetration length irposed recently in the literature for the InAs/GaSb system.

IIl. METHOD

creases WithT 4. Indium segregatiortand at largeiT, also Dente and TiltoA' have applied the empirical pseudopo-
As segregationat the inverted interface cause a one mono-ential method to study the electronic structure of InAs/GaSh
layer (1 ML) narrowing of the InAs electron well. SL's. The quality of the band-structure fit to bulk InAs and

(viil) The in-plane polarization anisotropy is larger for bulk GaSb is similar in both calculations, as are the strained
structures with mostly unequal interfacial bon@se inter- band offset4540 meV for the valence offset and 172 meV
face with In-Sb bonds and the other with Ga-As bontlée  for the offset between the InAs CBM and the GaSb VBM, as
predict that segregation reduces the in-plane polarization arcompared with 529 meV and 174 meV here, respectjvely
isotropy of samples grown at temperatures higher thamhere are, however, some significant differences in the
400 °C. methods.
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(i) Dente and Tilton used discrete screened potential tices as a function oh. 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-
(GaSbh, InAs, GaAs, InSbwhose bonds are present in the tices acquire a semiconducting gap with the first electron
superlattice(Appendi¥ 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
(ii) 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 galculated_ antlcross:mg gap lqt=0 is Ex .
potentialy (G;) and applied slight form factor adjustments — L1 MeV (inset to Fig. 1. We find a strong wave function
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_t|on%1. _ _ _
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 ¢SO0 anticrossing between the hole levétsl 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 GaSb igvave functions of the two hole states strongly intermix. The
6%—7%. calculated anticrossing gapE'""?=40 meV. This causes
(iii ) Dente and Tilton do not model the pseudopotential ofthe appearance of new transitidiisl —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 ib) shows the electron and hole states of

pounds are described similarly. For example in the(inAs)y/(GaSh), (001) SL's vs n. While the hole states
(InAs)g/(GaSb), superlattices we(Dente and Tiltoh get  move to higher energies as the thicknessf the GaSb bar-
gaps of 238 me\(290 meVj, 281 meV(314 meVj, 305 meV  rier increases[as is the case in Fig.(d for symmetric
(326 meV, and 325 meM338 meVj for m=8, 12, 16, and  (InAs),/(GaSh),], we see in Fig. () that also the electron
24, respectively. state moves tdiigher energies as increases, opposite to
Another  strain-dependent empirical pseudopotentiakig. 1(a). 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 schent&[compare Eq(5) of Ref. 20 with Eqs.  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 mog|ectron stateel 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 thgtate 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
potential V(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 bond§a|ence subbands to the lowest conduction subband are re-
with respect to the In-As and Ga-Sb bulk compouttsise  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 Xa) shows the electroel and hole fihl, 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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TABLE I. Calculated transition energies from the valence subbands to the lowest conductiorlband
compared with the experimental values of Ref. (&6 parenthesgs The assignments shown here are only
tentative. We have indicated with an asterisk the transitions with a large dipole oscillator strength. For the
8/32 and 8/40 superlattices the first transition involves a mikddandhhl hole state allowed by th€,,
symmetry.

InNAs/GaSb el-hhl el4hl el-hh2 el-hh3 el-hh4 el-1h2 el-hh5 el4h3 el-hh6
(ML/ML) (meV) (meV) (meV) (meV) (meV) (meV) (meV) (meV) (meV)

8/8 238 378 494
(282 (402 (670

8/12 28F 383 428
(304  (38) (516
8/16 305 378 406 539
(329 (370 (464 (600
8/24 3235 364 387 445 557
(350 (364 (397 (487) (594
8/32 33t 355 373 404 473 552 561 605
(3500 (363 (38D (433 (514 621
8/40 333 34 363 38t 428 487 497 541 565
(3500 (362 (376 (409 (465 536 606

teratomic diffusion and segregation during the growth and (1) (InAs)g/(GaSh) [x,(l)=0 (Ga-As bondsat the InAs-
interfacial broadening, obtaining high-quality superlatticeson-GaSh interface ang{®=1 (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 (2) (InAs),-In-Sb-(GaSh) [to Xl(l):]_ (In-Sb bonds at
completely these imperfections and grow perfectly abrup{he InAs-on-GaSh interface arxq‘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 perfeci;"’ISb'on'lnAS interfade )
geometry and recompare with experiment. (3) (GaSb)-Ga-As-(InAs) [xj =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)QAsl,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

Our first model of interfacial disorder aims at transform-
ing simply and continuously th€,, system with two un-

_equal mterfaceEEqs.(_l) and(2)] to aDyq system V.V'th equa_ll ._unit cell in the substrate plane, containing 16 primitive unit
interfaces. We do this as follows. We observe first that if in . S
cells. In figure we show also the projection onto {081

the plane sequence of E@) of the InAs-on-GaSb interface . . . L
we (F:)hange t?#e interface@,-b)\s plane into a Sb plarl1e then W@terface of the standard cubic unit cell. 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 EZ), un- planar sites with Sb and_ As atoms. _Thus, {ill the conf_igura-
changed, we end up with a superlattice having a nonintegdfons Of the model considered |?i)th|s section are uniquely
number of layers (InAs)s/(GaSb) s, with two equivalent  identified by (i) the compzosmonx, of the two interfacial
In-Sb interfaces. We denote this configuration asanion planesx{")) and ({*) and(ii) the atomic occupation
(InAs),-In-Sb-(GaSh) to stress the presence of an extraby As and Sb of the 16 sites of the interfacial unit cell
In-Sb interface. In a similar way, we can change the Sb plan€ig- 2.
at the GaSb-on-InAs interfadsequence of Eq(2)] into an The atomic configurations of the single-layer model leave
As plane, leaving the other interface, the sequence of Bg. the cation sublattice unchanged with respect to the abrupt
unchanged. The resulting SL has now teguivalentGa-As  geometry. On the contrary, the global composition of Sb at-
interfaces. We indicate this (InAg)/(GaSb) s SL configu-  0ms changes with the interfacial compositiod8.. In ann
ration as (GaSh)yGa-As-(InAs),. =8 superlattice the fraction of Sb atoms varies from a maxi-
By denoting the fraction of Sb atoms at the interfacialmumxs,=0.5625 for the configuration with two In-Sb inter-
anion planei (i=1 for the normal interfacei=2 for the faces &M=1x=1) to a minimumxg,=0.4375 for the
inverted interfacg asx{", we have the following. configuration with two Ga-As interfaces)=0x(*=0).
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@ Eq = 238 meV (InAs)g/(GaSb)s
0.0 - a) Cav .

