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Optical transitions in broken gap heterostructures
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We have used an eight-band model to investigate the electronic structures and to calculate the optical matrix
elements of INAs-GaSh broken gap semiconductor heterostructures. The unusual hybridization of the conduc-
tion band states in the InAs layers with the valence band states in the GaSb layers has been analyzed in detail.
We have studied the dependence of the optical matrix elements on the degree of conduction-valence hybrid-
ization, the tuning of the hybridization by varying the width of the GaSb layers and/or InAs layers, and the
sensitivity of quantized levels to this tuning. Large spin-orbit splitting in the energy bands has been demon-
strated. Our calculation can serve as a theoretical model for infrared lasers based on broken gap quantum well
heterostructures.

[. INTRODUCTION as a potential barrier, the system AISb/GaSb/InAs/AISb is
essentially a type of quantum well, which we call a broken
The characteristic feature of Aba _,Sb/InAs hetero- gap quantum wellBGQW). If we diminish the thickness of

structures withk < 0.3 is the overlap of the InAs conduction €ither the GaSb layer or the InAs layer to zero, the BGQW is
band with the A|Ga _,Sb valence banSuch systems, of- reduced to a conventional quantum well which with bipolar
ten referred to abroken gapheterostructures, exhibit inter- doping becomes a quantum well laser.
esting negative persistent photoconductifity, semimetal- If in a properly designed BGQW there exist two eigenen-
semiconductor transition induced by a magnetic fiekthd ~ €rgies as shown in Fig. 1, under bipolar doping the BGQW
intrinsic exciton? As the Al concentration increases fram can lase in the infrared frequency region. Such semiconduc-
=0.3, a staggered band alignment appears at thtorinfrared lasers or detectors were proposed edflieThe

Al,Ga _,Sb/InAs interface with the valence band edge oflower energy state in Fig. 1 is characterized by the degree of
Al.Ga _,Sb lying in the band gap of InAs. On the other hybridization between the GaSb valence band states and the

hand, at a GaSh/AGa;_,Sb interface the band alignment is INAS _(_:onductio_n band states. Enhancement_of the optical
of the straddled type. Therefore, in a transition requires the hybridized wave function to have a
InAs/Al,Ga, _,Sbh/GaSb heterostructure, carriers can tunnel
from the InAs conduction band to the GaSb valence band
through the AlGa, _,Sb barrier.

InAs, GaSh, and AISb form a family of semiconductors
with sufficient lattice match for epitaxialy growth. Interband
tunneling devices based on InAs{@&a, _,Sb/GaSb double- :<— GaSb—=te—InAs——=
barrier resonant tunneling have been fabricated, which ex-
hibit high frequency response and peak-to-valley current ra- :
tio at room temperaturés!? Because of their potential for I —
technological applicationS, resonant tunnelif§=® and I EBv *
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resonant magnetotunneli{g?® have been investigated ex-
tensively.

In contrast to tunneling processes, very little work has
been done on the electronic structure and optical properties
of broken gap heterostructurés?We note that due to the -
overlap of the InAs conduction band and the GaSb valence Ev
band, it is possible to form different type of eigenstate with
interesting optical properties. We demonstrate this with Fig.
1 where the conduction band edBe and the valence band  FIG. 1. The possible hybridization between the InAs conduction
edgeE, are marked for a GaSb/InAs heterostructure embedband states and the GaSb valence band states in the active region of
ded in the band gap of AlSb. Treating the AISb at both sides broken gap quantum well structure provides infrared radiation.
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large amplitude in the InAs layer. On the other hand, to drain It is worthwhile to point out that the EBOM is not an

the electrons out of the hybridized state in order to acheivatomistic model like the tight binding model. While the tight

population inversion for lasing, the wave function shouldbinding model is built from orbitals representing the degree
have a large component from the GaSb layer. A thorouglof freedom of each individual atom, the bond orbitals in the
understanding of this hybridization is important not only for EBOM are confined to a primitive unit cell and represent
optoelectronic devices, but also for the fundamental theorynore than one atom. The symmetry of the EBOM is identical
of transport parallel to interfaces. to that of thek- p model, and therefore in both models there

