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Optical probing of the minigap in InAs/GaSb superlattices
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We report strong modulations in the far infrared absorption of InAs/GaSb semimetallic superlattices under
the influence of a parallel magnetic field and attribute this to direct transitions across the minigap. The
experiments have been performed on a variety of structures with the measured minigap energies in the range
3-23 meV. For narrow layered samples where the two band picture is valid a broad minigap absorption is
observed. On increasing the well and barrier widths the absorption decreases in energy and also becomes more
localized as more bands anticross to form multiple minigaps. The results are compared with parallel field
magnetoresistance experiments as well as eight kapdheory.[S0163-182809)01527-1

. INTRODUCTION the past In this study the same technique is employed so as
to cause a relative shift ikparallel between the electron and
Theoretical predictions made over 15 years ago concerrfiole Fermi surfaces of magnitude

ing the nature of so called “semimetallic”’ InAs/Ga$Refs.
1 and 2 heterostructures by Altarellihave recently been
confirmed experimentally by separate grofips.he contro- Ak :@ (1)
versy has centred on wide layered heterostructures where the L
negative band gap &=0 (I' point) implies semimetallic
behavior. However, Altarelli showed using three badngh _ )
theory that mixing of the conduction and valence bands ayhered is the separation between the electrons and holes,
finite k parallel causes a small anticrossing or minigap to béndB is the magnetic field orientated parallel to thexis.
formed close tcke .5 K -p (Ref. 7) and bond orbitdl calcu- Using a simple two band modelincluding only the ground
lations have predicted that the energy gap is of the order of §/€ctron and heavy hole bandse have calculated the elec-
few meV, and for a purely intrinsic system large changes irf™o" and hol_e dlsp_er_smns at finite magnetic field, accounting
behavior should occur, with semiconducting properties exfor the relative shift ink parallel [Eq. (1)]. The calculations
pected at low temperatures. In the recent experimental obsefl'0W that the anticrossing between the electron and hole
vations, no direct measurement of the minigap energy walands at finitek, is shifted and becomes anisotropic in mag-
possible but its presence was inferred by using parallel magetic field (Fig. 1). At low parallel fields the position of the
netic fields to shift the electron and hole dispersion relationMinigap moves relative to the Fermi energy, which can lead
ships, thus destroying the gap. The capacitance-voltage melg: @n increase of the absorption across the minigap. On in-
surements carried out by Yamg al* showed that the system Créasing the .fleld further, th'e tran3|t|or1§ at the minigap are
undergoes a transition from a semiconductor at low parallePlocked by either depopulation of the initial states or popu-
fields to a semimetal at the point where the magnetic fieldation of the final states. At the highest magnetic fielés (
has decoupled the electron and hole bands, but were unabfelO T) the bands are completely decoupled, destroying the
to determine a value for the minigap energy. Lakrghial®  Minigap and producing an indirect gap structure. The far
showed existence of the minigap using temperature-
dependent magnetoresistance measurements, again using

parallel field to decouple the bands. This latter set of mea- g0y
surements gave a minigap energy-ef meV, through mod-
elling of the results using a two band model. Further evi- “ot i, 1 HH"/\ ?Hi

dence for the existence of the minigap has also been reported

using a double gated configuratidnyith a measured mini-

gap energy of-2 meV determined using temperature depen-

dence. 0

In this paper we present observations of interband transi-

tions across the minigap. Magneto-optical experiments have £ I I

been performed on e?s?aries %f semiFr)netaIIic ICI)nAs/GaSb Su- . W ) W . L\ B=14T|
. . -0.03 0.00 0.03 -0.03 0.00 0.03 -0.03 0.00 0.03

perlattices to study the dependence of the far infrared absorp- K Parallel (1/Bohr) K Parallel (Boh) K Paralel (1/Boh)

tion on parallel magnetic field. The parallel field is used to

switch off the interband absorption by inducing a transition FIG. 1. The effects of the parallel magnetic field induded

to an indirect band structure. The use of parallel magnetigpace shift on the electron-hole anticrossing. The coupling of the

field to induce shifts in the relative positions knspace, for  ground electron and hole subbands calculated using a simple para-

carriers separated in real space, has been used frequentlydolic model is shown for field values of 0, 7, and 14 T.

