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Theory of optical properties of 6.1 A 11—V superlattices: The role
of the interfaces
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Alex Zunger
National Renewable Energy Laboratory, Golden, Colorado 80401

(Received 7 March 2003; accepted 26 April 2003; published 5 August)2003

Interfacial interdiffusion in quantum wells and superlattices could alter the interfacial strain, band
alignment, and even the atomic symmetry at the interface, thus potentially changing the electronic
and optical properties. We consider the InAs/GaSb system describing the interdiffused interfaces via
a simple kinetic model of molecular beam epitaxy growth. The predicted atomic positions after
interdiffusion are then used in a pseudopotential theory to describe the electronic and optical
consequences of interdiffusion. We determitig the effects of different interfacial bonding
compositions on the electronic and optical propertigsthe segregation profiles at the normal and
inverted interfaces; andii) the effect of structural disorder on band gaps. The application of our
method to the InAs/GaSb superlattices allows us to explain numerous observed results and trends.
© 2003 American Vacuum SocietyDOI: 10.1116/1.1589519

[. INTRODUCTION it causes energy band anticrossings and subsequent shifts of
Superlattices and quantum wells between InAs and Gasg‘e transition energies that are easily observed for given su-
are interesting for a few reasons: perlattice periods.Third, it causes also thel«hhl and
el—lhl transitions to develop an in-plane polarization an-

(i) Unusual band allignment: the conduction-band mini-; . "
mum (CBM) of InAs is below the valence-band maximum isotropy whereby the dipole transitions have unequal

