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Intersubband transitions in InAs/GaSb semimetallic superlattices
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We report parallel magnetic-field-activated intersubband absorption in InAs/GaSb semimetallic superlat-
tices. The samples were studied in the Voigt configuration enabling normal-incidence excitation of the inter-
subband transition. For samples with narrow wells, the small absorption coefficient meant that an alternative
waveguide configuration was used, again with magnetic field applied parallel to the superlattice layers. In this
latter configuration we see further activation of the intersubband resonance by the parallel field as well as new
transitions to higher subbands. The intersubband energy and absorption characteristics are studied over a large
range of well widths and compared with results from eight-blnpl calculations][S0163-182@9)03416-3

I. INTRODUCTION substrate$? To avoid dislocations and to accommodate the
difference in lattice constant between the two binary materi-
Intersubband transitions in quantum-well structures arels, a~2-um GaSb buffer layer was grown. Magnetotrans-
extremely important in making devices to operate in the midport measurements carried out on the samples have con-
to far infrared (4—20 um) region of the spectrurh,with  firmed the coexistence of holes and electrons; the results of
many commercial applications, especially in the environ-two carrier fits to the Hall resistance are given in Table | for
mental and medical secto?$,requiring sources and detec- the samples studied.
tors. The recent use of intersubband transitions as the active Intersubband absorption is electric dipole in nattirand
part of the quantum cascade laser, operating in the regiotherefore requires either an electric-field component of the
from 11 to 17um, has confirmed their importané@One of light in the direction of the confining potentigihe growth
the most promising material systems for infrared applicationglirection or a mixing of the in and out of plane motion. This
is InAs/GaSl:"® InAs/GaSb heterostructures are unusual incan be realized experimentally in a number of ways, well-
that they form an extreme type-Il system, where the InAsreported elsewhere in the literatufn this paper, we apply
conduction band lies about 150 meV in energy below thehe magnetic field parallel to the superlattice layers, and il-
GaSb valance bartdSuperlattices in this system have a luminate the samples with either normal incidence or in a
semiconducting to semimetallic crossover depending on th&aveguide configuration, shown schematically in Fig. 1. In
extent of the heterostructure confinement of the carriers. In
this paper we focus on semimetallic superlatt'ices (period TABLE |. The table shows the observed IST energies for the
>150 A)' Wh_ere the GaSb valence-band edge Iles_ above tr_\E,eamples studied along with the layer thicknesses and electron and
InAs conduction band and a negative band gap exists. In thigyje gensities per layer. The superiattices consist of 20 periods of
case intrinsic charge transfer occurs between the GaSb anflernating InAs and Gasb layers unless stated otherwise. The layer

InASI Ia_yer§§, resulting in coexisting electron and holeicknesses are determined by TEM results and growth rates.
populations’

In this paper we study electron intersubband transitions Thickness(A) Density (161cm 2
within the InAs well, activated using magnetic fields applied Observed
parallel to the superlattice layers for a wide range of samples. IST
This allows us to make an extensive study of the subbangample INAs GaSb Electron  Hole (meV)
energies as a function of layer width. The parallel magnetic
field induces a diamagnetic stfttof the subbands, as seen ©X2035(40 wells 110 90 15 109
before in quantum-well structures, and also causes the ele€X2029(40 well§ 110 100 13 11 106
tron and hole dispersion relations to shift relative to eacHoX1135 145 245 7.3 4.2 90
other ink spacet! The latter effect of the parallel field will 0X2058 220 180 6.9 6.85 64
thus decouple the bands causing further changes to tHeX1692 275 90 4.3 2.3 56
single-particle intersubband energies. The observed electrdpx1137 280 190 7.2 4.8 60
intersubband energies are compared with an eight-band sel®X2064(80 well§ 280 270 7.3 7.2 62
consistenk - p model. 0X1691 300 110 5.5 4.0 56
OX2006 310 200 7.6 7.1 57
Il EXPERIMENT 0X1690 330 110 5.0 45 54
0OX1296 405 85 8.2 5.2 50
The intersubband experiments were carried out on a serie3x1558 465 110 8.1 4.8 50
of 20, 40, and 80 period InAs/GaSb superlattices with vari-0x1546 465 110 7.2 4.6 50
ous well and barrier thicknesses, grown by metal-organi©x2337 540 385 7.4 5.7 46

vapor-phase epitaxf(MOVPE) on semi-insulating GaAs
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FIG. 1. A schematic showing the NIPF and WPF configurations. 0 0 s o0 1% \*2';')0 L T T 7"&0
In both cases the field is orientated along yhexis, parallel to the (a) Growth Direction (&) (b) Growth Direction (&)
superlattice layers.