<
)
n (b)
— _ (GaSb)7-Ga-As-(InAs)g|
% 00| Eg = 279 meV (b) Dog 1
_I ———.——/‘./’.\“\.—
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9 m
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0.4 . . i
O AS/Sb Zim Lﬁ e ——— % s & |
(010) ® Ga z.+1 0.6 ' ' !
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02}
FIG. 2. Interface unit cell on €001) plane. The 16 atomic sites © $ (InAs)7-In-Sb-(GaSh)g
are indicated. 00 ;_m
B. Results for the single-layer model of interfacial disorder: -0.2 %
)
Integer x;' o4l Hole spin |
In this section we study the dependence of the super- ' splitting
lattice band structure on the interfacial structure. We con- 06 . , .
sider the three simplest casesa) (InAs)g/(GaSb) 0.028 0.014 0.000 0.014 0.028
(having one Ga-As interface and one In-Sb interface [1-10] k| (2/a) [110]
(GaSbh)y-Ga-As-(InAs) (two Ga-As interfaces and
(InAs)7-In-Sb-(GaShy (two In-Sh interfaces In Fig. 3 we FIG. 3. Energy level dispersion fdg) (InAs)g/(GaSb), (b)

show the band structure close to thepoint of the three (GaSb)-Ga-As-(InAs), and(c) (InAs),-In-Sh-(GaSh) superlat-
upper hole bands and the lowest electron band, plotted aloniges along thg110] and[—110] directions of the Brillouin zone.
the in-plane[110] and [—110] directions of the Brillouin  Band gaps valuek, are indicated by arrows, as are the hole and
zone(BZ). Because of th®,4 symmetry, the band structures electron spin splittings.

of (GaSh,-Ga-As{InAs)g and of (InA9,-In-Sb{GaShb}, are

identical along th¢110] and[—110] directions, while in the  oqhact 1 the well center: larger amplitude is localized on the
case of the (InAg)/(GaSby superlattice, whose symmetry | g interface and less on the Ga-As interfiagows in

is Cy, , the dispersion of the valence bands along|tHE)) Fig. 4@]. The difference is quite substantial for the heavy-
direction is significantly different from that along the 110] .ho%é hhl].andhhz wave fun(?tions that are localized on th)(/e

direction. By comparing the three band structures shown in . .
Fig. 3 we can identify the features associated with the In-sBn-SP mtgrfaaal bond. Thén1 andhh2 states Of theD 4
superlattice[panel (c)], where two In-Sb interfaces are

interfacial bonds. The presence of the In-Sb bohEi). _ . .
3(c)], leads to alower band gap, changing fronE, present, have a larger amplitude at the interfaces than in the

=279 meV (253 measurdd) in the structure with two middle o_f the _GaSb layer. Tr_\e opposite is true for g,
Ga-As interfaces[Fig. 3(b)] to E,=229 meV (209216 superlattice with two Gg—As mterfacépapel H. Thus, the_
measuretf) in the structure with two In-Sb interfacggig. ~ N-Sb bonds behave like local potential wells localizing
3(c)]. Another clear fingerprint of the In-Sb interfacial bonds holes. The electron wave functions are, instead, more delo-
is a larger spin splitting in both the valence and conductiorfalized and more independent of the interfacial structure.
bands, as shown in Fig(@. The above discussion referred to the BZ center. The study

In Fig. 4 we plot the xy-averagegiwave function ampli-  of the behavior of th®,4 symmetry (InAs}-In-Sb-(GaSh)
tudes along the growtf001] direction for the three upper superlattice wave functions off-shows that the hole wave
hole states and the lowest electron state for the same thréenctions are localized at only one of the two In-Sb inter-
superlattices at the BZ center. Again, as seen in paealf  faces when thé points lie along thd110] direction and at
Fig. 4, the lowerC,, symmetry of the (INA)/(GaSb} su-  the other In-Sb interface when tHe points lie along the
perlattice induces an asymmetry of the wave function with —2110] direction.
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FIG. 4. In-plane averaged wave function am-
plitude squared of thel, hhl, Ihl, andhh2
states at the Brillouin zone center for tha)
(InAs)g/(GaSby, (b) (GaSb)-Ga-As-(InAs),
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and(c) (InAs);-In-Sb-(GaShy superlattices. The
arrows indicate the composition of the related in-
terfacial bonds.

hh2
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Figure 5 shows the calculated dipole transition element®n the polarization of the radiatid®01) vs (110) or (—110);

of the hhl—el transition atk=(0.02,0.02,0)2r/a and at
k=(—0.02,0.02,0)2r/a for the three superlattices. We can

(i) there is a strong anisotropy between the transitions with
polarization along the two in-plane direction410] and

see the following(i) the transition strengths strongly depend[—110], respectively, for all the superlattices and for b&th

hh ----> e1

0.16

| k=0.02[001]2wa |

0.14
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1101 ]
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0.08

0.06 [

[001]

0.04
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0.00 L—mm | | || -

0.16
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014} | k=0.02[-110] 2wa | ]

012 | B

0.10 | 4

Dipole Matrix Element

0.08 | -
0.06 [ E
0.04 |- E

0.02 |- E

0.00

0 1
Number of GaAs Interfaces

2

[ 2InSb (D2d) | [11InSb - 1 GaAs (C2v) || 2 Gas (D2d) |

FIG. 5. Dipole matrix elements of thehl—el interband tran-
sition for (InAs)-In-Sb-(GaShy (zero Ga-As interfaces
(InAs)g/(GaSb)y (one Ga-As interfage and (GaSh-Ga-As-
(InAs)g (two Ga-As interfaces calculated at twdk points of the
Brillouin zone, one along th€110] direction, the other along the
[ —110] direction. The dipole matrix elements are relative to differ-
ent directions of the radiation polarizationi10], [—110], and
[001].

vectors; andiii) the in-plane polarization anisotropy of the
D,4 symmetry superlattices &t o[ 110] is exactlycompen-
sated by the anisotropy &t= o[ —110], so that the integra-
tion over the entire BZ gives a net zero anisotropy consistent
with the D ,4 symmetry. This compensation does not occur in
the case of the superlattice wi@y,, symmetry, where a re-
sidual in-plane polarization anisotropy is expected after inte-
gration over the entire BZ.