(VBM) of GaSh. This type Il “broken gap” band alignment Strength along th¢110] and [-110] injplane.dir.ectior!é.
provides the ability to tune the effective separation betweerpUCh €effects are unique ©,, superlattices with inequiva-
the lowest confined conduction subbaet and the highest lent interfaces and are expected to drastically change as the
valence subband hh1 in the technologically important 2_1(§uperl_attice interfaces are modified. 'Finally, a new ir_1terface
um range by varying the thicknesses of the InAs and GaSHversion asymmetry term appears in the Hamiltonian and
layers. This tunability of the band gap has made this systerfives a contribution to the zero field spin splittihghe ef-
technologically interesting for infrared lasers and detectors.fects on the electronic structures listed above and due to the
However, the application to such devices requires the use dgwer C,, symmetry cannot be predicted by the conventional
very thin layers of InAs and GaSb for two reasons. First.eight bandk-p model? which does not “see” the correct
only for thin layers does the electron and hole quantum conatomisticC,, or D,q symmetry, confusing it withly .
finement cause the InAs/GaSh system to be a semiconductor. (iii) Interfacial segregation/mixing strongly affects the
Second, thin InAs and GaSb layers are needed to create suptical properties. Because of factdis and (i) above, de-
ficient wave-function overlap, so the spatial separation oiations from the ideal abrupt interfacial geometry which are
carriers in type Il structures will not cause the hole and elecalways present due to segregation, diffusion, and exchanges
tron wave-function overlap to vanish. However, when thinwith the molecular/vapor phases, are particularly critical in
layers are used, any deviation from perfect atomic layer-by!nAs/GaSb. Recent cross-sectional scanning tunneling mi-
layer growth could greatly affect the electronic properties. croscopy measurements on InAs/InGaSb superlattices have
(i) The InAs/GaShb superlattice has unusually low spatiaindeed observed Sb penetration into InAs, and As penetration
symmetry due to its no-common-atom nature: since the twanto the first few layers of InGash.
binary compounds InAs and GaSb lack a common atomic Recent optical experiments have highlighted the impor-
element, the superlattices InAs/GaSh have a lo@grpoint  tance of the interface morphology on the electronic proper-
group symmetry than common-atom superlattices such dges of the InAs/GaSb system. Yaray al® found a 30-40
InAs/GaAs or AlAs/GaAs whose symmetry B,4. The meV  increase of the band gap of a
lower symmetry of InAs/GaSh is manifested by the existencéInNAS)s s/ (INg 2dG & 725b)10/ (INAS)5 5/ (AISD),4  Structure,
of unequal bonds at the two opposite interfaces. The ensuinghen the layer thicknesses were kept constant but the growth
low C,, symmetry causes couplings between the wave functemperature of the device was increased from 460 to 500 °C.
tions of different bands, including the Brillouin zone center, This suggests that interdiffusion changes the band gap. Be-
and this has a number of effects on the electronic structursides having such large variations in the band gap for nomi-
and the optical properties. First, it leads to the appearance ofally identical structures grown by the same grower, there
parity forbiddenlh1<e2 and hh2-el transitions Second, are large variations in band gaps of the same structure grown
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by different growers. Vurgaftman and Meyeshowed that can be represented by scaling the kinetic ené&tdhis ki-
there are conspicuous differences between the band gaps destic energy scaling is needed to simultaneously fit bulk ef-
rived using data from different growers. In some cases theyective masses and band gaps.
found differences as large as 200 meV in the predicted VBO In the traditional implementations of the empirical
for the InAs/GaSb system, even for structures nominallypseudopotential method the crystal potential is written in
quite similar. Experiments have also shown that, besides inerms of few form factors/(G;) relative to the reciprocal
terfacial disorder effects, even the nature of the interfacialattice vectorsG; of the binary bulk solids. On the other
bonds has a conspicuous effect on the band gap energy. Beftand, applications to nanostructures and alloys, which have
nettet al'® measured the band gaps of InAs/GaSb superlatmuch larger unit cells, require the determinationVgts) at
tices grown in such a way so to have or almost pure InSbmany intermediate previously unknown values. We address
like or almost pure GaAs-like interfaces and found athis point by determining the atomic screened pseudopoten-
difference of 40 meV for Superlattices with a nominal periOdtia| form factorSva(q) as continuousfunctions of momen-
n=8. In particular, gap£,=209 and 216 meV have been tym g, for the atomic speciea=Ga, Sb, In, As of the qua-
measured for two samples with In—Sb-like interfacesternary GaSh/InAs system. We fit the parameters entering the
whereas a gafE,=253meV was measured for a sample expression of the form factors to the experimentally mea-
with only GaAs-like interfaces. Clearly, the atomic-level gyred electron and hole effective mas&asand gapstarget
structure at the interface controls the band gap. values at 0 K,*® spin—orbit splittings® hydrostatic deforma-

We have previously showhthat the “standard model” on potentials of the band gapspand offsetd® and LDA-
based on continuum-like effective-maksp approaches is predicted single band edge deformation poterifiaté the
insufficient to describe the electronic structure of such thin, binary systems. The results of the fit are given
superlattices, even if they are assumed to be abrupt. A goolsewherd’! This procedure allows us to describe the
theory should take into account the effects on the band Stru‘?ﬁterface-specific bonds as individual Ga—As and In—Sb
ture of segregation and interfacial atomic intermixing to pro-p,4s whose chemically properties are related to those of the
vide accurate values. o _ _ parent bulk compounds.

In .th's art_|cle, we use a kinetic n_10de| of interfacial seg- The traditional form of the empirical pseudopotential
r_egatlon durlr_1g molle_cular beam epltaQ(yIBE) growth. We __approacl is strain independent. Not surprisingly the depen-
find the atomic positions near the interface after segregatiof, . .o of the valence-band maximum and conduction-band

at a given growth temperature and deposition rate. We, the%inimum on the hydrostatic deformations was discovered to

use the;e atomic concent.ratlon profiles in psegdopotgnt%lave often the incorrect sigfl.To obtain the correct behav-
calculation of the electronic structure. By comparing optical.