FIG. 2. The calculated electron wave functions for two struc-
this orientation, quantization in the growth direction is deter-ures with a constant Gasb barrier width of 100 A and InAs values
mined by the superposition of the superlattice and magnetigf 200 and 700 A are shown if@) and (b), respectively. The self-
potentials. Hybrid magnetoelectric subbands are forme ,onS|s.tent yvell potential is shown as a dotteq line. Thg creation .of
with the energies being field dependent. Throughout this pa_eterqjunctlon_ bound states for structures with very wide wells is

; . : g seen in the wider sample.

per we take the growth direction to be in thaxis with the
magnetic field orientated parallel to tlyeaxis. The parallel o ) o
magnetic field causes the electrons to precess in(tige ~ measure field-induced change_s in transmission of order
plane and enables coupling of the electrons to the electrict—2% and proved far more satisfactory than the alternative
field component of the light along theaxis. Thus, at finite Method of ratioing against a sample of bulk GaSb, but un-
parallel field the intersubband-transitiéiST) selection rules ~ fortunately results in no knowledge of the nature of the ab-
for absorption are broken and normal-incidence intersubbangrPtion at zero field. We do not, therefore, seek to comment
absorption is made possible. on the controversy surrouno_llng normal—lnmder_\ce intersub-

The majority of the samples were measured in thePand absorption in antimonide $tructure§, Whlqh has been
normal-incidence parallel fieldNIPF) geometry where the thOUQhEStO occur due to the highly anisotropic Gabb
light is incident normally onto the sample, in a direction Valleys:
parallel to the growth axis. For samples with narrower layers,
where the field-induced absorption was measured at less than IIl. RESULTS
8% using the NIPF, we use the multipass waveguide parallel
field (WPF geometry. In this setup the light is incident onto ~ To better understand the data presented below we shall
an optically polished edge, wedged at 45° with respect to théirst discuss the results of an eight-band self-considtept
growth direction. The number of internal reflections that themodel® the details of which are beyond the scope of this
light makes within the waveguide varied from sample topaper. In the calculations we take the In@&aSh band gap
sample, but four double passes can be taken as a guide. The 418 meV(810 meV, and a band offset of 150 meV be-
enhanced absorption of the multipass geometry enabled us toeen the GaSb valence band and InAs conduction band.
investigate samples with InAs well widths down to 100 A. The results show that the electron intersubband energy is
Unfortunately, the configuration is also found to completelyprimarily determined by the InAs well width and depends
absorb infrared radiation at energies below 68 meV, thugittle on the width of the barrier. For the following discussion
masking resonances at or below this endsge inset Fig. we have performed a number of calculations, varying the
4(@)]. The far-infrared absorption is caused by the multipassnAs width at a constant GaSb barrier width of 100 A, to
geometry of the waveguide structures enhancing the tail dook at the energy variation of the electron subbands. Figure
the GaAs reststrahlen and multiphonon absorption, and waa shows the calculated wave functions for two different
found to be independent of both sample and applied magstructures with InAs widths of 200 and 700 A. The results
netic field. Experiments performed on the same sample in théor the thinner structure show the expected quantum-well
two different configurations confirmed that the intersubbandpicture, with only the ground-electron subband being occu-
resonance observed in each geometry is the same. pied at this well width. On further increasing the well width

The experiments were carried out at a temperature of 2 Khe energy of the upper subbands falls as the heterostructure
using a Bruker-Fourier transform spectrometer, with theconfinement is reduced, and for much wider wellsAs
samples mounted at the center of a 14 T superconductingidth>350 A) multiple subbands are occupied. For the wid-
magnet. The transmission of light through the samples wasest structures, the conduction band potential splits the well
measured by a silicon bolometer mounted out of field centerinto two halves with a heterojunction formed at each inter-
As is usual for such a technique, the resulting spectra are face, as is shown in Fig.(8). The calculations show that the
convolution of many parameters, and so the results presentdidst two electron subband$abeledE, andE,) are confined
here are ratioed against the zero-field spectra to show onlgy the heterojunctionlike potential at the interfaces, with the
the field-dependent absorption. This method allows us tdigher-excited subbands being bound by the whole well. In
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- 2T R FIG. 4. (a) WPF measurements performed on sample OX1691