C. Results for the single-layer model:
Intermixed be|Asl—x| interfaces

Figure 6 reports the energies of thbl—el, Ihl—el,
and hh2—el interband transitions at the BZ center as a
function of the number of interfacial Ga-As bonds or as a
function of the total As content,-1x. For each value of As
interfacial composition * x; we average over a few in-plane
configurations corresponding to different occupations of the
interface plane site&see Fig. 2 The dependence of the in-
terband transition energies on the particular in-plane atomic
configuration for the same compositianis small, about an
order of magnitude smaller than the difference between the
transition energies of superlattices with different interface
composition. We see in Fig. 6 that) the energies of all
transitions increase with the number of interfacial Ga-As
bonds.(ii) While for thelh1—el transition the trend is ap-
proximately linear and with small slope, in the case of the
transitions involving the heavy-hole states, deviations from
linearity are observed and the slopes are larger: fohth2
—el transition the total increase of the transition energy
with the Ga-As interfacial bonds is quite large, 146 meV, and
for thehhl—el transition is only 50 meV. The smaller sen-
sitivity of the hhl—el transition energy is due to the strong
localization of thehhl wave function at the In-Sb bonds
which pins the energy of thbhl level. Indeed, since the
position of the electron stael moves up linearly with the
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N for polarization directions along the superlattice growth
As composition, 1-x

[001] axis and the two in-plangl10] and[—110] axes as a
o044 045 047 048 050 052 083 085 $ function of the number of Ga-As interfacial bonds. We can
| —1 0670 see thaf(1) in the case of thdnhl—el transition, the total
| oscillator strength is higher for the twid,4 structures with
06 | hh2 ---> e1 ] zero Ga-As interfacial bonds and with two Ga-As interfaces,
I than for theC,, structure with only one Ga-As interface.
05k i (2) 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-

0.4 M 0.402 quent interfaces leads to a larger in-plane polarization anisot-
| ropy.

| (3) In the case of théh1l—el transition there is a switch
05 | 10.282 in magnitude of the oscillator strengths of th&l0] and
hh - e1 [—110] polarizations and the oscillator strength is much
02 ) . Ll , , larger for the[001] polarization than for in-plane polariza-
000 025 050 075 100 125 150 175 2.00 tion. The total (and [001]-polarized transition probability
A Number of GaAs interfaces A increases with the number of Ga-As interfacial bonds.
[ 2InSb (D2d) | [1InSb-1GaAs (Cov)| [ 2 GaAs (D2d)| (4) The intensity of thdh1l—el total oscillator strength
[Fig. 7(b)] is anticorrelated to that of tHeh2— el transition
FIG. 6. Calculated energies of the first three interband transi{Fig. 7(c)]. Thehh2—el transition is parity forbidden in the
tions at the Brillouin zone center versus the number of Ga-As instandard envelope function theory but it can gain some finite
terfaces and the total As fraction in the superlattices. At the rightyrobability through the mixing ohh2 with |h1. [For this
end side the experimental data from Ref. 26 are given for compariregson we do not believe that the obsefSdéxdnsition at 670
son. We disagree with the assignmaii2el of the third transi- ey was correctly assigned to thé2—el transition(see
tion. Fig. 6).] The total dipole strength of theh2— el transition
diminishes with the increase of Ga-As interfacial bonds. The
increase of Ga-As interfacial bonds, the behavior shown inntensity of thehh2—el is exactly opposite with respect to
Fig. 6 for the transition energies reflects mainly the shifts ofthe dipole strength of théhl—el transition. This means
the heavy-hole levels(iii) While the agreement with the that thelh1-hh2 coupling is larger in the case of the two
experiment? for the first two transitions is good, we disagree In-Sb interfaces than in the case of the two Ga-As interfaces.
with the assignment of the third transition at 670 meV toAlso, for structures having an excess of In-Sb bonds at both
hh2—el. We will come back to this point again in Sec. V. interfaces (Sb-rich structures the in-plane polarized
Figure 7 gives the dipole matrix elements of thal hh2«el transition acquires some magnitude and a strong
—e€l, Ihl—el, andhh2—el transitions at the BZ center anisotropy between thel10] and[—110] directions(except

Transition Energy (eV)

As composition 1-x

0.140.? o.fts o.|52 0.|56 o.zso'fm O.Tt8 o.|52 o.|56 044 o.fts 0.|52 o.|56
@] hht —> el ®} [ Ih1 —> el 0071} [ hh2 -5 e1 .
J !
012} {1 o020 .
§ total
£ . FIG. 7. Total and polarization
o o010} 1 o015 resolved (along the [110],
x i [-110], and [001] directiong
‘3 dipole matrix elements of
= sl { o010 | the hhloel, Ihl-el, and
° [-110] hh2—el interband transitions vs
g | the number of Ga-As interfaces
0.06E 1 oosh [110] i ' and th_e total As fraction in the su-
perlattices.
[110] 110]
0.04 L Ll 1 Ll L 0.00 1 1 L 0.00 —ob—o
00 05 10 15 20 00 05 10 15 20 00 05 10 15 20
Number of GaAs interfaces IP lt‘ 1‘ Number of GaAs interfaces
1InSb
2 InSb 1 GaA 2 GaAs
(D2) Con | | @200
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TABLE II. Results for the in-plane polatization rati@si,j| of thehhl~el andlhl<el transitions for
the structures of the single-layer modzeﬁ'.) denotes the fraction of interfacial Sb atoms at interfeced
(norma) andi=2 (inverted.

Structure Interfacial composition In-plane polarization ratiog;|
x{ x{? Nhhiet Nhie1 INinzeal 7 [Nnnieal
(InAs);-In-Sh-(GaShy 1.00 1.00 0.000 0.000
0.75 1.00 0.044 0.275 6.3
0.50 1.00 0.076 0.392 5.2
0.25 1.00 0.109 0.464 4.3
(InAs)g/(GaSb), 0.00 1.00 0.124 0.524 4.2
0.00 0.75 0.111 0.384 3.5
0.00 0.50 0.067 0.205 3.0
0.00 0.25 0.030 0.088 2.9
(GaSh)-Ga-As-(InAs), 0.00 0.00 0.000 0.000

the D,y structure which has zero polarization anisotropy have relied on a kinetic model for MBE growth, first intro-
This observation shows that there is a definite dependence dficed by Dehaeset al?’ which we have extended to treat
the Ih1-hh2 band coupling on the nature of the interface simultaneously the segregation of both group-lll and

bonds. group-V species in the no-common-atom quaternary GaSb/
A comparison of the polarization ratios InAs system. The model simulates a layer-by-layer growth

. - starting_ from a g?ven substrate_, and, at each interface, segre-

110~ P10 gation is determined by atomic exchanges between the sur-

=P ) face layer and the first subsurface layer, for each sublattice

1ot P10 . . - =
o - _ _ (cation and anionseparately. Layer growth is driven by the
(whereP indicates the transition dipole oscillator strength ofjmpinging atomic fluxes with deposition rates,,, ®g.,

transitioni—>j) of the hhl—el andlhl—el transitions (I)Sbv and (I)AS (|n ML/s) Atomic exchanges require over-
can also shed some light on the composition of the interfaciatoming energetic barriers for bulk-to-surfack—¢s) and

bonds. In Table Il we give the calculated polarization ratiossyrface-to-bulk ¢—b) atomic swaps. For the cation system