) : . jor of the band-edge energies under hydrostatic or biaxial
and electronic properties before and after segregation, we_ . . . .
pinpoint the atomistic effects of segregation on optical prop-SFram d(_aformauons we have b.u"t the response to th.e strain
erties. dlrectly.m.to thg screened atomic pseudoppten@Is adding
an explicit strain dependent terdv ,(€). This term plays a
crucial role in describing the variation of the valence-band
edge and, separately, the conduction-band edge under arbi-
Il. THEORETICAL METHOD trary strains. This allows us to describe the modification of
the valence- and conduction-band offsets when the systems
are subjected to hydrostatic or biaxial deformation conditions
B, such as in the case of epitaxial growth on a lattice-
-5V +n2 VoI = Rna) | 4i(r) = € ¢i(1), (1) mismatched substrate. Note that even though the binary
“ GaSb and InAs systems are nearly lattice matdltesllattice
whereR,, denotes the position of theh ion of typea (=In, ~ Mismatch is relatively small, 0.6f6the quaternary systems
Ga, As, Sh. Thus, the crystal potential is written as a super-manifest at the interface also, Ga—As and In—Sb bonds
position of atomic potentials,, , centered around the atomic Which have a huge mutual lattice mismatch of 14% and are
sites. The potential includes the spin—orbit interaction, thu&lso strongly mismatche@y about 6%—7%with respect to
the wave functionsy;(r) are spinors with spin up and spin the Ga—Sb and In—As bonds. We fitted not only the experi-
down components. For the potential we do not use the mental hydrostatic deformation potentials of the band gap,
local density approximatiofLDA), since not only it pro- but also theab initio calculated hydrostatic deformation po-
duces the well-know¥ LDA errors in band gaps, but also tentials of the valence-band maximdfmOur scheme takes
the all-important effective masses are considerably in errointo account authomatically the change in the valence- and
Instead, we use empirically fitted atonsicreenegpseudopo- conduction-band offsets of the system due to changes in the
tentials. The full symmetry of the system is determined aubiaxial constraints or local bonding deformations without the
thomatically by the atomic positions. The terf) which  need to readjust any parameter.
scales the kinetic energy in the Sctiimger equation, has In the InAs/GaSb system, we need to apply our scheme to
been introduced to represent the quasiparticle nonlocal sellifferent atomic local environments than those present in the
energy effect$? In fact, it can be shown that at the lowest fitted pure binary compounds. We address the problem of the
order, the leading effects of the nonlocal many body potentiatransferibility of the screened potentials to different atomic

We solve the single-particle Scluimger equation:
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environment considering only the nearest-neighbor environ- L B B
ment. In the quaternaryAC)(BD) systems, theC and D 021 EI-HHI anticrossing |
anions can be surrounded ByB,_, cations, where=0, 1, 1
2, 3, and 4. Analogously, th& and B cations can be sur- 0
rounded byC,D,_, anions. Our EPM has been obtained by & HH1 — HH
fitting the properties of only the pure binary compoukcis- :JMZ [ LHI1 |
responding to environmenis=0 andn=4). To improve the g LH1
transferibility to other environments, we assume a linear in- g
terpolation between these limits as 804 LH1-HH2 anticrossing 7
n -n
VA(CnDyn)= 7VA(AC) + ——va(AD), e HH2 (InAs) /(GaSb), | ]
_ 0.8 s 1 L 1 s | ' ] L 1 s
08(CrDa-n) = 1us(BO)+ o vs(BD), S e O F®

(2 Fic. 1. Level energies of theE1l, HH1, LH1, and HH2 states of
n ve(BC) (InAs), /(GaSb), superlattices as a function of layer thicknessDashed
c ! line denotes the VBM of bulk GaSh.