for magnetic-field values of 2, 4, 6, 8, 10, 12, and 14 T. The traces
are ratioed against the zero-field trace and are offset for clarity. The
6T inset shows the enhanced waveguide absorption of the GaAs re-
strahlen limiting transmission of the waveguide to energies above
68 meV. (b) The magnetic-field-induced diamagnetic shift of the
two resonances is shown. The data points for EyeE, IST are
deduced from the NIPF measurement.
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causing strong electric confinement. This sample has a well
(b) width that is comparable to the multi-quantum-well struc-
L . . . : ; 17,18 . _
=0 0 = 20 % ™ tures studied by Gauet al, and both the transition en

ergy and absorption strength show a similar field dependence
to this work. At the highest field the resonance shape be-
FIG. 3. Traces for the two thinner samples OX11@5 and ~ comes slightly distorted which may be evidence of a further

0X1691(b) measured in the WPF and NIPF configurations, respecSPlitting, analogous to the spin-flip transitions observed in
tively. The traces are ratioed against the zero-field value, and arde high carrier density InAs/AlSb samples of Gauer and
shown for magnetic-field values 2, 4, 6, 8, 10, 12, and 14 T. In botHDO-WOf|<'3r51-7’18
cases the traces are offset for clarity. The arrodajris to guide the For sample OX1691, with an InAs well width of 300 A,
eye. measurements were carried out in the NIPF configuration
and are shown in Fig.(B). The increased InAs well width

this case we expect allowed intersubband transitions frontauses a decrease in the transition energy compared with
the heterojunction confined subbarifigandE; to the well-  0X1135 due to reduced carrier confinement; the zero-field
bound subbands. Due to the small overlap between the twiST being measured at 56 meV. The sample shows a greater
ground-heterojunction subbands, transitions betwggand field-induced absorption change of 18%ompared to 8%
E, are thought to be weak for such wide layers. absorption change in the NIPF data for sample OX)E3tl

The experimental measurements have been performed @nstronger parallel field-induced diamagnetic shift, causing
a number of samples with InAs well widths ranging from the transition energy to increase much more rapidly with
100 to 540 A. These show three general classes of behaviancreasing magnetic field. The dependence of both the ab-
depending on well-width thickness, so for the purposes oforption strength and transition energy on the InAs width and
this paper we will describe in detail three 20 period superparallel field in these two samples leads us to believe that the
lattice samples, which exhibit behavior characteristic for theabsorption is due to the IST from the ground electron level
given layer thickness. The field-induced absorptions for twq(E,) to the first excited level ;). Experiments have not
samples with relatively thin InAs well widths are shown in been performed on the samples in the Brewster angle geom-
Fig. 3. Conventional Hall and Shubinkov-de Haas measureetry to confirm the IST energies at zero parallel field; how-
ments have shown that both these samples have only omer, the similar and systematic behavior that we have ob-
occupied electron subband. The field-induced absorptioserved in a wide range of samples has convinced us that the
strength of the thinnest sample OX1135, with a well width ofobserved resonance is intersubband in nature.
145, A was found to be less than 8% in the NIPF configura- Measurements have also been performed on OX1691 in
tion at full field. The sample was subsequently measured ithe WPF configuration. In this case, we observe a field-
the WPF configuration and exhibited an increased fieldactivated resonance at the same energy as in the NIPF con-
induced absorption of 38% at 14 T, and it is this data that ifiguration, but with a much larger field-induced absorption
shown in Fig. 8a). We observe a single resonance, which ischange of 80% at 14 T. The waveguide geometry also re-
strongly enhanced by the magnetic field, with an extrapoveals a second weaker resonance at higher energies, as
lated zero-field energy of 90 meV. The magnetic-field depenshown in Fig. 4a). The lower-energy resonance in the WPF
dence of the transition energy is small, due to the thin layergonfiguration is masked below an energy of 68 meV due to

ENERGY (meV)
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FIG. 5. The NIPF data for sample OX1558 is shown for parallel  FIG. 6. Magnetic-field dependence of the two resonances ob-
magnetic-field values of 2, 4, 6, 8, 10, 12, and 14 T. The traces argerved in OX1558. The parallel-field dataquare}is compared

ratioed against the zero-field trace and offset for clarity. The twowith Faraday-configuration cyclotron resonance for the same
separate resonances, which dominate at high and low fields can @mple(triangles.