I\| of thehhl«el andlhleel transitions for one struc- e have the barrieE? <, , for subsurface In to exchange

ture for each{x,('_)} value. We observe that the following.  yith surface Ga, ané;, 2, , for surface In to exchange with
(i) The polarization ratios of thth1«el transitions are ¢ psurface Ga Similarly, we ha\Eag{,’,i and E%EX with
. . 1 S S
always larger than those of tiienl—el transitions. similar meanings. The segregation driving forces are propor-
(i) A very small(<0.09 polarization ratio ofhhl<el  ional to
means that the two interfaces of the superlattice have ap-

proximately the same bonds. Ainica=Efnida— Ein/das
(i) A ratio between the magnitude of the polarization
ratios of thehhl< el and of thdh1—el transitions, given Asyas=ESph— ESpss. (5

in Table I, larger than 0.4 is an indication that the structure

is Sb rich with a larger number of interfacial In-Sb bondsface, whereag eyac>0 (<0) implies Sb(As) segregation.

than of Ga-As bonds. The rat fi=b i—s—b h ti t
In this section we have seen that the nature of the inter- ¢ 'ates ofl=b—S or I=s—=Db €éxchange reactions a

_ i
facial bonds in the no-common-atom superlattices has §'OWih temperaturd@g areP; = viexp(~E,/kgT,), wherekg
strong effect on the in-plane polarization anisotropy of the!S the Boltzmann constant and is the effective hopping

single interband transitions. We will see next that also segrel’€quency for which we use the commonly accepted value of

31 7,28 :
gation affects the energies and the in-plane polarization anl0*° s~ for lll-V compounds’"*® Denoting byA andB the
isotropy of the transitions. two different kind of atoms in one sublattide.g., In and

Ga), the rate of change of the concentratiom(t), of
surfaceA atoms is given b¥/

HereA,,,c.>0 (<0) implies In(Ga) segregation to the sur-

V. KINETIC GROWTH MODEL OF SEGREGATION
S
A. Model dxa(t)

While the single-layer model of interfacial disorder clari- dt
fies the role of the interfacial bond symmetries on the elecHere xZ'b(t) and xSB'b(t) are the time-dependent concentra-
tronic structure and the interband transitions, it does not takéons of A and B at the surface or bulk, the first terfh, is
into account the effects of atomic segregation, diffusion, andhe deposition rate oA atoms onto the surface, the second
cross incorporation occurring during sample growth. To genterm is the rate ofA atoms arriving from subsurface to the
erate composition profiles for GaSb/InAs superlattices wesurface after exchanging with surfaBeatoms, and the last

=D+ P A1) x5(1) — P xS (1) xB(1).  (6)
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term is the rate oA atoms leaving the surface after exchang- 0-30 — - : i ' ' ' ' ' '
ing with bulk B atoms. The conservation &f atoms and of e plane 1

the total number of surface atoms at any titrleads to the 0.5 i :
conditions @

X5(1) +X3(1) =x3(0) +x2(0) + P at, (7) oeor Q 'Q °.. '., -

0.15 InAs !

Xa(D) +X3(1) =X3(0) +X5(0) +(Pa+Pp)t,  (8)

and, at anyt, we havexg(t) +xg(t) =1. A small fractionxg 0.10 | origin on plane ‘ 1
of the segregating Sb specie is incorporated into each InAs (b)\\ * STM, Ret. 25
layer during the growth because of an unwanted vapor bacho.os | * "\ )|
ground. This cross incorporation has been taken into accoun S T .
modifying slightly the fluxesb s and® gy during the growth oo L ; . : i . : s i :
of InAs so as to have the incorporation of a small constant 0 1 2 3 4 5 6 7 8 9
Sb fractionxy=0.015 into each InAs layer, as proposed in GaSb monolayers along [001]

Ref. 3. Our approximations are the following) the barrier
energies, Eq(5), for ""IO'T"C exchanges are gssumed to be rowth direction for a (InNAs)/(GaSb}, superlattice grown at three
!ndepender_l_t of the atomic SPecies SurrOl_Jndlng the eXChanafﬁerent temperatures: 375 °C, 450 °C, and 525 °C. The segregated
Ing atoms,(ll)___surface reconstructions during growth E!re ne'lprofiles(diamond plus solid lineare compared irfa) and (b) with
glected, andiii) surface roughness and the lateral dISOrdethe profile of the superlattice with abrupt interfaddashed lines
related to steps are also neglected.

We solve numerically Eqg$6)—(8) for A=Ga, In, As, and
Sh. The input to the simulation consists of growth tempera
ture Ty, atomic fluxesb,, a=Ga, In, As, and Sb, and the
four exchange energies appearing in E5). The two ex-

FIG. 8. Sb and Ga composition profiles along the superlattice

correspond indeed to the interface plane of Ref. 30. The sec-
ond case has better agreement. We can see the following.
(i) Our segregation model predicts an As excess at the

change enerdies for catios are taken as the values interface plane. The observed excess, therefore, can be ex-
9 9 In/Ga plained as a result of anion interfacial segregation. In con-

proposed in previous papéfs EFH_/g_a: 1_'8 ev andEfrVGb_a trast, Harperet al>° suggested that the excess originates
=2.0¢eV; thus'Ab'ﬂ’sGa>o ccS)LrbectIy implies In segregatlon- from exchange of surface As by Sb from the vapor. Since the
No values forEgyas and Egyas have been previously re- injtial configuration has only As in the subsurface layer and
ported in the literature, so we fix them by fitting the growth {he incoming Sb atoms on the surface, segregation favors the
model to the experimental Sb concentration profiles meagpjon exchanges that bring As onto the surface and Sb to the
sured. via gross-secﬂonal STM'Q- 4 of Ref. 3. The fit ka‘s subsurface laydisee Eq(6)]. Obviously this process implies
described in Ref. 29 and give&2;3,=1.68 eV andEg,2s  the simultaneous exchange of As atoms with Sb atoms in the
=1.75 eV. Our determinedsyas>0 correctly shows that |ast InAs layer.
Sb segregates into the InAs layer, as obsefvEgdy 5, and (i) The As profile is predicted correctly to have a steep
ES,2. are both smaller thai?,,$, andES, 2., so at very decrease to the bulk defect concentration, unlikely the Sb
low growth temperature6<375 °Q only anion segregation profile at the normal interface.
will be important, whereas appreciable In segregation is ex- A new set of measurementsof the As profile at the in-
pected at higher temperatures375 °Q. verted interface has been recently performed on the
The As profile at the inverted interface has been investi{InAs)g/(GaSh), samples of Ref. 26. They give 3.6% As in
gated by Harpeet al® In Fig. 8 we compare the As profile the first layer of GaSh, 1.1% As in the second layer, and
in GaSh predicted by the kinetic growth model at the in-0.0% As in the following layers. Our model of MBE growth
verted interface with the experimental As profile from Ref.at T;=380°C and a deposition rate of 1 ML/s gives 10.7%
30 (dotg. The growth temperature used in the model is theAs in the first layer, 1.1% As in the second layer, and 0.1%
same (440°C) at which the sample studied in Ref. 30 wad\s in the third layer. Again, apart for the first layer, our
grown. We find that the profile is not very sensitive to the thepredicted profile is in reasonable agreement with experimen-
deposition rate in the range from 0.4 to 0.7 ML/s. The smalital data. The deviation found for the firghterfacia) layer
As cross incorporation during GaSb growth has been takenan be due to other mechanisms, such as surface reconstruc-
into account. From cross-sectional STM @0 surfaces tion or interaction with the vapor phase, which take place
one can see only every other layer of the anion sublatticeduring the growth interruption and are not described by the
This is taken into account in Fig. 4 of Ref. 30 where thepresent model.
experimental profile is plotted versus the number of lattice
constants alonf001], each lattice constant corresponding to
two anionic planes. However, thaigin of the sequence is
not known. Thus, in Fig. 9 we plot the calculated As profile  Having obtained the segregation parameters for the InAs/
using two possible originga) the first anion plane and, sepa- GaSb system, we next model the atomistic structure of the
rately, (b) the second anion plane from the interfdcensid-  superlattices used for optical stud@swWe consider(001)
ered inthe middle of the In-Sb interfacial bondBoth planes  (InAs)g/(GaSh)g and (InAs)/(GaSby superlattices, lat-