4

n 4
ve(AnBa—n) = Zvc(AC)+

n n
Up(AnBa-n)= zvo(AD)+ vp(BD). at the HH1-E1 anticrossing. The superlattice period at

4
. . which the anticrossing gap occurs is in good agreement with
AC, BC, AD, andBD are the four binary compounds, in other calculation&?

our case GaSh, GaAs, InSb, and InAs, whose properties have In addition to E1—HH1 coupling and anticrossing we

been dlrectly_fltted fo exiract the atomic pseqdopotentlal P33150 find anticrossing between the hole levels LH1 and HH2
rameters. This procedure leads to a potential for the InA

Jroundn=13 (see Fig. 1 For superlattice periodsclose to
monolayers closer to the interface different from the poten ( g- 1 b P

. ) ) -~ 'n=13 the wave functions of the two hole states strongly

tial of the InAs monolayers in bulk InA_s, in agreeme.nt with intermix. The calculated anticrossing gap EkHl,HHZ

the results of more accurate self-consistent calcqlatpns. =40meV. This causes the appearance of new transitions
An e_mplrlcal_ pseudopqte_ntlal calcylanon.requ[r@. © | H1E2 and HH2-E1 in the spectra that become al-

determine a reliable equilibrium atomic conf|gurat|_on for thelowed because of this mixing. These effects are due to the

system, andb) to calculate the band structure relative to tha_tsuperlattice low spatial symmetry and are not taken into ac-

given atomic configuration. To determine the atomic POSI-. ) int in the standard envelope function approaches.

tions Ry, we minimize the elastic energy corresponding to a At n>28, one expects a metallic state. However, even for

fg|venf_a:gm|c arrar%gle:megt in the Syjtam’ via t?e \?Iencguperlattices with a InAs layer large enough for Bk level
orce field approach. For (b) we expand the wave functions to fall well belowthe HH1 level at,=0, a small anticross-

¢i(r) in a plane-wave basis. The Hamiltonian matrix eIe-ing gap is found at some in-plane wave vectfs Figure 2

tmhent?hareH cal_(l:tulqted n ttk_us_ b:ags W'trll. nz ap p;ﬁx'T?Sogdescribes the band structure of the (InféfaSh), super-
en the mamiltonian matrix 15 diagonaiized via the 101d€d aiice  on the right side, we show the in-plane dispersion

spectrum methog. along the[1,1,0 direction k,=Kk,) corresponding to the

ll. RESULTS - \I\\\' | / — ]
A. Superlattices with abrupt interfaces 50 y -
Ve _

Figure 1 shows the electrdfil and holgHH1,LH1,HH2)
levels of (InAs),/(GaSh),(001) superlattices as a function
of n. We see that an is reduced from infinity, th&1 level
moves up, while HH1, LH1, and HH2 move down, all states

HH1

SO

energy (meV)

B

L L T ]
becoming more and more confined within the correspondingg _woi"ﬁ{ ><;/ T T a—
wells. Whenn<28 the superlattices acquire a semiconduct- = | brdization minigapd| El ]
ing gap with the first electron stat€l localized in the InAs 450 ” i
layer and the first hole state HH1 localized in the GaSb layer. - 2 (InAs), /(GaSb)
At n=28 the energy of th&1 level becomes lower than the 200 L Tl = 2 t 2 +
energy of the hole HH1 state. At~28 theE1 level and the [k along [11Z] (10° em™)  Z r || along [110](10° cm™)

HH1 level should cross. However, because of the reduce'c:i 5 b , ations for the (InAgY(GaSb)(00L) i

; ; 1G. 2. Dispersion relations for the (InAgy(GaSb), superlattice.
Ca, Symmetry. of the superlattices, the_ two levels antlcrosslndicated by arrows and encircled by boxes are the hybridation minibands
The anticrossing gap opensigt=0 and its calculated value formeqd by theE1 and HH1 anticrossing away from the Brillouin zone

is ERFMEL=11 meV. We find a strong wave-function mixing center. Dashed line indicates the energy of the GaSb VBM.

J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul /Aug 2003
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k,=0 plane, while on the left side we show the in-plane L S B B L e N EE
(kx=ky) dispersion corresponding tk,=Z where Z Ga, In As ]

= 7/60a, a being the lattice parameter. In the central part we

give the dispersion witk, from I' to Z, whereZ is the point

o~
>
o
~
20
o

1 .