The optical property of a BGQW that is of most theoret-ig asymmetry between tli10) and (1_]0) directions. On

ical interest and most importance to optoelectronics involve$ne other hand. the difference between the EBOM and the
the optical transition between these two levels. Hence, rell?f) model is th;ﬂ th&-ﬁ model is a continuum model with-
I

evant issues to be studied are the depen_dence of the optic ut a natural momentum cutoff, but the EBOM is discretized
matrix elements on the degree of conduction-valence hybrid-

ization, tuning of the hybridization by varying the width of on the Bravais lattice of the crystal,

o . The bulk parameters of the EBOM, which are required for
the GaSb layer, and the sensitivity of the quantized levels t%ur calculatirt))n are obtained by fitting the bulk bzgnd struc-
this tuning. In this paper we will perform a theoretical cal- ' ~

culation of the electronic structure and optical matrix ele-lure of the EBOM to that of th&-p Hamiltonian near thé

ments in order to investigate these items. In Sec. Il wePCiNt to the second order ik as described in Ref. 27. The

present the model system we study and the basic assum BOM can therefore be consi_dereq as an effeciive mass
tions in our theoretical calculation. Our results for the elec-"€0TY discretized on th? Bravais lattice. qu smalkekctors .
tronic structure and optical matrix elements are given in Sect.he tWC.’ models are equwglent. .Hovvlevefr, since the EBOM is
Il and Sec. IV, respectively, and discussed in Sec. V. dlscretlzeo! on the Bravais Igttlce, it gives better re_sults at
large k. It is important to point out that usually, as in the
Il. MODEL AND THEORY present case, it is not even necessary to know the precise
form of the effective bond orbitals.

Our model system shown in Fig. 1 is a GaSh/InAs hetero- Because of the large overlap between the InAs conduction
structure sandwiched between two thick AlSb layers. Theyand and the GaSb valence band, the split-off band must be
growth direction if001] which defines the axis. Thexaxis  included in our treatment. Hence, we will deal with essen-
is along[100] and they axis is alond010]. This system was tjally an eight-band Kane model. We consider BGQW het-
studied earlier with a simple two-band mod®The essential erostructures grown in th01] direction, withn labeling
feature of our model is the existence in the BGQW of quan he (001) planes. Then the position of a lattice sﬁg in the
tized conduction band states in the InAs layer and hybridizeg = _

th plane can be expressed asal2,R,), wherea is the

guantum levels in the energy regime where the GaSb valence, . . ) )
band overlaps with the InAs conduction band. Therefore, fo attice constant of the conventional unit cell. The eight-bond
X ' orbitals at each lattice site are conventionally labeled as

simplicity we can assume that the two thick AlSb layers are

bulk AISh. As an illustration, one conduction band level and(S33), (S3 —3), (P33), (P33), (P3—3). (P§—3),
one hybridized level are plotted in Fig. 1. We will perform a (P13), and (P3 — 3). We denote b;kn,lin ,@) the ath bond
band structure calculation for the BGQW shown in Fig. 1. . e 3 ;
The lattice constants are 6.096 A for GaSh, 6.058 A for&fléﬂfiepgsg;;?sﬁ:étzg“?)'lz;g;?r(;?sig;hese bond orbitals,
InAs, and 6.136 A for AISb. With such a small lattice mis-

match, the strain estimated from the deformation potential of
these materials is not large enough to modify our conclusion
qualitatively. Hence, in our theoretical calculation, strain will
be neglected. As will be discussed in Sec. lll, the essential
feature of our model mentioned above and hence the conclu-
sion reached by our calculation will remain intact even wher\,\,hereﬁH is an in-plane wave vector, am is the number of
this weak strain effect is taken into account. sites in each plane.

We employ the effective bond orbital mode(EBOM) Using this basis of planar orbitals, the Hamiltonian
which is a tight-binding-like model defined on the Bravais
lattice of the underlying crystal. The bases are constructed as
linear combinations of orbitals centered on each lattice site H :2 Ho
havings or p symmetry, together with spin eigenstates. The = K|
basis functions constructed in this way diagonalize the spin-
orbit interaction. Our model Hamiltonian includes local and ) ) o ] .
nearest neighbor matrix elements. The degree of inversiol$ decomposed into a linear combination of partial Hamilto-
asymmetry of the BGQW heterostructure under study igliansHg . The partial Hamiltonian
much higher than that of the individual InAs or GaSb con-
stituent layers. Hence, in our calculation the effect of weak
inversion symmetry is neglected for simplicity. On the other He = 2 eni agln K a)(n K Il
hand, the strong inversion symmetry of the BGQW and its LR I Lk
combined effect with the spin-orbit coupling at finite in-
pla_ne wave vectors are fully taken into account in our theo- +> (Vni, apln+ 1k, a)(nk ,Bl+H.c) (2
retical treatment. nap I