Energy (meV)
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TABLE I. The table shows the layer thicknesses and electron and hole densities per layer for the samples
studied. The layer thicknesses are determined by TEM results and growth rules, and the carrier densities are
taken from two carrier fits to the Hall data.

Layer width (&) Carrier density (18cm™2)
Sample SLS period InAs GaShb Electrons Holes
0X2029 40 110 100 1.3 11
0X1692 20 275 85 4.3 2.3
0OX2058 20 220 180 6.9 6.85

infrared interband absorption at the minigap will therefore bespectrum. The bulk ratio for sample OX1692 is shown in
extremely dependent on parallel magnetic field. Fig. 2 for a number of different parallel magnetic field val-
We report strong absorptioft~50%) attributed to inter- ues. The large absorption at27.5 meV is due to the InAs
band transitions at the minigap, localized in both energy andO phonon and is not of interest here. The data shows that
magnetic field. The absorption is closely related to parallethe transmission of the superlattice in the far infra(BtR)
field magnetoresistance experiments showing peaks in thgrongly decreases at lower energies for all magnetic field
resistivity when the Fermi level lies within the minigap. The yajyes. For large magnetic fieldabove 8 T the transmis-
minigap absorption is studied for a number of samples withsjo, is seen to be virtually independent of magnetic field
varying well and barrier parameters, producing measured e this energy range. At lower magnetic field values how-
minigap energies in the range 3—23 meV depending on thgver the low energy transmissidd—12 meV is seen to
superlattice structure. This Iargg range of minigap gnergies i8epe,nd more strongly on magnetic field, with the observation
(r?orggf“ed to theory using an eight band self-consistept of a significant absorption centered around 6 meV in the zero
' field spectrum. At higher energies than this the low field data
shows a much smaller magnetic field dependence as seen in
Il. EXPERIMENT the high field case. The absorption at low fields is more

The experiments were performed on a series of 20 and apearly seen yvhen thg ratio is performed against the fu_II field
period semimetallic superlattices grown by metal organic vaSPectrum. This technique enables us to measure field induced
por phase epitaxy on GaAs substrates, with a GaSh bufféghanges in absorption of order 1-2 % at low magnetic fields.
layer of ~2 um grown before the superlattice to accommo- Typical examples of the ratioed transmissio(0)/T(14T)
date the strain between the two materidihe carrier den- are shown(Fig. 3) for the three samples described in detail.
sities and mobilities for the samples have been determinedhe spectra are unreliable below 2.5 meV due to spectrom-
by transport measurements using conventional two carriegter limitations, and above 27 meV due to reststrahlen band
fits to the Hall data at zero parallel field. The electron andabsorption. The peak featufEig. 2(c)] at 16 meV is prob-
hole gases which are located mainly in the InAs and GaSlbly due to a weak field activated hole intersubband absorp-
layers, respectively, are formed by intrinsic charge transfetion present in the 14 T spectrum used for ratioing.
between the two layers. There are relatively few external — Throughout the paper we will refer to self-consistent eight
dopants, and the Fermi energy lies close to the miniband gajgand k- p calculations carried out on the various sample
in the majority of samples studied. For the purposes of thistructures. A full discussion of the results of these calcula-
paper we choose to describe just three samples, the details @dns is given later, but it is found for some of the samples
which are given in Table I, but similar effects have beensy,gied here that the ground electron subband lies below

observed in all samples studied. _ _more than one hole band lat=0. This means that the simple
Both magneto-optical and magnetoresistance experiments

have been performed on the samples in parallel field; how-
ever, this paper will concentrate on the optical data with
corroboration from the transport measurements, a fuller dis-
cussion of which is to be found elsewhér&he optical ex-
periments were performed at a temperatuir® & using a
Bruker Fourier transform{FT) spectrometer. The samples
were mounted with the superlattice layers parallel to the
magnetic field with the light incident normally onto the
sample surface. The transmission was measured using a sili-
con bolometer mounted out of field center.