clearly seen.
superposition of transitions from the heterojunction confined

the intrinsic absorption of the multipass waveguide geomstates to the well-bound subbands, although the measure-
etry. Therefore, in the following discussion, the field depen-ments are only able to resolve a single transition. Further
dence of the intersubband resonance is taken from the NIPgxplanation of this transition and the effects of coupling be-
measurements shown in Fig(b3 The higher-energy reso- tween a number of different intersubband resonances will be
nance is found to be fast moving with field, diamagneticallydiscussed later.
shifted by 38 meV at 14 T compared with 18 meV for the At high fields, the IST is masked by a stronger lower-
Eo-E, transition, as shown in Fig.(d). The weaker reso- €nergy transition, which gains intensity with field. The reso-
nance has a zero-field energy of 93 meV with a field-inducedance position of this lower-energy transition is found to be
absorption change of 4% at 14 T compared witB0% ab- almost sample independent. For these samples the cyclotron
sorption change for th&,-E; transition. The transition en- radius(71 A at 14 T is considerably smaller than the well
ergy and strong diamagnetic shift leads us to believe that th#ickness, and we assign the change in behavior to a
second weaker resonance corresponds to the IST Eipto ~ Swapover to a three-dimensional cyclotron-resona(@ie)
E,. Although theE,-E, transition breaks the selection rules behavior at high fields. The transition between the two-
for electric-dipole transitions, such that single photon abdimensional IST behavior and the three-dimensional CR be-
sorption can only occur between subbands of opposite paritjiavior is found to occur at a sample dependent field, such
the extreme|y weak absorption is observed due to Subbarmat for Samples with wider wells the IST resonance switches
asymmetry and mixing in the parallel-field orientation. to the lower-energy CR resonance at a lower magnetic field.

A second type of behavior is observed for superlattices’he lower-energy resonance has been compared with
with much wider wells where multiple electron bands areCyclotron-resonance measurements performed in the Faraday
occupied. The samples were studied in the NIPF configurageometry on this sampléelectron mass of 0.028,) as is
tion and show a different magnetic-field dependence fronghown in Fig. 6(due to the complex asymmetric lineshapes
the two thinner samples discussed above. We observe tw@ly @ single-resonance position has been plotted at the en-
main resonances that exchange intensity with increasingrdy of minimum transmission The observed high-field
magnetic field, as shown in Fig. 5 for a typical samplereésonance in the NIPF configuration tends towards the Fara-
0X1558, with an InAs width of 465 A. At low fields a single day geometry CR data at high fields. At higher fields than
field-activated resonance with an extrapolated zero-field erthis we expect that the NIPF resonance behavior would tend
ergy of 50 meV is observed. The transition energy and abtnhore ClOSEly to the bulk InAs CR energy, as the heterostruc-
sorption strength increase strongly with increasing magnetiéure confinement potential becomes less important.
field, the effect of small parallel fields being similar to the ~ Evidence for the importance of the well width and the
IST observed in the narrower layered samples. The transitioffansition to well-bound orbits also comes from the
energy at zero field is on|y s||ght|y lower than in the medium magnetic-field dependence of the intersubband linewidth.
thickness samples such as OX1691, but has a greater didhis has been studied by fitting the resonances with a
magnetic shift with applied magnetic field. The zero-field Lorentzian lineshape. The large absorption observed in the
transition energy and the effects of parallel field on the absamples will induce a self-broadening of the linewidth, as is
sorption strength and transition energy again leads us to awell known in the conventional CR model. This has been
tribute this resonance to an IST. By this thickness, howeverdccounted for in the results shown below using a Drude
the theoretical calculations show that the conduction-bandrmalism?° resulting in the real linewidt B, being given
potential splits the well into two weakly coupled heterojunc-by:
tions, with one at each interface. This effect has been previ- 12
pus]y pbserved experimentally using tfansport _measurements ABr:ABmea< E) , (1)
in similar sample? The observed IST is most likely to be a To
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FIG. 7. The graph shows the variation of the intersubband line- FIG. 8. The comparison between the experimentally determined

width for the three samples OX1135, OX1691, and OX1558. Thezero-fleld intersubband energig¢gointy and the theoretical self-

data for the widest sample OX1558 is obscured at high-magnetigonSIStEnk' P vallies. The theoretical values are giverkat 0, for
. othk,=0 andk,= m/d.
fields by the lower-energy resonance.

