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Largely because of the lack of detailed microscopic information on the interfacial morphology, most elec-
tronic structure calculations on superlattices and quantum wells assume abrupt interfaces. Cross-sectional
scanning tunneling microscogs TM) measurements have now resolved atomic features of segregated inter-
faces. We fit a layer-by-layer growth model to the observed STM profiles, extracting surface-to-subsurface
atomic exchange energies. These are then used to obtain a detailed simulated model of segregated InAs/GaSh
superlattices with atomic resolution. Applying pseudopotential calculations to such structures reveals remark-
able electronic consequences of segregation, including a blueshift of interband transitions, lowering of polar-
ization anisotropy, and reduction of the amplitude of heavy-hole wave functions at the inverted interface.
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The natural difference in surface energies of the alloyformulate a layer-by-layer growth model, adjusting the
components invariably causes certain atomic species to segtomic segregation energies of In/Ga and Sh/As so as to fit
regate to the surface during alloy growth. This effect necesthe detailed segregation profile meastirey cross-sectional
sarily leads to a structural and chemical asymmetry in quanSTM for Galn; _,Sb/InAs. We next apply this model to su-
tum wells or superlattices. For example, since In segregatgserlattices (GaShY(InAs),, (for which optical properties
to the surface in preference to Ga, the growth of InAs-onwere measuregl, generating detailed atomistic structures of
GaAs can lead to an abrupt interface, whereas the next stdmth ideally abrupt, as well as segregated interfaces, corre-
of growth of GaAs-on-InAs leads, by necessity, to an inter-sponding to a range of growth temperatures. Finally, we ap-
mixed interface as In attempts to float from subsurface layerply to these atomistic models of segregated superlattices the
into the GaAs top layer. This segregation-induced structurapseudopotential electronic structure method, finding the en-
asymmetry, noted previously in cation-segregating systemergy levels, wave functions, transition probabilities, and po-
such as AlAs/GaAs and InAs/GaA$, leads to significant larization anisotropy. This establishes directly the effect of
changes in the optical properti&8Only recently were such interfacial segregation on electronic properties. We find the
effects explored in anion-segregating systémhef particu-  following.
lar interest here is the infrared lademd the light-emitting (i) Sb segregates primarily at the “normal interface,”
diodé material InAs/GaSh. Since the binary componentswhereas In segregates primarily at the “inverted interface.”
InAs and GaSb do not share a common element, the twblowever, some secondary segregation occurs too: As segre-
interfaces of an ideal InAs/GaSb quantum well have chemigates somewhat at the inverted interface, but Ga does not
cally distinct bonds that do not appear in the respective endsegregate at the normal interface.
point componentgsee inset to Fig. )1 Thus, growth of (ii) Segregation reduces significantly the amplitude of the
InAs-on-GaSb(“normal interface”) leads to an interfacial wave function of the first heavy holghhl) at the inverted
Ga-As bond, whereas growth of GaSb-on-In@swverted  interface, hence diminishing significantly the dissimilarity
interface”) leads to an interfacial In-Sb bond. The ensuingwith the normal interface, where hhl always has a small
lower (C,,) symmetry relative to common-atom quantum amplitude. This effect reduces the polarization anisotropy of
wells (D,4) makes the optical properties of systems withoutabsorption which reflects this dissimilarity.

a common atom particularly susceptible to segregation ef- (iii) Driven by In segregation, the potential at the inverted
fects. Largely because of lack of atomistic information on theinterface shifts into the InAs well region, reducing effec-
structure of segregated interfaces, electronic structure calctively the well width by~1 ML. This leads to a blueshift of
lations with only few exception$? have thus far assumed the confined electron states. The potential at the normal in-
ideal, abrupt, interfaces. To address this issue one needs terface shows instead-a2 ML region of disorder. This wid-

(a) quantify the degree of segregation at the interfaces, andns effectively the GaSb hole well width. The former effect
(b) establish how does atomic segregation affect the opticak larger than the latter, so the net effect of segregation is a
properties of the superlattices. blueshift of the band gap.