P Y AT O B

at the border of the Brillouin zone along ttke direction. @ o3

Thus, we still have a semiconducting superlatti&) be- L I EP T .- PO I I B R
cause of the overlap of the hybridization minigaps formed O 0 Cmpetonx Y O L i !
along different directions of the Brillouin zone. R I N B B T R B B I
Moving in the Brillouin zone towards and across the hy-  oak--. Ler GaAs Sb ]
bridization minigaps, one observes that the wave functions§ sl 14N —
exchange their character: the lower band becoimggsy, m* 12| .
while the higher becomes, 5. We see from the calculated 02 Ik @ o
dispersion relations shown in Fig. 2 that the minimum hy- L. . 1 1 . 1 P I T T -
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1

bridization gap occurs for abrupt superlattices at sdqfe $b Composition x $b Composition x

#0 atk,=Z, and is about 8 meV wide. In contrast, in the
planek,=0 the hybridization gap occurs at a slightly larger o :

¥ and has a larger value of 25 meV. Yaegal? detected, i(%;:;ﬁzl{ﬁes ﬁ*,;ei?‘iég?gﬁf‘eﬁ‘f;vﬁg‘gﬂfys Vs compositior. Dashed fines
using capacitance—voltage measurements on nominally
(InAs),6/(GaShb), superlattices, a small band gap-4
meV). compounds following the Vegard’s law. The calculated opti-
cal band bowings are correctly predicted positive, and in the
case of the InAs_,Sh, ternary alloy, we find the absolute
minimum gap aroundx=0.5 in good agreement with
experiment?® In Fig. 3 we show the dependence of the band

We have calculated the value of the fundamental band gagaps of the ternary alloys versus composition. We obtain the

of the (InAsk/(GaSb} superlattices, where we have following bowing parameters: for the JgGa, sAs alloy a
changed the composition of the interface bonds in an othefgjue b=054 [expt. 0.49, 0.61(Ref. 15], for the
wise ideal abrupt structure, by swapping only one interfacqno_seao_ssb alloy b=0.32 [expt. 0.42(Ref. 15], for the
anion plane from Sb to As or vice versa. In this way, we endinAso_ssb)_s alloy b=0.72[expt. 0.67° 0.76 (Ref. 15]. Only
up with a (InAs) s/(GaSb} s superlattice with two In-Sb  for the GaAgsSh s alloy the calculated bowing, 0.53, is
interfaces and a (InAg)/(GaShy s superlattice with two  definitely smaller than the experimental value, ¥ @erhaps
Ga-As interfaces. The calculated band gaps &g more-detailed calculations of the alloy band gap, taking into
=229 meV for the structure with two In-Sb interfac&;,  gccount also ordering effectéhe GaAgShys alloy is
=279 meV for the structure with two Ga—As interfaces andknown, indeed, to present spontaneous ordering in the chal-

Ey=238meV for the structure with one In—Sb interface andcopyrite structure, which lowers considerably the fundamen-
one Ga—As interface. We can compare these values with thg| gap, need to be performed.

experimental results. The measured band gaps E{f& We stress here that the band gaps of the alloys have not
=209/216 meV for the structure with two InSb interfaces, peen fitted. Differently from other methddsvhere new sets
and Eexpt:()253 meV for the structure with two Ga-As of parameters must be determined for each alloy system and
interfaces’’ The superlattices with a larger number of for each alloy composition, here we have obtained the band

Ga-—As interfacial bonds are correctly predicted to have agaps of all the ternary alloys at all compositions having fitted
higher band gap. Moreover, the calculated value of the difpnly the binary compounds.

ference between the band gaps, 50 meV, compares well with
the measured valu€,40 meV.