whereAB,ssis the measured linewidth, arkk and T, are the.resone_mce position. having dec.r_eased by 3.—4 meV at 4 T.
the transmissions at finite fieltB) and zero field, respec- At fields higher than this the transition energy increases Wlth
tively, for the active component of the light, which in the field, and we observe thg expe'cted diamagnetically shifted
case of NIPF is taken to be 50%. The absolute values shouléST- We speculate that this is evidence for electron-hole cou-
however, be treated as only indicative due to the very asyrrphr?g causing small changes to the IST energies. In semime-
metric shape of the resonances in the widest-layer-widtﬁa”'c structures band mixing between the glc_actron and hole
samples. The results are shown in Fig. 7 for the threé?a_”ds causeszgn anticrossing or small minigap to occur at
samples studied above and show that a clear minimum in thiiite k parallel™ The application of parallel field induces a
linewidth is observed for the two wider-layered samples. Theelative shift ink space of the spatially separated carriers,
field at which this minimum occurs correspondsdes-4l,  Which at high magnetic fields will cause a complete decou-
whered is the well width and, the cyclotron length, with Pling of the bands, thus destroying the minigap. The unex-
the data for the narrowest sample not reaching this conditiorPected decrease in the IST energy at low fields is thought to
In the parallel-field geometry the relative size of the well ©riginate from this parallel-field decoupling of the electron
compared to the cyclotron orbit will be important. At the @d hole dispersions. When the minigap is removed, the
position of minimum linewidth the electrons are easily ableMean energy of th&, level rises due to the removal of the

to execute cyclotron orbits within the well, and at fields a@nticrossing effects, thus Ieadmg to the small'decrease in the
further factor of 2 higher the separate well-bound CR is obEo-E1 separation. Parallel-field magnetoresistance experi-
served. At lower fields than this the cyclotron orbit will be Ments performed on the same samples has shown strong evi-
more complicated, either orbiting through both the well angdeénce for the field-induced removal of the _m|n|g°-ém/|th
barrier, or carrying out skipping orbits, as observed bythe largest effects observed at magnetic fields belpw 4T
Duffield.2* The broadening at high fields could be explainedWhere the electron and hole fermi surfaces are crossing each
by inhomogeneous broadening in which the variation in orbitother.
center for the well-bound cyclotron orbits causes a spread of
energies between the ISR and bulk CR values, as seen in the
widest sample.

Further inspection of the lineshapes for both the thinner We now compare the experimentally determined intersub-
sampleg0X1135 and OX169)lhas revealed that these reso- band energies at zero field with the IST energies obtained
nances are also somewhat asymmetric. The effect is searsing the self-consistent model, as shown in Fig. 8. As dis-
most clearly for OX1691, which shows that for fields abovecussed previously, the barrier width was found to have little
7 T the lineshape becomes asymmetric, with the highereffect on the electron intersubband energies, and thus has
energy side being much sharper. Intersubband line broadebeen fixed at 100 A, which is typical for the measured
ing in AlGaAs/GaAs quantum wells has shown similar samples. In the calculations the InAs well width ranges from
asymmetry of the lineshape and is attributed to the intrinsi&0 to 700 A. The calculated results show that for the thinnest
conduction-band nonparabolicit§In these experiments the wells with thicknesses below 150 A, the single-particle
lineshape will be influenced to a greater extent by the paralE,-E; separation exceeds the measured values. Beyond this,
lel magnetic-field-induced shift itk space’® which causes for thicknesses of order 150—300 A the calculated values of
the carriers to be excited to a wider range of points in theE,-E;, pass through the measured values. For the thicker
k-space dispersion of the upper subband. The effect is fawells, the wave functions begin to separate towards the two
more pronounced in the wider of the two samples as exinterfaces of the InAs layers, and we expect that the inter-
pected, as this experiences a much greater diamagnetic shidubband transitions will be from the heterojunction-bound

The magnetic-field dependence of the IST also shows thagubbands to the well-bound subbands. Due to coupling of the
a small negative diamagnetic shift is observed at low fieldsstates in the two heterojunctiorisy andE; (see Fig. 2 will