B. Superlattice segregation profiles
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tice matched to a GaSb substrate. While we have modelesimall, the segregation of the specie with a higher-energy bar-
the profile along th¢é001] growth direction no experimental rier (i.e., A9 becomes noticeable at high,. We find
information is available on the atomistic arrangement in theA g, ,.=70 meV, while A,,;c, iS much larger, 200 meV.
perpendicular substrat@01) plane. We thus assume random This explains why at higff 4 the anion profile at the inverted
arrangements in these planes, consistent with the planar comrterface is more broadenedor As segregationthan the
position profile dictated by the growth model. To represent gyngjogous cation profile at the normal interfdne Ga seg-
fractional atomic composition we use the surface unit cell Ofregatiorj. We will see below that segregation at tineerted

Fig. 2 containing 16 atoms in th01) plane, which are inerfaceleads to a narrowing of the InAs well.

distributed randomly. Once we determine the superlattice In treating short-period superlattices some care has to be

conﬂguraﬂon_consstent with the solution of thg growth used, since at high growth temperatures,*%425°C), In
model at a given growth temperatulg, we permit local :
atomic displacements by a valence force fildFF) penetrates so deeply into the GaSb lajaout 11 ML that

P y it reaches the next InAs layer. To treat the situation of strong

approacl?® (see the Appendix ion in short-perind ot " i latad
The calculated anion and cation segregation profiles shO\fhegrega lon In short-period superiatlices, We have simulate
the growth of long structures with many repeated periods.

the following general trends. . 4 )

(i) Segregation leads to the penetration of Sb and if\nalyzing the profile of tl_ﬂe entire structure we haye found
deeply into the InAs and GaSb layers, respectively. The perfhat apart from the very first one, all the other replicas have
etration length increases with growth temperaturesTgt —the same profile. It is this common profile that has been
=525°C, Sh penetrates 5-6 ML into InAs, while the In considered for short-period SL's. As an example, we report in
penetration length is much largébecause of the larger Fig. 8 the anion and cation segregation profiles of
Anca), being about 11 ML. (InAs)g/(GaSby, grown at three different temperaturdg;

(i) Sb segregation occurs primarily at the normal inter-=375°C, 450°C, and 525 °C. We can see from the Ga pro-
faces(InAs-on-GaShwhere in the abrupt geometry a Ga-As file the progressive shift witffy of the first Ga plane back-
bond exists, while In segregation occurs at the inverted inward inside the InAs well at the inverte@aSb-on-InAg
terface (GaSh-on-InAs where in the abrupt geometry an interface. This is due to the large differentg,,c,. At high
In-Sb bond exists. Our profiles at low (400 °C) growth tem-Tg, when the first Ga atomic layer is deposited onto the InAs
peratures closely agree with the STM images of the aniosurface, almost all the Ga atoms exchange their position with
sublattice of Ref. 3 where it is seen that the anion intermixthe In atoms in the layer below. These In atoms are progres-
ing is much larger at the normal interfaces than at the insively pushed forward until, ultimately, they reach the next
verted interfaces. This result is in agreement with many exinterface, the InAs-on-GaSb normal interface. A similar sub-
perimental findings:3233 stitution of the last As plane of InAs with an highvith T)

(iii) There is also a substantial minority anion intermixing fraction of Sb atoms occur at the same inverted interface.
at the inverted interface and(smallep cation intermixing at  The mechanism here is different and it is due, instead, to As
the normal interface. This is related to the differedgg,s,  Segregation which is made possible by the small value of
and Agyas between the barrier energi¢gq. (5)]. If A is  Agyas.- Thus, we can see that the combination of a large
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0.75 . T T . . T Figure 10 shows the interband transition energies as a
EXPTL . . function of the superlattice growth temperature for the
Transition Energies of ,
070 F . (InAs)g/(GaShy superlattice. At the far left we have re-
(InAs)g(GaSb)g . .
0.670 ported the calculated energies of the abrupt superlattice by
0.65 L 4 squares, while the experimental absorbance data of Kaspi

et al?® are shown with thick horizontal bars. For each
growth temperaturéand, thus, for the same segregation pro-
file along the growth directionwe have calculated three

structures which differ only for the in-plane atomic arrange-

0.60 hh2 -==> e1 4

E 055 Abrupt 7 ment. We see that the following.

8 (1) A segregation-induced ste@prease(blueshify of the

g 0508 , . interband transition energies with growth temperatures takes
5 place in the range fronT;=300°C until Tg=425°C. The

S o0a5f i blueshift is larger for the interband transitions involving the
2 Ih1 > e1 heavy-hole states. It is due to the narrowing of the InAs well
S ool 0.402 . | (for elegtron$ and the. broadening of the GaSb wélor

(= -—:W holeg with In segregation. The electron state becomes more

confined with the increasingy, whereas hole states become

035 F T less confined, but their energies change at a smaller rate, so
hh1 --> e1 interband energies increase wily. This result explains the
030 |- 4 . surprising gap increase wifhy previously observed for simi-
0.282 lar structures?
025 - _ (2) At T4>425 °C the blueshift is reduced due to a dimin-
L ishing of Sb and to a lesser extent In segregation, because of