Fic. 3. Calculated band gaps of the ternéayGa, _,In,As, (b) Ga,_,In,Sb,

B. Dependence of the band gaps on the composition
of the interfaces

D. Kinetic model of molecular beam epitaxy growth
of the InAs /GaSb superlattices

C. Band bowing of ternary alloys To generate composition profiles for GaSb/InAs superlat-

An important test of the capability of our scheme to treattices we have relied on a kinetic model for MBE growth, first
properly disorder effects in the quaternary InAs/GaSb systerintroduced by Dehaeset al,?* which we have extended to
is the prediction of the band bowings of all the ternary al-treat simultaneously segregation both of group Ill and of
loys. The ternary random |Ga _ ,As, InGa_,Sb, group V species in the no-common-atom quaternary GaSb/
GaAs _,Sh,, and InAs_,Sh, alloys are modeled by occu- InAs system. The model simulates a layer-by-layer growth
pying randomly the sites of a 512 atom cubic supercell forstarting from a given substrate, and, at each interface, segre-
compositionsx=0.25, 0.50, and 0.75. For each alloy con- gation is determined by atomic exchanges between the sur-
figuration, the atomic positions were relaxed using the vaface layer and the first subsurface layer, for each sublattice
lence force field VFF) method?® while the supercell size is (cation and anionseparately. Layer growth is driven by the
determined by a lattice constant given by the compositionmpinging atomic fluxesp,,, ®ga, Psp, aNdP 55 (in ML/s).
average of the lattice constants of the constituent binary\tomic exchanges require overcoming energetic barriers for

JVST B - Microelectronics and Nanometer Structures
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bulk-to-surface —s) and surface-to-bulk §—b) atomic \
swaps. For the cation system we have the baEﬁg > for 12

. 10+ ==—Tg = 300°C r
subsurface In to exchange with surface Ga, &g, for g;leasmj} (nAs)s P(Gasm i (Gasm\ (A% f (Gasblg

surface In to exchange with subsurface Ga. Similarly, we .

Sb Fraction Profile Il GaFraction Profile |

b—s s—b . . . 02 Tg =375°C
have E.St?/As and Egas With S|m.|lar meanings. The segrega- .| e isaaas \9—'—‘
tion driving forces are proportional to i
10 I
_ Es—b b—s 6 L | oo
AIn/Ga_ EIn/Ga_ In/Gar gg- \ /4 L .
A _ESb _pb—s ©) ol \NJ Tg = 450°C
Sb/As— Esb/as™ Esbias: ool
ot T IR S ‘

Here,A 62> 0(<0) implies In(Ga) segregation to the sur- 2

L

face, wherea\ gy ps>0(<0) implies Sb(As) segregation. o8 P—\ /'/H - H_\ P
The rates ofi=b—s or i=s—b exchange reactions at oal u _' -

growth temperaturd g are P;= v; ex — (E,#/ksTg)], where ool Tg = 525G

kg is the Boltzmann constant angl is the effective hopping % 2 &« & & 1 1= w w0 2 4 o 5 1 12 1 1
frequency for which we use the commonly accepted value of Growth Profile along [001] (ML)

10*s™? for lI-V compounds?* Denoting byA and B the e s e orofiles obtained 1 nally (Infg3asb)
. . . p 1G. 4. Segregated profiles obtained for nominally (InAgGa super-
two different kinds of atoms in one SUbIattlce'g" In and lattices as a function of the growth temperature. Deposition rate is 0.25

Ga), the rate of change of the concentratig((t) of surface  ws.
A atoms is given b$#

dxa(t) . . . b
st( =D+ PxB(1) - x3(t) — PoxS()xB(t). (4) TDEJI'[ to the expenme_ntal profiles giv -b,§5=.1.68 e\( gnd
Egpas—1.75eV. The fit has been described in detail in Ref.