As is usual for FT-IR spectroscopy the resulting spectra
are complicated due to substrate and background features, 0.00 T S YR
and require ratioing to examine the field dependence. In this Energy (meV)
paper we present two different rationing methods—ratioing
the superlattice data against identical measurements per- FIG. 2. The transmission spectra for sample OX1692 at various
formed on a GaSb epilayébulk ratio) and, secondly, ratio- magnetic fields, ratioed against identical measurements performed
ing the superlattice data against tteuperlattice full field in parallel magnetic field on a GaSb epilayer.
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=T 275 A /85 A T optical data was taken at constant magnetic field, with increments
04 b) , . . . ) ! of 0.5 T and is shown in the upper half of the figure as a contour
"0 5 10 15 20 25 30 plot. The contours vary linearly from 50% absorptidrack) to 0%
12 ' ' ) ' absorption(white) relative to the 14 T trace. The magnetoresistance
T A is shown in the bottom half of the figure. In both casesxteis
1.0 100 A /110 A represents the parallel magnetic field value.
g ]
é fact that atB=0 T the Fermi energy lies close to the mini-
£ gap, resulting in a large increase of the resistivity, compared
= with what would be expected for a simple semimetal. When
the parallel field is applied, the shifting of the relative posi-

tions of the electron and hole dispersion relations removes
the minigap causing a large decrease in resistivity. At the
Energy (meV) magnetic fields at which the resistivity is a maximum, the
. , Fermi level is found to lie within the minigap, which will
FIG. 3. The transmission spectra at zero magnetic fieitoed 54 enaple interband transitions to occur across the gap. A

against the full field spectyare shown for the three samples stud- PN .
ied. The caption in each figure denotes the well and barrier WidthgIear correlation is found between the optical and transport

for the samples(a) Sample 0X2029.(b) Sample OX1691.c) datf’;\, SUCh that the maximum FIR abspr_ptlc_)n occurs at mag-
Sample OX2058. The dotted line represents the trace at 4t&-T ngtlc fields below~2 T when t.he resistivity Is greatest. 'The
tioed against the full field speciraThe two arrows indicate the disappearance of the absorption occurs once all couplmg_ be_—
separate minigap absorption features at 0 and 4.5 T. tween the electron Qnd hole states has been remov_ed which is
seen by the saturation of the negative magnetoresistance at a

two band picture often invoked to explain this phenomenoﬁc'eId of ~10 T. ,
is not valid, and it is necessary to take account of multiple The band structure for this sample has been calculated
anticrossings between bands in a particiktapace direction. USing the eight bané-p model, with thek parallel disper-
sion shown at the zone centdq,&£0) and also at the super-
Il RESULTS lattice zone boundaryk{=m/d) in Fig. 5. The relatively
' strong quantization of both the electrons and holes removes
The simplest structure studied was sample OX2029 witlany complications from the first excited bandg,(and
an InAs(GaSh width of 110 A(100 A). The FIR absorption HH,). The calculations show, however, that there is a large
ratio T(0)/T(14T) is shown in Fig. 8a), and a broad absorp- dispersion along the superlattice wave vedtpstrongly af-
tion covering the region of-8—23 meV can be clearly seen. fecting the magnitude of the minigap. The value of the mini-
The spectral information becomes clearer when a series @gap energy(determined as the minimum energy difference
spectra are taken; the ratioed FIR transmission being medetween the two bangsaries from 19.0 meV &t,=0 to 2.9
sured at constant magnetic field between 0 and 14 T, wittmeV at k,=w/d. The theoretical model assumes that the
field increments of 0.5 T. The optical data is presented irelectron and hole bands are isotropic, and if the known va-
Fig. 4 as a contour map, with maximum absorption-&0%  lence band anisotropy were included this would undoubtedly
shown as black. At magnetic fields balc2 T the broad increase this dispersion furth¥rFrom this basic analysis of
absorption is seen as the dark part of the figure from 8 to 2&e band structure we expect an even larger range of minigap
meV. At higher fields the absorption reduces steadily as thenergies than observed experimentaige Fig. 4.
bands are uncoupled. Figure 4 also shows the parallel field In practice, however, the absorption spectrum is strongly
magnetoresistance for the same sample. The sample exhibilependent on both the position of the Fermi energy and the
a large negative magnetoresistance, the resistivity decreasiimgferband selection rules for type Il structures. For unmixed
by 67% at 14 T compared to the zero field value. In previouslectron and hole bands, the selection rules for symmetric
work>®we have shown that this rapid decrease is due to thetates that can be assigned a definite parity are found to de-
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FIG. 6. The optical and transport data for sample OX1692. The
] optical data was taken at constant magnetic field, at increments of
0.5 T and is shown in the upper half of the figure as a contour plot.