the competing segregation of As and Ga. This leads eventu-
0.20 1 . L 1 1 L . . e .
250 300 350 400 450 500 550 800 ally to a slight decrease of the interband transition energies at
Temperature (°C) the highest growth temperatures.
(3) The transition energies are generally higher than those
FIG. 10. Energies of the first three interband transitions at thecalculated for the abrupt geometry. Only at the very low
BZ center of segregated (InAg)(GaSb), superlattices vs growth growth temperature of 300 °C do we recover the abrupt val-
temperature. The energies from absorbance spectroscopy data frares.
Ref. 26 are shown with horizontal bars. The dark shaded areas (4) Segregation improves the agreeméa"ready googj
outline the range of the fluctuations due to the different atomichetween the calculatdthl— el andlh1l— el transition en-
arrangements in the planes orthogor?al to the gr.owth direction COlargies with the experiment. The model predictions are con-
respondent to the same planar atomic composition. sistent with the fact that the samples studied in Ref. 26 have
been grown at low temperature. The highest transition, which
A4 for cation segregation and a smalkyas for anion  has been attributed by Ref. 26 to the2— el transition, is
segregation causes the narrowing of the InAs electron welloo high and we suspect the attributiorito2« el (Ref. 26
with increasingT. is not correct. Thehh2—el transition has a small total di-
pole oscillator strengtpsee Fig. Tc)]; thus, it is possible that
the transition seen experimentally has another so(incgu-
rity or a higher-lying transition
(5) At low growth temperatures, where the interfacial
In this subsection we analyze the consequences on thetomic segregation is small and there is no interfacial broad-
electronic and optical properties of the segregation-induceeéning, the transition energies do not depend greatly on the
modification of the superlattice profile along the growth di- planar atomic arrangements. The difference among the tran-
rection. sition energies corresponding to different in-plane configura-
In Ref. 29 we studied the implications of segregation ontions becomes larger when the superlattice growth tempera-
the wave functions. In that paper we compared the ampliture increases and, foil;>400°C, for hhl«<el, the
tudes of the hhl hole wave functions of the fluctuations can be about 10 meV, of the same order of the
(InAs)g/(GaShb)¢ superlattice for the abrupt geometry and differences due to different values of the growth temperature
for the structure grown af,=525°C. The amplitude of the in this temperature range.
hhl wave function, which is much larger on the In-8h- Figure 11 shows the dipole transition element versus
verted interface than on the Ga-Asormal) interface in the growth temperature of thehl—el and thelhl—el tran-
abrupt geometrysee Fig. 4a)], is substantially reduced by sitions at the Brillouin zone center of the (InA${GaSh}
segregation. The wave function amplitude becomes similar atuperlattice. It is interesting to note the behavior of the in-
the two interfaces. Segregation affects to a lesser degree alptane polarization anisotropy. It increases with growth tem-
thelhl andel wave functions, which remain closer to the perature until 400°C, then it diminishes for 400<Q,
abrupt casdsee Fig. 4. <525°C, and, finally, it increases again B§>550°C. In

C. Results for the electronic and optical properties
of segregated superlattices
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the case of théhhl—el transition[Fig. 11(a)] this trend is  in-plane polarization anisotropy of the single-particle inter-
strictly related to the increase and decrease of [0@&]- band transitions. We have found the following.
polarized component of the transitidavhich has a very (1) The hole wave function amplitudes are larger on the
small probability. In fact the [001] component increases In-Sb than on the Ga-As interfacial bonds.
when the polarization anusotropy increases. Both effects are (2) The transition energies of the superlattices having
the sign of the interface-mandated couplipgssible only in  In-Sb interfacial bonds are lower than those of superlattices
C,, symmetry between thenhl andlhl states. The total having only Ga-As interfacial bonds. The difference is 50
dipole oscillator strength of thehl— el transition is larger meV for thelh1« el transition in perioch=8 superlattices.
for the segregated configurations than for the abrupt one and (3) The dipole oscillator strengths and in-plane polariza-
increases until ;=500 °C. Also the total transition probabil- tion anisotropy of the interband transitions have a definite
ity of thelh1—el transition increases with segregation until dependence on the nature of the interfacial bonds. The in-
425°C, while, correspondingly, the transition probability of plane polarization anisotropy magnitude of the interband
the (parity forbidden hh2—el transition(not shown di-  transitions is related to the magnitude of the heavy-light-
minishes. Recalling that a finite probabilty bh2—el is  hole couplings which depend on the kind of interfacial
due to the coupling ofih2 with Ih1, we see that segregation bonds. Thus, the simultaneous analysis of the intensity and
diminishes thdh1-hh2 coupling. anisotropy of the first three interband transitions could be
The interband transition energies and dipole oscillatotused to characterize the nature of the interfacial bonds.
strengths at the Brillouin zone center have been calculated as With the second model, the kinetic model of MBE
a function of the growth temperature also for thegrowth, we have studied the effects of atomic segregation on
(InAs)g/(GaSh)s superlattice, showing an identical behav- the electronic properties. We have fit the model to the ob-
ior. Thus, the trend with the growth temperature of the fun-served STM profiles to extract the segregation parameters for
damental gap(the hhl—el transition for the two the InAs/GaSb system. From this procedure we have found

(InAs)g/(GaSh) and (InAs)/(GaSb)s superlattices does the following.

not depend strongly on the GaSb layer thickness. (1) Sb and In are the segregating species.
(2) The segregation energy of In is much larger than that
VI. SUMMARY of Sb.

By applying the growth model we have obtained the su-

In this paper we have studied the effects of interfacialperlattice segregation profile as a function of the growth tem-
intermixing and segregation in InAs/GaSb superlattices omperatureT,. Then, we have simulated the detailed atomistic
their electronic properties. We have combined an empiricastructure of the superlattices consistent with the calculated
pseudopotential scheme for band-structure calculations witprofiles. Our results show the following.
two different structural models of interfacial disorder. With (1) Anion intermixing and interface broadenirigbout 2
the first one, the single-layer disorder model, we have inveser 3 ML) take place at the normal interface.
tigated the effects of the interfacial bond composition on the (2) In penetrates deeply into GaSh. The penetration length
electron and hole wave functions and energies and on thiacreases with growth temperature. At 525°C it is about 11
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ML. Because of the anion smaller segregation energy, th@etermine the atomic screened pseudopotentig(s) as a
penetration length of Sb into InAs is much smaller. function of momentunm, for the atomic speciea=Ga, Sb,
(3) The inverted interface is less broadened but In and, a|tn, As of the quaternary GaSbh/InAs System, by f|tt|ng a |arge

a larger growth temperature, As segregation leads1 ML nymper of measurable properties. We use for the screened
shift of the interface backward into the InAs well. As a con- pseudopotentials the expression proposed by Williamson

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 y, (r=Rpy) =0 o(r — Ry )[ 1+ S0 €)]

the electronic properties, applying the empirical pseudopo- ©“o “ “

Kl

tential method. We have found the following. 1 9 (=R )