|n,IZH,a):NH’1’22 exp(iIZH~F§n)|n,§n,a), (1)
Rn

K
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TABLE |. Parameters used to determine effective bond orbital 0.5
parameters. 0.45
InAs GaSb AISb 0.4
aA) 6.0583 6.082 6.133 0.35
Egy (6V) 0.41 0.8128 2.32 03
me/mg 0.024 0.042 0.18 S
)
A (eV) 0.38 0.752 0.75 2 025
Ep (eV) 22.2 22.4 18.7 0.2
Y 19.67 11.80 4.15 0.15
b7 8.37 4.03 1.01
¥3 9.29 5.26 1.75 0.1
0.05
is diagonal with respect to the in-plane wave vecﬁﬂr,sand 030 '3'5 40 4'5 5'0 5'5 6'0 6'5 7'0 7'5 30

block tridiagonal with respect to the remaining quantum
numbers. This form of Hamiltonian is suitable for numerical
computations. FIG. 2. Electron energies in an AlSb-InAs-AlSb quantum well
The matrix elements ihh;”, except for thos@mgH apthat  (solid curve$ and in an AISb-GaSh-AlSb quantum wetlashed
connect the two bond orbital planes forming an interface, ar€urves as functions of well width. All energies are measured from
set to the values for the corresponding bulk materials. At aghe InAs conduction band edge.
interface, we follow the commonly accepted approach of de- ] )
termining the value Of’n,EH,aﬁ as the average of the param- Where mq is the frge electron mass. In the above matrix
eter values of the bulk materials on each side of the interfacee.Iements we have included the prefac@m so that these

The material parameter values from which the effective bondnalix eléments have units (e¥)

orbital parameters are derived are given in Table I. The va-

lence band offsets are 0.56 eV for GaSb-InAs, 0.18 eV for Ill. ELECTRONIC STRUCTURE
AlISb-InAs, and—0.38 eV for AISb-GaSb.

atomic layers

In the following we will examine the electronic structure

For a givenk, the eight eigenfunctions of the InAs-GaSb BGQW shown in Fig. 1. Before the InAs
layers and the GaSb layers are coupled together, we will
|‘1’y|2H>=2 Fre |n,l2” )y, y=12,..., denote thenth electronic levels in the conduction band by
' ,a K

En, thenth energy levels in the heavy-hole bandtwg, and

and the corresponding band energE};g” can be readily the nth energy levels in the light-hole band hyn. Such

obtained from Eq(2) by diagonalizing a finite tridiagonal Conventional labeling is unambiguous fiar =0.

matrix for a BGQW of finite width. Knowing the eigensolu-  The symmetry properties of the EBOM &t = 0 allow

tions, we will calculate the optical matrix elements. the conduction band states in the InAs layers to hybridize
The representation of the momentum operator in the bon#ith the light-hole band states in the GaSb layers, but not

orbital basis contains the leading local and nearest neighbd¥ith the heavy-hole band states. We would like first to locate

matrix elements. They are determined by mapping the bulkhe region of the BGQW structure in which we can fine tune

matrix elements to th&- p results up to and including terms the degree of such hybridization. For this purpose, we per-

linear in the wave vectd® In the planar orbital basis, its fo_rm two energy Ievel_calculations; one With_zero InAs layer
IZ| diagonal part can be expressed as width and the other with zero GaSb layer width. The results
-

are plotted in Fig. 2 as functions of the number of atomic
. . . layers. We see that for 58 atomic layers, the Ga3blevel
P (k)=2>, P ; sl MK @) (n kBl overlaps with the InA<€E1 level. Hence, the region around
nap o 60 atomic layers will be the reasonable starting BGQW
. . structure for tuning the system into maximum hybridization.
+> Qe aB|n+1,kH ;a)(nky,Bl+H.c), We should be aware of the fact that different confinement
nap boundary conditions also affect the degree of hybridization,
(3)  as will be seen in our computed results below.
We will set 60 atomic layers for the InAs constituent and
vary the GaSb width from 30 to 80 atomic layers. In the
absence of interface coupling, thil, E1, H2, andL1 lev-

wherev = X,y,z is the polarization direction. The matrix
elements are

> ) els atk) = O are shown in Fig. 3 as dashed curvésle
P;"ZH = N nKp.alp,Ink;. 8), (4)  states are the same as in Fig. B the BGQW sample with
0 80 atomic layers of GaSb, these four levels are ordered as
H1 > L1 > H2 > EL1. When the interface coupling is

) 2 . . b :
Qg™ /—(n+ 1K, alp,InK),8), (5) tumned on, these four levels are shown in Fig. 3 as solid
N Mo curves. For convenience of description, we use the results at
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FIG. 4. Real space occupation probability of five zone cerﬁpr (
FIG. 3. Zone center% = 0) H1, H2, L1, andE1l levels as = O) eigenstates in the active region of a BGQW with 56 GaSb

functions of GaSb layer width in an InAs-GaSb BGQW with 60 &fomic layers and 60 InAs atomic layers.