Cross-sectional scanning tunneling microsco{®TM) To generate composition profiles for GaSb/InAs superlat-
has made a substantial progress in achieving the first taskices we have relied on a kinetic model for molecular-beam
identifying the interfacial bonding at GaSb/InAs heterojunc-epitaxy growth, first introduced, to the best of our knowl-
tions, and measuring the compositional grading inedge, by Dehaeset al,'® which we have extended to treat
Galn;_,Sh/InAs superlattices caused by Sb segregation agimultaneously segregation both of group Il and of group V
an atomic levef. In this paper we tackle tasb). We first  species in the no-common-atom quaternary GaSb/InAs sys-
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nes ' ! ! ! growth temperaturd, are P;= v, exq—(Eia,B)/kBTg)], where
2 Theory - growth model kg is the Boltzmann constant ang is the effective hopping
. » s 4 STM Ref. & frequency for which we use the commonly accepted value of

10" s~ for 11-V compounds?*® Denoting byA and B the
two different kinds of atoms in one sublatti¢e.g., In and
Ga), the rate of change of the concentratio(t) of surface
A atoms is given b

L N dx;(t
L S . % =D+ PoR(DXE(D) — PADXR(D. (D)
3 -
£ S A Here x3°(t) and x§°(t) are the time-dependent concentra-
5 .;"\-""‘“ tions of A andB at the surface or bulk, the first terfh, is
= e the deposition rate of A atoms onto the surface, the second
E - term is the rate of A atoms arriving from subsurface to the
o Y. surface after exchanging with surfaBeatoms, and the last
0 Fey 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 titrleads to the
conditions:
XA(D)+X3(1) =x3(0) +x2(0) + D ut, 3

Xa(t) +X5(t) =x3(0) +Xx3(0) + (P o+ Pp)t, (4)

and, at anyt, we havex(t)+x5(t)=1. A small fractionx,

i) ("/: 1 1 i 1 1

i £ 4 B g 10 12 14 of the segregating Sb species is incorporated into each InAs
InAs menalayers along (001] layer during the growth because of an unwanted vapor back-
GaSh InAs GaSh 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

FIG. 1. (Colon Sh composition profiles within the InAs layer of Sb fractionx=0.015 into each InAs layer, as proposed in
the SL1 and SL2 samples. Lines, results of the growth model; dotdRef. 6. Our approximations ar@) the barrier energies, Eq.
STM data of Ref. 6. The profile SL1 has been obtained using 41), for atomic exchanges are assumed to be independent on
growth temperaturd 5, =380 °C, SL2 using J,=445°C. In the the atomic species surrounding the exchanging atoms, and
inset we show a section on 6110 plane of a segregated (i) surface reconstructions during growth are neglected, so
(InAs)g /(GaSby superlattice grown af ;=400 °C. Yellow atoms, the results for the first monolayefyhere reconstruction oc-
As; green atoms, Sb. curg might be less reliable than others.

We solve numerically Eq$2)—(4) for A=Ga, In, As, and
tem. The model simulates a layer-by-layer growth startingSh. The input to the simulation consists of growth tempera-
from a given substrate, and, at each interface, segregation ere T,, atomic fluxesd,, a=Ga, In, As, and Sb, and the
determined by atomic exchanges between the surface lay&wur exchange energies appearing in Eg. A single depo-
and the first subsurface layer, for each sublattezdion and  sition rate of 0.25 ML/s has been used. The two exchange
anion separately. Layer growth is driven by the impinging energies for catiok, s, are taken as the values proposed in
atomic fluxes with deposition rated,,, ®ga, Psp, and  previous paperd Ef,$,=1.8 eV andEj,2,=2.0 eV;
s (in M_L/s). Atomic exchanges require overcoming ener-A - ~0 implies In segregation. No values f&2,5. and
getic barriers for bulk-to-surfacé(~s) and surface-to-bulk ~ gs-b have peen previously reported in the literature, so we
(s—D) atomic swaps. For the cation system we have thgjy them by fitting the growth model to the experimental Sb
barrierk,, g, for subsurface In to exchange with surface Ga,concentration profiles measured via cross-sectional STM
and E},,/2, for surface In to exchange with subsurface Ga.(Fig. 4 of Ref. 6. The profiles were measured for two dif-
Similarly, we haveE2, % andEg; 2, with similar meanings.  ferent samples: SL1, (Gajp:Sb)s s/ (INAS)s 5, at a growth
The segregation driving forces are proportional to temperature 380°C, and SL2, (GghgSb)s/(InAs),, at a