100

L L . The contours vary linearly from 60% absorpti@riack to 0% ab-
0.000 0.005 0.010 0.015 sorption (white) relative to the 14 T trace. The lower half of the
K Parallel (1/B0hr) figure shows the parallel field magnetoresistance.

FIG. 5. The calculated band structure for sample OX2029. Thestructures, the data for the first, sample OX1692 with an
solid lines represent the superlattice zone center stltes0() and InAs (GaSh width of 275 A(85 A), is shown in Figs. 2 and
the dashed lines the zone boundary statgs=¢r/d). The Fermi  3(b) and also as a contour plot in Fig. 6. Electrical measure-
level is shown as a dott_e(_JI line. The arrows indicate the energy ofnents performed on this sample show that only the ground
the k,=0 andk,=/d minigaps. electron subband is occupied. We observe a much sharper

single minigap absorption at magnetic fields below 1.5 T,

pend on both the parity of the states and the superlatticeentered around 6 meV, and with an energy ranging from 4
wave vectork,,'® as shown in Table IIl. The selection rules to 11 meV. The absorption strength relative to the full field
indicate that interband transitioflsetweenE, andHH,) at  value is very strong with a 60% absorption at the minigap.
or close tok,=x/d will be weak; the dominant minigap The narrower minigap feature is a characteristic of measure-
absorption being closer to the zone center value of 19.Mnents performed on wider samples where a number of bands
meV, with a reduced energy dispersion at energies loweanticross close to the minigap, and thedispersion is much
than this. The absorption is also influenced by the effects ofeduced. The optical data again agrees well with the parallel
Fermi level blocking of the final states, particularly close tofield transport measurements, the magnetoresistance decreas-
k,=m/d where the Fermi level rapidly moves through theing by 63% at full field compared to the zero field value,
minigap for small changes in the doping levels of the carri-with a peak in the resistivity corresponding extremely well to
ers. Thus the fact that transitions from the superlattice zonthe position of maximum absorption in the optical data.
edge stategat k,=7/d) will be weak, and also that these  The calculated band structure for this sample is shown in
states are Fermi level blocked for only small changes in théig. 7. For the purpose of this discussion the bands are la-
relative concentrations of carriers, results in the low-energyeled close td,=0 to avoid confusion as the bands anti-
absorption being much reduced. This basic analysis of theross at finitek,. The calculation shows that the ground
band structure shows very clearly the origin of the absorptiorelectron band lies below botHH, and HH; at the zone
in the experiment. center, with a number of anticrossings occurring between the

The experiments have also been performed on structurdsands. The Fermi levéat zero magnetic fie)ds found to lie
with both wider well and barrier widths where the ground at the anticrossing between the bands labéléth andHH
electron level at thd” point (k,=0) lies below more than (at k,=0), with the minigap energy, determined from the
one hole band. In this case the simple two band picture is nainimum separation of these bands, ranging from 4.1 meV
longer valid. We will present measurements on two suchk,= w/d) to 9.7 meVk,=0). It is noted that the dispersion

TABLE II. The interband selection rules in a type Il structure for symmetric states in a superlattice with
equal well and barrier widths. The dependence on the parity of the states and superlattice wa\e \aretor

given.

Transition €,—HH,,)
Superlattice wave vector n andm same parity n and m opposite parity
k,=0 allowed forbidden

k,=m/d forbidden allowed
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FIG. 8. The optical and transport data for sample OX2058, pre-
40l 1 sented in the same way as Fig. 4. The contours vary linearly from
33% absorptioriblack to 0% absorptior{white) relative to the 14

L L L T trace. The lower half of the figure shows the parallel field mag-
0.000  0.005 0.010  0.015 netoresistance. Note the existence of a second pealdd T in
K Parallel (1/Bohr) both sets of data.