Here,x,i'b(t) and st'b(t) are the time-dependent concentra- 29 The fit is excellent except for the very first monolayer,
tions of A andB at the surface or bulk, the first terd, is where we neglected any surface reconstruction. Our deter-
the deposition rate of atoms onto the surface, the secondMined Agy a0 shows that Sb segregates into the InAs
term is the rate ofA atoms arriving from subsurface to the layer, as observetlEZ,;3; and Eg, s are both smaller than
surface after exchanging with surfaBeatoms, and the last EFnTGSal and Eusﬁeba: so at very low growth temperatures
term is the rate oA atoms leaving the surface after exchang-(<375 °Q only anion segregation will be important, whereas
ing with bulk B atoms. The conservation @ atoms and of ~appreciable In segregation is expected at higher temperatures

the total number of surface atoms at any titdeads to the (>375°0.

conditions: Having obtained the segregation parameters for the InAs/
s b s b GaSh system, we next model the atomistic structure of the
Xa() +Xa(1) = Xa(1) +Xa(1) + Pat, () superlattices used for optical studies. We consider superlat-
XS (1) +X(1) =X3(0) +X5(0) + (P pt Pyt ©6) tices lattice matched to a GaSb substrate. While we have

modeled the profile along tH®01] growth direction no ex-

and, at anyt, we havexf\(t)+xg(t)= 1. A small fractionxg perimental information is available on the atomistic arrange-
of the segregating Sb specie is incorporated into each InAment in the perpendicular substr#691) plane. We thus as-
layer during the growth because of an unwanted vapor backsume random arrangements in these planes, consistent with
ground. This cross incorporation has been taken into accoumiie planar composition profile dictated by the growth model.
modifying slightly the fluxesb 5 and® g, during the growth  To achieve this we use a surface unit cell containing 16 at-
of InAs so as to have the incorporation of a small constanbms in the(001) plane, which are distributed randomly. Once
Sb fractionxy,=0.015 into each InAs layer. we determine the superlattice configuration consistent with

We solve numerically Eq$4)—(6) for A=Ga, In, As, and the solution of the growth model at a given growth tempera-
Sb. The input to the simulation consists of growth temperaiure T,, we permit local atomic displacements by VFF
ture T4, atomic fluxesb,, a=Ga, In, As, and Sb, and the approact?’
four exchange energies appearing in ). A single depo- Figure 4 shows the anion and cation segregation profiles
sition ratep=0.25 ML/s has been used. The two exchangeobtained for a (InAs)/(GaSb) superlattice at different
energies for catioiE,q, are taken as the values proposed ingrowth temperatures and using a deposition rate0.25
previous paperé’ Enc.=18eV andEﬁjé’azz.O eV;Aeca  ML/s. We can see from the Ga profile the progressive shift
>0 implies In segregation. No values f&2, 5. andES, 2. with T, of the first Ga plane backward inside the InAs well
have been previously reported in the literature, so we fixat the inverted GaSh-on-InAg interface. This is due to the
them by fitting the growth model to the experimental Sblarge differencel ,c,. At the higherTy, when the first Ga
concentration profiles measured via cross-sectional scanniregomic layer is deposited onto the InAs surface, almost all
tunneling microscopy(STM).” The profiles were measured the Ga atoms exchange their position with the In atoms in the
for two different samples: SL1, (GapsSb)ss/(INAS)155, layer below. These In atoms are progressively pushed for-
at a growth temperature 380°C, and SL2,ward until, ultimately they reach the next interface, the InAs-
(Galny 255b)s /(InAs),4, at a growth temperature 440°C. on-GaSb normal interface. A similar substitution of the last
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Fic. 5. Blueshift of the be_md_ gap _of (InAg)(GasSb)y and = - EFA plus IF terms
(InAs)g /(GaSb)e superlattices with increasing growth temperatiig. ~ 45 o Expt —
The experimental band gaps deduced from the absorbance data of Kaspi % 0\ -
et al. (Ref. 28, are given for comparisoftrosses &) i 7
=]
As plane of InAs with an progressivelfwith Tg) higher L -
fraction of Sb atoms occurs at the same inverted interface. o ° o
The mechanism here is different and it is due, instead, to As 3'5_. Lol ]

|
25 30 35 40

segregation which is made possible by the small value of 10 15 20
GaSb layer thickness n (ML)