A _Esob _pbos growth temperature 440 °C. The dots in Fig. 1 show the two
In/Ga™ =In/Ga =In/Ga* measured segregation profiles. Thelfites in Fig. 1 to the
Asyac=ES 0 —ERSS . 1) experimental pr.ofiles give€2, 5.=1.68 eV and.EZQRS
=1.75 eV. The fit is excellent except for the very first mono-
Here Aj,ca>0 (<0) implies In (Ga) segregation to the layer, where we neglected reconstruction. Our determined
surface, wheread spyas>0 (<0) implies Sb(As) segrega- Agyas™>0 shows that Sb segregates into the InAs layer, as

tion. The rates of=b—s or i =s—b exchange reactions at observed. E2, %, and ES,5, are both smaller thai?,, s,

growth direction
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FIG. 2. Sb and Ga composition profiles along the superlattice
growth direction for a (InAs)/(GaSb)e superlattice grown at

=525 °C. The segregated profildiamond plus continuous linés
compared with the profile of a superlattice with abrupt interfaces

(dashed lines

(d) T=525°C

GaSb ‘ InAs ’ GaSb ‘

and E5 ., so at very low growth temperatures ‘

(<375°C) only anion segregation will be important, _ _ _

whereas appreciable In segregation is expected at higher FIG- 3. Comparison of the in-plane-averaged amplitude of the
o hhl wave function along the growth direction ifa) a
temperatures £ 375°C). nAs)g/(GaSh)g superlattice with abrupt interfaces atid a seg-
Having obtained the segregation parameters for the InAs&l 8 6 SUP P 9

. L egated (InAs)/(GaSb)e superlattice grown atT,=525°C.
GaSb system, we next model the atomistic structure of th%haded areas stress the differences of amplitude on the inverted

superlattices used for optical studiéswe consider(00)  interface. Comparison of the in-plane averaged potential for the
(InAs)g/(GaSb)e and (InAsy/(GaSb) superlattices lattice  same superlatticesc) abrupt geometry an¢t) segregated geom-
matched to a GaSb substrate. While we have modeled thary.
profile along thg001] growth direction(e.g., Fig. 1 no ex-
perimental information is available on the atomistic arrange~Ing is much larger at the normal interfaces than at the in-
ment in the perpendicular supstre{l@Ol) plane. We _thus verted interfacés(see inset in Fig. )L
assume random arrangements in these planes, consistent wit (iii) There is also a substantial anion intermixing at the
the planar composition profile dictated by the growth modelerteq interface and ésmalle) cation intermixing at the
To achieve this we use a surface unit cell containing 16,5mg interface. This is related to the differentg, s, and
atoms in the(001) plane, which are distributed randomly. Acyas between the barrier energi€ggq. (1). If A is small,
Once we determine the superlattice configuration consisteRhe segregation of the species with a higher energy barrier
with the solution of the growth model at a given growth (e A9 becomes noticeable at high,. We find Agyas
temperaturely, we permit local atomic displacements by a =70 meV, whileA,,,c, is much larger, 200 meV. This ex-
valence force field approach. plains why at highT,, the anion profile at the inverted inter-
Figure 2 shows the anion and cation segregation profileface is more broadenddor As segregationthan the analo-
obtained for a (INAs)/(GaSh)e superlattice at an high gous cation profile at the normal interfacého Ga
growth temperature. We see the following. segregation We will see below, that segregation at time
(i) Segregation leads to the penetration of Sb and Irverted interfacdeads to a narrowing of the InAs well.
deeply into the InAs and GaSb layers, respectively. The pen- Using the calculated segregation profiles we generate de-
etration length increases with growth temperatures.TAt tailed atomistic models for different growth temperatures.
=525°C, Sb penetrates 5—-6 ML into InAs, while In pen- The electronic and optical properties of such structures are
etration length is much largébecause of the largeY;,;c2), then obtained using the pseudopotential metifodhe
being about 11 ML. atomic pseudopotentials are obtained fitting the observed
(i) Sb segregation occurs primarily at the normal inter-band gaps, effective masses, and deformation potentials of
faces(InAs-on-GaShwhere in the abrupt geometry a Ga-As the constituent bulk binaries: GaSh, InAs, InSb, and GHAs.
bond exists, while In segregation occurs at the inverted inSpin-orbit coupling is included as in Ref. 14.
terface (GaSb-on-InAs where in the abrupt geometry an  Figures 3a and 3b) shows the square of the
In-Sb bond exixts. Our profiles at low (400 °C) growth tem- (xy-averagegl wave functions of the hhl hole state of the
peratures closely agree with the STM images of the anioirfinAs)g/(GaSb)g superlattice. We see that the hhl wave
sublattice of Ref. 6 where it is seen that the anion intermixfunction is strongly affected by segregation: whereas in the
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abrupt geometry(3a), the hhl amplitude on the normal . R — @