FIG. 7. The calculated band structure for sample OX1692. Th
solid lines represent the superlattice zone center stijes(() and
the dashed lines the zone boundary states=¢r/d), with the

%0 occur in the optical measurements. It is thought that the
second feature in both sets of dé& ~4.5 T) originates as
Fermi level shown as a dotted line. Thedispersion shows the the Fermi energy passes through the minigap for the second

existence of three minigaps although only one occurs at the FernHme' at the point where the two Fermi surfaces start to com-
Ieﬂel. nigap "q y ! pletely decouple. For samples OX2029 and 0X1692, a weak

feature attributed to the uncrossing of the Fermi surfaces is

alongk, is much reduced for the states at the minigap com®Pserved in the transport data at magnetic fields-8fand
pared with the thinner sample 0X2029, which partly ex-~7 T, respe_ctlvely. Careful inspection of the op_t|c_al data
plains the narrower minigap feature observed experimentallfhows a region of absorption at low energies persisting up to
in this sample. Careful inspection of the wave functions at'igher magnetic fields in these two samples. We suggest that
the minigap shows that the transitiondig to HH, in nature. this is also due to transitions across the minigap at the region
The theoretical minigap energy agrees very well with thatVhere the Fermi surfaces decouple. In both samples the en-
observed experimentally, though we do not see any weakerg'9Y Of this absorption is less than the minigap energy close
ing of the absorption of thk,= 7/d states as in the previous ©© Z€ro field and is measured at10 and ~4 meV for
sample. The absorption at the superlattice zone boundafy*2029 and OX1692, respectively. The decrease in minigap
(k,= m/d) will be increased compared to OX2029 due to the€Nergy at finite field is expected and is explained by the
large difference in the well and barrier widths causing gmagnetoelectrical hybridization of the states causing a reduc-
breakdown of the, selection rulesthis is discussed further tion of the interband coupling. .
in the theory section belowWe thus expect to observe in-  1he calculated band structure for sample OX2058 is
terband absorption across the entire minigap for this sampl&noWn in the region of the Fermi level in Fig. 9. The reduced
as is confirmed by the comparison between experiment an terostructure confinement of the holes, compared with the
theory. previous two samples, means that five hole bands lie above

The last sample we explore exhibits two separate featurd§® ground electron subband at the zone center. Conse-
in the optical spectra, which is unique for the structures thafiu€ntly the dispersion relationship at finkearallel is com-
we have measured. The sample, OX2058 with Ii&aSh _pl|cated, W|th |nte(act|ons between a numbgr of bands form—
layer width of 220 A(180 A) is found to be intrinsic with the N9 the anticrossings close to the Fermi level. We will
Hall data showing almost equal electron and hole densitiedherefore not assign the observed minigap absorption to tran-
The optical data in Fig. @) and Fig. 8 shows two distinct sitions between partlcul_ar bands as in the previous two
localized areas of absorption at fields between 0—2 T ang@mples. However, the figure shows that transitions are pos-
4-55 T, with absorption strengths of 33 and 25 %, respecsiPle fromHH; to HH, andHH, to HH, with energies in
tively. The two separate absorptions can be seen more clearf)€ 'ange 2 to 4 meV and above 9 meV, respectively. The
in the 0 and 4.5 T trace@atioed against the 14 T spectrim transition energies are in quantitative agreement with experi-
in Fig. 3(c). The minigap feature has narrowed again and it§"€nt.
energy has decreased further, ranging from 3—7 meV at low
fields and 5-9 meV at higher fields. Figure 8 also shows the
transport data, which as well as exhibiting a large negative
magnetoresistance shows two peaks, one close to zero field We now consider in more detail modeling of the minigap
and the second at 4.2 T. The peaks in resistivity correspondbsorption using eight band self-consistenp calculations.
closely to the fields at which maximum absorption is foundThe modelling has been performed B0 T, and in the

IV. THEORY
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charge transfer. We have found that this is necessary as the
structures  studied have densities approaching 1
X 10*2cm~?, formed by intrinsic transfer of charge from the
GaSb to InAs layer§®!? In the model we take the InAs-
(Gash band gap as 418 met810 me\j, and a band offset

of 150 meV between the GaSb valence band and InAs con-
duction band.