InAs atomic layers. Dashed curves are for the case without InAs-

Gasb interface couplingrdered asi1 > L1 > H2 > E1 at 80 In our derivation of the eigensolutions for a BGQW het-

atomic layers of GaSpand the solid curves are for the case with erostructure, the effect of strain has been neglected. The

the InAs-GaSb interface couplin@r convenience, ordered &kl . . . ) S
> E1 > H2 > L1 at 80 atomic layers of Ga$b ﬁeparfatlons between. the eigenenergies so obtained f@r

0, which are determined by the confinement potential, are
80 atomic layers of GaSb to label themidg > E1 > H2 substantially larger than the energy shifts produced by the

.o > strain. Hence, even if the effect of strain is included in an
> L1. Because of the symmetry propertieskat= 0, the

conduction band states have negligible influencéHdnand Improved calculation, the formation di1-L1 hybridized

) tates is still dominated by the confinement potential, and the
H2 levels. The heavy-hole levels are only slightly perturbedzegree of hybridization can still be tuned by changing the

E{ the c(j:f:galngie Ofl boundatry cordirt:oggapncjthe %ther h?nd’ tE\?/idth of the GaSb and/or the InAs layers. In this respect, the
an evels are strongly hybridized and repel €ach,,q|sion reached with our present calculation will remain

gthe;]r. dThe d|ff_ere|nce q bettw%fn dF?fe Sot“d cfgrves atnk;j th tact when the effect of strain is taken into account.
ashed curves is also due to the difierent confinement bound- 5, interesting question is, when a charge carrier occupies

ary conditions as mentioned above. In the region of GaSl&n E1-L1 hvbridized state. will its phvsical broperties be
width between 50 and 60 atomic layers, the separation of thglectronlike )é)r holelike? Fc;r exampl?a,)(/vhat vI\C/)iII Ee the cy-

two resulting hybridized Iev_els IS abo_ut 40-55 meV. clotron effective mass of such a charge carrier? One relevant
To demonstrate the spatial properties of hybridized State%]uantity is the probability

we have calculated the real space occupation probability

O,?(k”:o)zg |FZ,IZH=6,a|2; vy=12,.... @%AS(E”:(S)E > og(ﬁuzﬁ); y=12,...,

nelnAs

OX(IZH = 5) values of five eigenstates in a BGQW with 56
GaSb atomic layers and 60 InAs atomic layers are plotted in
Fig. 4. From top to bottom, the first state B2, which is
largely confined in the InAs layers. The second and fourth
states, which are localized in GaSb layers, ldfe andH2,
respectively. The third and the lowest states BeL. 1 hy-
bridized states. To be consistent with our earlier convention, Ji
the third state i€1, and the lowest state Isl1. One way to =~ — g
further analyze this issue is to decompose the total occupa
tion probability into a partial occupation probability for each
a band. Such a decomposition is shown in Fig. 5 with dotted
curves for theE1l state, and solid curves for thel state. In
this figure, the two upper plots are for tig, . 1, compo- ;
nents and the two lower plots are for tg;. 1, compo-
nents. We see that the tail of tHel (or L1) state in the e
GaShb(or InAs) region has the same component profile as its  FIG. 5. Structure of the statésl (solid curves andE1 (dotted
main part in the InAgor GaAs region. Such features were curves, with the two upper plots for th®g, .1, components and
also obtained for InAs-GaSh superlattices in Ref. 25. the two lower plots for theS, . 1, components.

C——
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FIG. 6. Probabilities of finding an electron in the GaSb layers FIG. 7. Subband dispersion wik) along the[100] direction for
(solid lineg or in the InAs layersdashed lingsas a function of ~an InAs-GaSb BGQW with 60 InAs atomic layers and 60 GaSh
GaSb layer width, when the electron occupies the hybridized stategtomic layers.