interface is much smaller than that on the inverted interface,
in the segregated geomet(@b) the amplitude of hhl on
the inverted interface is reduced substantially and becomes
similar to the amplitude on the normal interface. Segregation
affects to a lesser degree the lhl aeld wave functions
(not shown. Another interesting result is related to the be-
havior of the potentialFigs. 3b) and 3d)]: segregation af-
fects mostly the inverted interface where there is a shift of
the interface itself and the InAs well becomes 1 ML nar-
rower.

The interband transition energies and dipole oscillator
strengths at the Brillouin-zone center have been calculated as
a function of the growth temperature for the
(InAs)g/(GaSb)g superlattice(Fig. 4). We see the follow-
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(1) A segregation-inducethcrease(blueshify of the in- g:\ © ]
terband transition energies with growth temperature until o6 T
Ty=425°C. The blueshift is due to the narrowing of the oaf ]
InAs well (for electron$ and the broadening of the GaSh oL i
well (for holeg with In segregation. The electron state be- g:}ﬁ .

350 400 450 500 550
Growth Temperature '5 (°C)

comes more confined with increasing,, whereas hole
states become less confined, but their energies change at a
smaller rate, so interband energies increase Wih This
result explains the surprising gap increase Wigpreviously
observed for similar structurés.

FIG. 4. (a) Energies of the first four interband transitions at the
BZ center of the segregated (InAg)GaSb) superlattices versus

growth temperature. The absorbance spectroscopy data of Ref. 9 are

~ (2) Areduced blueshift at I>425°C due to a diminish- given with horizontal bars on the left sidéh) Dipole oscillator
ing of Sb and(at a lesser rajen segregation because of the grengths versus growth temperatui®; In-plane polarization ratio

competing segregation of As and Ga. This leads to a slighpa of the hh1—el and Ih1—el transitions versus growth tem-

decrease of the interband transition energies. ~ perature. The corresponding values of the abrupt geometry are
(3) While the intensity of the hhi-el interband transi- given by squares at the far left side of the figure.

tion is not affected by segregation, the |hiel transition

becomes more intense with segregation and corresponding@prupt geometry. The PA decreases until abbyt 500 °C

the (parity forbidden hh2 —el transition becomes less in- in correspondence with the increase of In segregation.

tense[Fig. 4(b)]. This is because segregation diminishes the The technique of performing electronic structure calcula-

Ih1-hh2 coupling which makes the nominally forbidden hh2tions on simulated atomistic models of nonideal interfaces fit

—el transition of D,y and C,, symmetries slightly to X-STM profiles opens the way for esta_bhshmg the link

allowed® between morphology and optical properties of nanostruc-
(4) The calculated polarization ratioPA=|P;;, tUres.

—P_11d/|P11gt P_11d between the dipole transition ele-  The work of R.M. was supported by the Italian MURST

mentP in the two in-plane orientationd10] and[—110] is  Project No. COFIN99 and by European INTAS-99-15,

reduced with segregatior{Fig. 4(c)]. Already at T,  whereas the work of A.Z. was supported by DOE-OS-DMS,

=350°C the PA is much smaller than that relative to thecondensed matter physics.
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