To calculate the optical absorption of the structures we
cannot use the simple selection rules presented in Table II
due to the strong band mixing of the states close to the mini-
gap. Furthermore the selection rules are only valid for super-
lattices where the well and barrier widths are equal. This is
because the interband transition probability is due to the
overlap of the envelope wave functions modulated by the
superlattice Bloch condition for the two states. The latter
condition gives rise to th&, dependence of the interband
transition probability, and the explicit rules given in Table Il
for symmetric states in a superlattice with equal well and

135~

125

Energy (meV)
>

—_
S
w

95

S S barrier widths. We have therefore calculated the absorption
0.000  0.005  0.010  0.015 coefficient in the dipole approximatiofin units of absorp-
K Parallel (1/Bohr) tion per superlattice period per unit illuminated gread this

is given by
FIG. 9. The calculated band structure for sample OX2058 in the
region of energy of the Fermi level. The solid lines represent the Q72
superlattice zone center statés<0) with the dashed lines repre- a(w)= FE [(ile - plf)PS(Es—Ei— o) f(E)—f(E)],
senting the zone boundary statds= #/d). The Fermi level is @it

shown as a dotted line. The arrows indicate possible interband mini\ivhere is the frequencve the polarization of the incident
gap transitions. ® q ye p

radiation,n the index of refraction. The summation is over
comparison with experiments we shall assume that the onlthe initial and final states and f, respectively, withf(E)
effect of the parallel field is to remove the interband minigapbeing the Fermi filling factor of a state at enerfgyThe first
absorption due to the decoupling of the bands. This is irferm in the summation is the dipole matrix element which as
complete contrast to the case of intersubband absorptiowell as determining the strength of the transition from the
which is extremely weak aB=0 T for normal incidence, Wwavefunction overlap, also gives rise to the full selection
where we have recently shown that the effect of the parallefules.
field is to strongly enhance the absorption due to additional We will now compare the calculated absorption with the
magnetic confinement and mixing of the in-plane and out ofexperimental results presented earlier. Due to the small en-
plane motiont® The intersubband work has revealed that sig-ergy of the minigap, the largest uncertainty in comparing
nificant changes to the confinement potential only occurs fotheory with experiment is the position of the Fermi level. For
samples with wider wells (InAs400A) and only at rela- small changes in the relative concentrations of the carriers
tively high magnetic fieldé>10 T). In this case electrons are the Fermi level can be moved away from the minigap, block-
able to perform cyclotron orbits within a single layer anding minigap transitions. We have therefore performed a se-
three-dimensional cyclotron resonances can be observed. Wigs of calculations witlp-type andn-type doping to vary the
see no evidence of such features in the samples studied hepesition of the Fermi level relative to the bands. The calcu-
which have thinner layers of InAs. lated optical absorption for the OX2029 structitiee band

A number of good reviews ok-p theory exist in the Structure shown in Fig.)5is shown in Fig. 10 for various
literature!"*8and only the peculiarities to this system will be Fermi level positions, the doping varying from 0.5
discussed here. The broken gap nature of the InAs/GaSb sy&-10""cm™ 2 (n-type) to 1.5< 10" cm™2 (p-type). The posi-
tem results in electron-hole coupling occurring not betweeriion of the Fermi level for the intrinsic caseE{—E,
the electron and hole bands within each particular materia¢ 22.3 meV) is found to lie relatively high in energgs can
but coupling between the electron and hole states in neighbe seen in Fig. bdue to the presence of hole mixing in the
boring layers. This, however, can be represented using thelectron band. In this case Fermi level blocking of the zone
k-p approach where although separate matrices are comdge k,=m/d) states ak; values close to the minigap oc-
structed for each layer, the boundary conditions—continuitycurs, limiting the low-energy minigap absorption. The calcu-
of probability density and current flux across the interface—lated absorption coefficient shows a strong peak at 19 meV
ensure coupling between states in the separate layers. Therresponding to thd,=0 minigap energy, with a much
calculation is performed by Fourier transforming the Hamil-smaller contribution at lower energies. On doping the struc-
tonian into momentum space creating a ‘“virtual crystal” ture p type the position of the Fermi energy falls, causing
negating the necessity for a transfer matrix apprdddrhis  depopulation of thé,= 7/dHH, states close to the minigap,
easily accommodates complex and spatially varying potenenabling interband transitions to occur for all miniband
tials, allowing us to perform the calculations self- states. The Fermi level is found to lie within the minigap for
consistently, taking into account the band bending caused bail k, values at ap-type doping level of 0.%10'cm™3
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FIG. 10. The calculated optical absorption for sample OX2029 FIG. 12. The variation of the minigap energy with superlattice
is shown for various doping levels varying fromndype density of  period is shown for a series of calculations performed on structures
0.5x107cm™3 (top) to a p-type density of 1.5 10" cm™ (bot-  with a constant GaSb width of 50 A, and an InAs width varying
tom). The energy of the Fermi level above thg (k=0) state is  from 120 to 500 A. The points are deduced from the maximum of
given on the right of the figure for each trace. the absorption.