E1l orL1 in a BGQW with 60 InAs atomic layers.

o ) ) ) hole band states, aricha andLnb for light-hole band states.
of fmqmg the electron in InAs Igy_ers when it occupies the convenience, in the region of smﬁj‘l, the lower spin-
yth eigenstate. For the two hybridized stafiebeled a£1 s it dispersion curve is assignacand the higher one
andL1 in our conventionin an InAs-GaSb BGQW with 56 | i
InAs atomic layers, the results are plotted in Fig. 6 as @ There are numerous optical transitions between each pair
function of the number of GaSb atomic layers. The solidyt gtates for different polarizations of the electromagnetic
curves are fol0 §,5fk| = 0), and the dashed curves are for waves. The selection rules are complicated by the anticross-
O%AS(IZ” = 0). For thin GaSb layers, the charge carrier in aing of levels as well as the hybridization between InAs con-
hybridized state is mostly either electronlike or holelike.duction band states and GaSb valence band states. Hence,
However, as the width of the GaSb layers increases towarbiere our study will focus on the cases of our interest: the

80 atomic layers, the characteristic features of the chargeptical transitions from th&2a andE2b levels to theEla,

carrier remain to be studied. Elb, Hla, andH1b levels. As will be discussed later, such
The above calculations for zone centgf & 0) states are transitions are relevant to possible infrared lasers based on

BGQW heterostructures. We would like to mention that par-

repeated for finit& , and the dispersion relations of various allel to our work, in Ref. 25, the optical transition matrix

subbands are shown in Fig. 7 for a BGQW with 60 InAs - o ST
elements ak; = 0 with in-plane polarization in InAs-GaSb

atomic layers and 60 GaSb atomic layers. We have Chﬁﬁen superlattices were studied as functions of the superlattice pe-
along the[100] direction, or thex axis. At zone center, from . z P P

top to bottom the levels a2, H1, E1, H2, L1, andL2. . . .
By analyzing our extensive numerical results, we have

In the region of finitek; , the spin splitting of levels and the eached the following selection rules for transitions from the
anticrossing of levels are clearly seen. We will return t0go5 andE2b levels to theEla. E1b. Hla. andH1b lev-
these dispersion relations later for further discussion. - LT
) . els. Fork; in the [100] or [110] direction, among the two
We have mentioned that our BGQW system was Stume(?ransitions fromE2a (or E2b) to E1a or E1b, only one is

earlier with a simple two-band mod&where only theH1 . "
and theE1 levels are included. Therefore, in Ref. 26 there isallowed. Similarly, among the FWO transitions fr(ﬁﬁzaﬁ((.)r
E2b) to Hla or H1b, only one is allowed. However, K is

no E1-L1 hybridization. The energy bands shown in Fig. 2 SRS ; i )
of Ref. 26 correspond to olE1l andH1 bands in Fig. 7, alopg a low symmetry direction in the Mo-dlmeng!onal Bril-
within the region 0< ka < 0.12. The two-band calculation '0uin zone, such a§210] for example, all transitions are

does vield an anticrossing at finike. but aives no spin-orbit allowed. It is worthwhile to point out that these selection
splittir)g] : INg atfinkg, but giv P! " rules for a BGQW, which is asymmetric, happen to be the

same as the selection rules for the intersubband transitions in
a symmetric conduction band quantum well, derived with a
IV. OPTICAL MATRIX ELEMENTS simplified eight-band modéf.
The numerical results to be discussed below were ob-
Knowing the eigenfunctions of the BGQW heterostruc-tained for a BGQW with 60 InAs atomic layers and 60 GaSb
ture, the optical matrix elements are readily calculated withatomic layers, the band structure of which is given in Fig. 7.
Eq. (3). Because for finité; each dispersion curve is spin- From Fig. 6 we see a significaBtl-L 1 hybridization in this
orbit split into two curves, we distinguish them Bsia and  BGQW heterostructure. The square of the amplitude of op-
Enb for conduction band statesina and Hnb for heavy- tical matrix elements wittz polarization is shown in Fig. 8.
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ka FIG. 10. Same as Fig. 8 but withpolarization of the electro-

FIG. 8. Square of the amplitude of optical matrix elements with Magnetic wave.

Z polarization as functions de, which is along thex axis, for a

BGQW with 60 InAs atomic layers and 60 GaSb atomic layers. indicates the strong anisotropy of the optical matrix elements

with respect to in-plane polarization.