(1) A large blueshift of band gaps with increasing growth o > €T Rady (|g]) |[1+ 8vpa(e)],
temperature. We have calculated a 50 meV gap increase for ¢\ 4
superlattices with InAs wellsi=8 monolayers wide. The (A1)

blueshift is due to an increase of the confinement energ};vherev

both of the electronbecause of the 1 ML narrowing of «(Jal) has the functional forri

the InAs wel) and of the heavy hole(whose energy 9?—ay
gets unpinned since its amplitude on the In-Sb interfacial va(|q|)=aOQTa (A2)
bonds diminishes This result is qualitatively in agreement 87,€%30% —1

with the 30 meV band gap increase observed inand
(InAS)5 5/ (Ing ,dG&y 75Sb)o/ (INAS)5 5/ (AISb),,  superlat-
tices whenT,>450°C!? _ _ OUna(€)= Vol €xxt €yt €57). (A3)
(2) The in-plane polarization anisotropy remains large
(equal or even larger than that relative to the abrupt geomHere € are elements of the local strain tensor. The term
etry) until T,=400°C, then becomes smaller in samplesdvn.(€) plays a crucial role in describing the absolute hy-

grown at higher temperatures. drostatic deformation potentials, in particular the variation of
the valence band edge and, separately, the conduction band
ACKNOWLEDGMENTS edge under arbitrary strains. This allows us to describe the

modification of the valence and conduction band offsets
when the systems are subjected to hydrostatic or biaxial de-
'formation conditions such as in the case of epitaxial growth
'on a lattice-mismatched substrate. Note that, even though the
binary GaSb and InAs systems are nearly lattice matched
(the lattice mismatch is relatively small, 0.6%he quater-
nary systems manifest at the interface also Ga-As and In-Sb
bonds which have a huge mutual lattice mismatch of 14%
The crystal potential is written as a superposition ofand are also strongly mismatchéay about 6%—7% with

atomic potentialsy,, centered on the atomic positions. We respect to the Ga-Sb and In-As bonds. To improve the de-
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condensed matter physics.

APPENDIX THE PSEUDOPOTENTIALS AND THE
VALENCE FORCE FIELD

TABLE IIl. Band parameters obtained from the pseudopotential band structure and the target band
parameters of the fit. The “Target values” are conventional bulk parameters used in the litésatiRef. L
AEy o is the valence band offset relative to the target value for bulk Idss the spin-orbit splittingm®*
are the effective masseslat anday, a,, andb are the hydrostatic deformation potential for the band gap,
the valence band maximum, and the biaxial deformation potential of the valence band, respectively.

Parameters GaSh InAs GaAs InSh

PP Target PP Target PP Target PP Target
Eg (eV) 0.812 0.811 0.411 0.410 1.515 1.519 0.235 0.235
AEygo (V) 0.544 0.540 —0.003 0.000 —-0.070 —0.065 0.500 0.500
Aq (eV) 0.752 0.752 0.389 0.390 0.340 0.340 0.801 0.810
mj 0.039 0.042 0.022 0.024 0.059 0.067 0.015 0.014
m},(001) 0.268 0.267 0.400 0.341 0.318 0.400 0.311 0.230
mpn(111) 0.676 0.780 1.051 0.917 0.814 0.900 0.220 0.476
m}},(001) 0.047 0.050 0.028 0.027 0.080 0.082 0.016 0.016
mii,(111) 0.042 0.045 0.026 0.026 0.070 0.080 0.011 0.015
m3,(001) 0.148 0.136 0.099 0.085 0.159 0.154 0.128 0.100
ay -7.77 —8.01 —-5.56 —6.6 —8.59 —-8.33 —6.16 -7.7
a, -129 -1.32 —-0.92 -1.0 —-1.18 -1.21 -1.03 —-1.10
b —-2.16 —2.00 -1.75 —-1.70 —-2.07 —2.00 —-221 —-2.00
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TABLE IV. Parameters of the pseudopotential for InAs, GaSb, GaAs and InSb. The potentials are fit to a plane-wave kinetic energy cutoff
of 5 Ry.

Parameter IInAs) In (InSh) As (InAs) As (GaAs Ga(GaAs Ga(GaSh Sb (GaSh Sb (InSb)

Ve 1.3544 1.1116 0.0000 0.0000 1.8935 1.8732 0.0000 0.0000
Agn 53.5118 182.2310 66.0185 17.8028 652879.2491 1224370.2905 47.8551 92.3191
ai, 1.8990 1.7274 2.7417 2.9501 2.1456 2.0574 2.3236 2.2317
ay, 1.9048 3.4036 1.6206 1.1718 20184.1270 36491.4983 1.3224 1.6556
Az, 0.4416 0.5593 0.5934 0.3100 0.3650 0.3270 0.5248 0.6910

scription of the Ga-As and In-Sb interface bonds we haveeffects® This kinetic energy scaling is needed to simulta-
here derived the pseudopotentials with an approach slightlpeously fit bulk effective masses and band gaps.

different from that of Ref. 1. Instead of forcing the atomic  In Table Il we report the target values we aim to fit for
pseudopotential of a given atom to be the same in differenthe four binary compounds GaSb, InAs, GaAs, and InSb and
binary compounddi.e., Ga in GaSb and Gafswe have the results of the fitting procedure. The target values corre-
allowed here the atomic potentials to be slightly different inspond to the band parameters used in the literdtaeT

the different compounds, to take into account the different=0 K. The hydrostatic deformation potentials of the valence
charge redistributions and bonding properties occurrindband maximum have been calculated using am initio
around a given ion when it is placed into a different environ-LDA-based, all-electron, linearized augmented plane wave
ment. This larger flexibility of the pseudopotentials improves(LAPW) method'’ A 5 Ry kinetic cutoff was used when
the description of the potential of the interface region, leadgenerating the pseudopotentials and also in all the following
ing to better predictions of the electronic properties of shoricalculations which have used the newly generated empirical
period Sl's and alloys. The parameters entering E4%) pseudopotentials. From Table Il we see that all the band
and(A3) have been determined by fitting, for the fduinary ~ paramaters have been fitted well. The corresponding param-
systems, the experimentally measured electron and hole eéters of the empirical pseudopotentifi&y. (A2)] are given
fective masses, band gafisrget values at 0 K and spin-  in Table IV. Although we fitted only a few band energies per
orbit splittings, hydrostatic deformation potentials of the material, this fit works for the full band structure. In Table V
band gaps, band offsets, and LDA-predicted single-bandwe give the results for the energies at the critical points.
edge deformation potential§in Eq. (3) the termp has been Where possible our calculated values are compared with the
introduced to represent the quasiparticle nonlocal self-energgvailable experimental valués'®The critical point energies

TABLE V. Critical point energies of bulk GaSh, InAs, GaAs, and InSb as obtained in the present
relativistic EPM compared with the experimental results of Refs. 11 and 18.