_ . . Fermi level found to lie within the entire minigafig. 7).
Sbsorpion at (s coping lovel Dut a strong peak remain 1S DSOTPION Shows a strong peak-220 meV with sig-
19 meV, confirming the selectk’)n rules presented in Table I ificant absorption in the energy range from 5 to 12 meV and
At highér p-type doping levels than this thg, subband be- a sma!ler peak at 21 mevV. The lower-energy peak agrees
comes depopulated for large, values, again causing the well with that observed ex_penmentally, though we do not
absorption to shift higher in energy fo doping the well see any evidence for the higher-energy peak. The calculated
N absorption exhibits a sharp turn on at low energies showing
type, the low-energy absorption is further reduced and th

. . : X - that the large difference between the well and barrier widths
peak is shifted to high energies as expected. The caIcuIauorHSas the effect of reducing the importance of the selection

show the criticalldependence'of the absorp_tion on the POSK,les at the zone boundark = #/d). Again the strongest
tion of the Fermi energy relative to the minigap. The com- bsorption is seen above the=0 minigap energy(9.7

p?”?"” with exp_erimental results .ShOWS that the_ measure eV) where the selection rules favor the interband transi-
minigap absorption agrees well with the calculations When[ions

e mbsamton oMttt hes s e clcate ot Y2 1aVe a0 perfome  seis of cacuaos 0 ves
0OX1692 structure as is shown in Fig. 11. The calculation is gate the effect of the superlattice period on the minigap

erformed with a small amount gtype doping to account energy. The effect of increasing the GaSb layer width is
?or the strong hole mixing in the cgr?ductign %and with thecomplicated by the presence of a number of hole bands
9 9 ' forming multiple anticrossings between the bands. We have

therefore performed a series of calculations with a constant
GasSb width of 50 A, which ensures that only the ground hole
_ level lies above the electron bands, with the higher hole
bands being strongly confined so as to lie below the ground
electron band edge. The results of these calculations are
shown in Fig. 12, where the maximum in the calculated ab-
J sorption is plotted against the superlattice period; the InAs
width varying from 120 to 500 A. The calculations show that
the minigap energy depends very much on the interlayer dis-
tance, with the coupling energy decreasing strongly on in-
creasing the well width. This is very much as expected as the
coupling between conduction and valence band states in ad-
jacent layers will be primarily determined by their separa-
tion. At very large InAs well widths the minigap energy
decreases more slowly on increasing the InAs well width,
and most interestingly the coupling continues to persist. In
the widest structures it has been shown experimentally that
the effect of the Coulomb potential in wide InAs wells is to
L ) ) , split the well into two halves, resulting in a heterojunction at
0 5 10 15 20 25 30 each interfacé® The coupling in this case will therefore be
Energy (meV) dominated by electron states bound at the interface, and sub-
sequently the coupling strength will depend less strongly on
FIG. 11. The calculated optical absorption for sample OX1692well width. The slight decrease in the coupling energy for the
determined from the band structure shown in Fig. 7. narrowest structure, is explained by the anticrossing occur-

Absorption (arb. units)
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ring at a smallek parallel value, due to the small negative the far infrared, which agree extremely well with the electri-
band gap between the electron and hole band edge states. éa measurements, have shown that the nature of the minigap
the coupling terms between the electron and heavy holés dependent on the superlattice structure both in energy and
states are proportional to thHe parallel value the minigap in the energy dispersion of the minigap. We have presented
energy is therefore reduced. It is noted that the effect at largself-consistenk - p calculations to model the structures stud-
InAs widths of excited electron subbands becoming occupieied and have found good agreement between theory and ex-
and anticrossing wittHH, is small. For structures with periment. The experimentally observed coupling strength of
wider GaSb barriers the situation is more complex, but calthe electron and hole bands in this material agrees very well
culations have shown that quantitatively the effect of morewith theoretical predictions made in the past using both
than one hole band anticrossing wiy is to reduced the k-p and bond orbital calculations.
minigap energy at the Fermi level.
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