Agpas- Thus, we can see that the combination of a large

Ainvca for, cation segregation ar,]d a smalkyas for anion 1. 6. Comparison of the experimental daempty diamondsfor the
sggrggatlon causes the narrowing of th? InAs electron we InAs)g /(GaSh), band gaps with the values given tg) the EPM of Dente
with increasingT,. The calculated profiles closely agree et al. (solid triangle$ and by our EPM for superlattices with abrusblid

with the STM images of the anion sublattice of Ref. 7, wherecircles and segrggatedsolid squaresinterfaces gno[b) by the standard

it is seen that the normal interface is rougher and broadeig’a‘(c?;zrgg(cclj’:\znﬁﬁgsnrf:srvfrae”gu?geﬁ:g F}'é‘rst;]”eteé;aece ternisee Ref.
than the inverted interface. This is due to the anion intermix-

ing which is much larger at the normal interfaces than at the

inverted interfaceswhere only the one monolayer shift of a data of Kaspiet al?8 for the (InAs) /(GaSb), superlattices
GaSb layer into InAs takes placéhese results are in good with n=8, 12, 16. We see that abrupt SLs produce signifi-
agreement with many experimental findirfgfS:*’ cantly (up to 50 meV smaller gaps than SLs with intermixed
interfaces. Since interfacial mixing is a fact-STM), one
must compute band gaps of nonideal interfaces. The blue-
shift of the band gaps with increasing sample growth tem-
Through the kinetic model of MBE growth we can obtain gz:%tirte;ﬁg I.?hagrsae:;eg;\éww at\? ; ;:gt\g ggifé;igjgﬁgﬂy by
realistic composition profiles for the segregated superlattice\%’ith T is.Iarger for the (InAs)/(GaSb), superlattice than
along the growth direction. Next, we need to build the entirefor theg (InAs)/(GaSb) superlattice, and also the differ-

superlattice atomistic structure. No experimental mformatlonence between the band gap wavelength of the ideal abrupt

s avgilable on the atomisFic a'rrangement in the planes per_eometry and that of the segregated ones is larger for the
pendicular to the growth direction. We, thus, assume rando:ﬂmAS) /(GaSb), superlatti
: . ; 8 perlattice.

arrangements in these planes, consistent with the planar com-
position profile dictated by the growth model. Once we have
determined the superlattice configuration relative to a give
growth temperaturd y and deposition ratp we allow local
atomic displacements minimizing the strain energy of the In Fig. 6 we compare our results for the band gaps of the
structure using a valence force field appro&th. (InAs)g/(GaSh), superlattices with abrupt and segregated

We apply our atomistic empirical pseudopotential tech-interfaces with those predicted by other calculations. We note
nigue to assess the effects on the band structure of the setipe following features:
regation at different growth temperatureg,. Figure 5 (i) Assuming artificially abrupt interfaces, our atomistic
shows the trend of the band gaps as a function of the supeempirical pseudopotential approach predicts much smaller
lattice growth temperaturg, for the (InAs)k/(GaSby and  band gaps than the Dente and Tilton’s empirical pseudopo-
the (InAs)y/(GaShb) superlattices. In Fig. 5 we report also tential approack? Since the pseudopotentials are similar for
the experimental band gaps as deduced from the absorbanitee bulk solids, the main reason for the differences has to

E. Blueshift of the band gap of segregated InAs  /GaShb

superlattices versus ideal structures

. Blueshift of (InAs)g/(GaSb),, superlattices versus
aShb thickness n
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step function, which leads to a very abrupt potential changgA.Z.) acknowledges support from DOE-SC-BES-DMS.
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