States GaSb InAs GaAs InSb

Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt.
', —-0.752 —0.749/0.82 —0.389 -0.38 —-0.340 -0.341 -0.810 -0.803
Ig, 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
g 0.812 0.811 0.411 0.410/0.418 1.515 1.519 0.235 0.235
' 3.334 3.19 4.726 4.39 4.709 4.53 3.348 3.37
Xeo —2.960 —-3.10 —2.343 —-24 —2935 —288 —2471 -—-24
X7, —2.704 —2.86 —2.321 —-24 —2.852 —280 —2267 —-24
Xec 1.228 1.24 2.321 1.985 1.98 1.813 1.79
X7¢ 1.564 1.40/1.50 2.450 2.206 2.35 1.814
L, —1.527 —1.55 —-1.102 -0.9 —1.295 —-142 -1412 -14
Lss —1.105 -1.10 —0.847 -0.9 -1.096 -—-1.20 -0.901 -0.9
Lec 0.933 0.897/1.10 1.558 1.960 1.85 0.983
LeeTse  0.121 0.084/0.10 1.147 0.445 0.748
Xee-T'6e 0.416 0.30/0.43 1.910 0.470 0.47 1.578
Xec-Lge  0.295 0.763 0.025 0.17 0.830
Ay 0.257 0.486 0.194 0.17 0.487
A 0.423 0.43/0.45 0.255 0.267 0.199 0.511
A, 0.256 0.022 0.083 0.077 0.204
Aj 0.336 0.129 0.221 0.40 0.001
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1.6

T T T TABLE VII. Input parameters for the Valence Force Field

14k :\\EiA\s i calculation.

1.2 | -

ol Bond do(A) a (N/m) B (N/m)

08 b In-Sb 2.805 26.61 4.2842

0s L@ - - - Ga-Sb 2.640 33.16 7.2289
0.0 02 Sbogomposifign . 08 1.0 In-As 2.622 35.18 5.4881

6 Ga-As 2.448 41.19 8.9382

GaAs ' ' i

Gaq-xlnxAs | |

—~

1.2 . . . .
different atomic local environments than those present in the

0.8} fitted pure binary compounds. We address the problem con-
- sidering only the nearest-neighbor environment. In the qua-
~ 04T (b) . . InAs —=> ternary (AC)(BD) systems, th&€ andD anions can be sur-
Q 0.0 0.2 0.4 0.6 0.8 1.0 rounded byA,B,_, cations, wheren=0, 1, 2, 3, and 4.
(o)} In Composition x Analogously, theA and B cations can be surrounded by
w 0.9 - - - - C,D,_, anions. Our pseudopotential has been obtained by
8'5 i fitting the properties of only the pure binary compouicts-
0.6 | responding to environments=0 andn=4). To extend the
05 _ description to the other cases, we assume a linear interpola-
0.4 S~ . tion between these limits as
8:2 [© ' . L Insb,—> n -n
00 02 04 06 08 10 vA(CD4—n)= 7VA(AC)+ ——vA(AD),
In Composition x
n -n
ve(ChDs-n)= ZUB(BC)+ 2 ve(BD),
n -n
ve(AnBs—n)= ZUC(AC)+ 2 vc(BC),

0.0 0.2 0.4 0.6 0.8 1.0
Sb Composition x

n 4—n
vo(AiBa-n)=70p(AD)+—;—vp(BD).  (A4)
FIG. 12. Calculated fundamental gaps of the ternday
GaAs_,|rmSh,, (b) Ga_,InAs, () Ga_,,InSh, and (d AC, BC, AD, andBD are the four binary compounds, in our
InAs, _,Sh, alloys vs compositiorx. case GaSb, GaAs, InSb, and InAs, whose properties have
been directly fitted to extract the atomic pseudopotential pa-
and gaps of the four binary compounds are in excellentameters.
agreement with the experimental data. We next test the performance of the empirical pseudopo-
Having determined the parameters of the atomic pseudpdentials in the description of the electronic properties of the
tentials we are able now to solve E®) for all the quater- ternary random IgGa, _,As, InGa _,Sb, GaAs_,Sh , and
nary structures containing Ga, In, Sb, and As. When describinAs, _,Sh, alloys. The random alloys are modeled by occu-
ing true quaternary systems we need to apply our scheme {gying randomly the sites of a 512-atom cubic supercell. We
have considered only one configuration for compositigns
TABLE V1. Bowing parameter of the ternary alloys,sBos<C ~ =0.25, 0.50, and 0.75. For each alloy configuration, the
formed by atoms Ga, In, As, and Sb. The energy ggpof the  atomic positions were relaxed using the VFF methbathile
alloys are ca}lculated for a si_ngle configuration of a 512-atom unitpe supercell size is determined by a lattice constant given by
cell whose sites were occupied randomly. the composition average of the lattice constants of the con-
situtent binary compoundévegard’s law. The calculated

Alloy Bowing parameter E21%Y(x) are plotted in Fig. 12. We see that the optical band
PP Expt. 9 o .
bowings are always positive, and in the case of the
INg Gay AS 0.54 0.4 0.61° InAs,; _,Sh, ternary alloy, we find the absolute minimum gap
I <G, Sb 0.32 0.42 aroundx=0.5 in good agreement with experimént?
INAsoShy 5 0.72 0.670.76 The calculated values of the alloy bowing parameter are
GaAs,sShy s 0.53 1.0° 1,43 only indicative as they are relative to only one single con-
figuration of the alloy and are given in Table VI fg=0.5.
“Reference 16. An average over many more randomly generated configura-
bReference 18. tions would be needed to obtain accurate results to compare
‘Reference 11. with the experiment. The agreement with the experiment is
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The atomic positions are relaxed using the valence force
field expression

w
[N

06 In-Sb nearest-neighbor bondswhile the second sum is over all
interface the bonding angles formed by bondsand j. These two
terms represent the cost of bond length and bond angle dis-
torsions. Table VIl provides the bond stretching;X, bond
InAs | GaSb InAs bending (; ;), and ideal bond lengthdg,;) values used for
= the InAs/GaSb system. The bond bending parameigyor
[oo1] mixed In-As-Ga bonds or As-Ga-Sb bonds are calculated as-

FIG. 13. V. ] . . . suming Bin-asca= 1/2Bin-asint Y2Bcaasca and Binasin
. 13. Valence force field predicted interplane distances along_ Basin.as. As an example we plot in Fig. 13 the distances

Fhe[OOl] direction jn the (InAsy/(GaSb), superlgttice with abrupt between consecutivié®01) planes in a (INAs)/(GaSb) su-
!‘;gaic%? r;';?egf‘etawnﬁﬁ ;3;"!%%0'13”;'%% in bulk GaSb is o attice with abrupt interfaces obtained with the valence

' force field model. We can see that the distance is maximum

for the In-Sb interface and minimum for the Ga-As interface,

nevetheless good. The deviations are within 0.1 forwhereas in the InAs coherently strained layer the interplane
INgsGa&y sAS, INgsGaysSh, and InAgsShys. Only for the  distances are smaller than in the GaSb lajagtice matched
GaAg sShy s alloy is the calculated bowing, 0.53 eV, de- to the GaSb substrateThe resulting unit cell is slightly
finetely smaller than the experimental valud.0 eV. compressed along tHO01] direction.

)
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