At IZH = 0, the optical matrix element is zero for the-EH1
transition, but is large for th&2—E1 transition, as ex-

pected from the symmetry properties. Rﬁsincreases, the
anticrossing between theél band and théd1 band occurs

aroundE”a = 0.75. Consequently, the2 — E1 transition

V. DISCUSSION

The very unusual feature of the BGQW heterostructures is
the eigenstates formed by the hybridization of conduction
band states at one side of the interface with valence band
drops sharply to zero, while the2 — H1 transition picks states at the other side. We made a.thorough investigatio.n of

the formation of such states and their influence on the optical

up strength rapidly. . S
By changing the polarization of the electromagnetic waveProPerties of a BGQW. However, their influence on the
transport properties parallel to the interfaces is perhaps a

and repeating the calculations for optical matrix elements; . :
the results fory polarization are shown in Fig. 9 and far More important issue for fundamental study. If one tunes the

polarization in Fig. 10. The strengths of these transitions ard1® Systém to have the Fermi energy lying in a conduction-
substantially smaller than those for tlzepolarization, by Vvalence hybridized two-dimensional energy band, depending
about two orders of magnitude. The strong wave vector de2n the degree of hybridization, the parallel transport proper-
pendence of the optical matrix elements in Figs. 9 and 10 i§€S can change from completely electronlike to complete
due to the combined effect of spin-orbit spliting and anti- Nolelike.

crossing of energy bands. The drastic difference between the AnOther relevant issue for fundamental study is the spin-
curves in Fig. 9 and the corresponding curves in Fig. 1Prbit splitting. Recently, there has been much interest in the
effect of spin-orbit interactions in two-dimensional electron

gases. For example, Shubnikov—de Haas measurements of

0.12 T T T T T

01F

0.08

P12 (eV)

0.06 |
0.04 k

0.02 |

E2a-Elb ——
E2b-Ela
E2a-Hla - -
E2b-H1b wewmwemn

0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 045 0.5

FIG. 9. Same as Fig. 8 but with polarization of the electro-

magnetic wave.

ka

spin-orbit splitting have been performed on symmetric InAs/
GaSb quantum weff8 and on symmetric InAs/AISb quan-
tum wells3! in which the origin of spin-orbit interaction is
the lack of inversion symmetry in the bulk crystal structure.
Because of the asymmetry of the BGQW itself, very large
spin-orbit splittings appear in the energy bands as shown in
Fig. 7. Consequently, BGQW heterostructures are good can-
didates for investigating phenomena that are related to spin-
orbit interaction.

BGQW heterostructures have great potential in techno-
logical applications for lasers and detectors tunable in infra-
red wavelength$?33 Our calculations can serve as the theo-
retical model for such infrared lasers. To make a bipolar
laser similar to conventional quantum lasers, in Fig. 1 the
AISb layers at the InAs side should baloped, and the AISb
layers at the GaSb side should peloped. The number of
InAs atomic layers should be around 60, and the number of
GaSb atomic layers should be between 70 and 80. Then,
from Fig. 6 we see a strorigl-L 1 hybridyzation. By adjust-
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ing the acceptor concentration, we can set the Fermi levahe superlattice period on various physical quantities at the

between theEl level and theH2 level shown in Fig. 4.

zone center were studied in detail. In particular, the authors

When such a BGQW heterostructure is connected to an exf Ref. 25 found a zone cent&l-H1 coupling manifested

ternal circuit, electrons that are injected into #2 energy

by band anticrossing at superlattice penoég 28, as well as

band will relax to the zone center and make radiation transia zone centet 1-H2 coupling and anticrossing around=

tions to theE1 band due to the large optical matrix elements,3 g\,ch features are absent in thed method because it
of z-polarized light. Then the strong conduction-valence NY+ajq 4 recognize the atomistic details in no-common-atom

bridization of theE1l band states provides rapid draining of

electrons from thé&E1l band into the external circuit via the

GaSb valence band states. From Fig. 7 we estimate the en-

ergy of the emitted photons to be 0.18-0.2 eV, correspon
ing to a wavelength of about @m. Around this wavelength
there exist infrared windows, and consequently such radi
tion source will be extremely useful.

a_

superlattices. How these features will affect the two-
dimensional dispersion relation quantitatively, and hence our
results for the formation oE1-L1 hybridization and the in-
plane physical properties of a single BGQW heterostructure,
as well as their impact on the theoretical modeling of infra-

red lasers and detectors, remain open questions.

To close this paper, we must mention the work of Ref. 25,
in which the electronic structure and optical matrix elements

at the zone centerlzg = 0) of InNAs-GaSb superlattices were
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