IV. DISCUSSION
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form symmetric and antisymmetric states, and so transitionsesonance, the Larmor radius. The critical value for the in-
such asEy-E, are not considered due to parity nonconserva-teraction strengthis found to be 0.1, with the separate reso-
tion. This transition was only observed as a very weak feahances being resolved for values less than this. In this
ture in the waveguide measurements performed on OX169Jresent paper we write the Larmor radius in terms of the
The dominant intersubband transitions will Bg-E, and  cyclotron frequencyd.) and replacé w. with the energy of
Eq-E3, the first excited subbanBl; becoming occupied at the observed transition. We find that the two transitions are
well widths greater than 300 A. The experiment shows aseparately resolved if the energy separatiahw is greater
continuous evolution of the transition from tkg-E; IST to  than 16 meV. Thek-p calculations predict that the energy
a resonance with an energy found to lie between the calcuifference between th€y-E, andE4-E, IST's is very small
lated values of theE;-E, and Ey-E3; IST's. The overall over the entire range of InAs widths, and so such coupling
agreement with theory is reasonable, although the experbetween these resonances would be expected. For the
mental variation of the transition energy with well width is samples with the widest wells the calculations suggest that
much slower than the simple single-particle theory predictsseparateéE-E, and Ey-E5 resonances might be observable.
Two features need to be explained in detail. First, there is &he energy separatiddetermined using - p) between these
discrepancy for very thin layers, and second, there is the fadtates is much larger than the minimum necessary estimated
that there is apparently a continuous evolution from thefrom the Cooper-Chalker model, but only a single well-
Eo-E, IST to a resonance with an energy between the caldefined resonance is seen in experiment. However, the
culated values oE1-E, andEy-E3, with only a single reso- spread of intersubband energies alén@ndk, enhances the
nance being observed at any one time. The single-particleoupling causing a single resonance to be observed with a
model excludes two factors; first, dynamic screening of thenarrow linewidth much less than the spread of transition en-
electrons leads to a depolarization shift, which causes thergies. A full calculation, which includes specifically the in-
resonance to be observed at higher energies; and second, theence of the parallel field on the confinement potential and
excitonic interaction between the excited electron and théhek dispersion, can model the absorption features more pre-
hole it has left behind. In previous studies the effects are of a@isely, and details will be published elsewhéte.
similar magnitude, with the former effect being somewhat We will now compare the magnitude of the measured
stronger, and intersubband transition energies have bedield-activated absorption change with previous studies and
measured at energies slightly higher than the true intersuliiscuss its dependence on field and sample parameters. In-
band separation. The reasons behind the discrepancy for tiersubband studies have in the past concentrated on relatively
thinner samples cannot be attributed to depolarization or exaarrow well-width samples, and so comparisons with the
citonic effects alone. Comparisons with measurements cawidest samples studied here are difficult to make. For the
ried out on InAs/AISb quantum wells are inconclusive, as itnarrowest sample OX1135 with an InAs well width of 145 A
is found that there is also a large discrepancy between infrawe observe in the NIPF geometry a field-induced absorption
red absorptiofr and Ramaff experiments performed on change of 8% at 14 T. This is similar to that seen in the 20
similar samples. The IR absorption experiments have showperiod 150 A InAs/AISb multiquantum-well sample studied
a much-reduced intersubband transition endrgy0 me\) by Gauer, who reported a 9% absorption at a parallel mag-
compared with the Raman experiments. In our present papertic field of 13 T in a heavily doped sampla .&2.5
the intersubband transition energy for samples with compax 10*?cm™2 per well). On increasing the well width to 300 A
rable well widths shows good agreement with the IR result§0X1691) the field-induced absorption changst 14 T) is
in the InAs/AISb system. We do not offer an explanation formeasured at 18%, and for the widest sam@x1558 we
the discrepancy between the two different measurement teclobserve an absorption change of 14% at a fiélél © for the
nigues. IST-type resonance; at higher fields than this the IST is
For the intermediate thickness samples where only anasked by the stronger lower-energy resonance. The in-
single resonance is observed, there are many previous egrease in absorption coefficient with well width is dominated
amples of the coupling together of two resonances througby the dipole-matrix element, as the transition energy is only
both intersubband scattering and Coulomb interactions. Thigveakly dependent on the well width. The dipole-matrix ele-
has been extensively treated theoretic&llynainly for the  ment for the cyclotron-active polarizatian, is given by’
case of nondegenerate cyclotron-resonance transitions. Pro-
vided that the coupling is strong enough, then a single reso- e
nance is seen at the weighted mean energy. This would be (1|Hin 0y = WaxeB<1|z|0>, (©)]
entirely consistent with the observation of a continuous swap
over from theEo-E, IST to a resonance with an energy \yhere the interaction Hamiltoniat;,= (e/m*) P; P is the
betweenE;-E, and Eq-E5 with layer thickness, due to the canonical momentum and is the polarization vector. We
change in the wave functions. Using the Cooper-Chalkefing that the absorption coefficient depends qualitatively on
model the dimensionless interaction strenytbf the cou-  he square of the well width over the range of samples stud-

pling is given by ied. A more quantitative quadratic dependence of the absorp-
- tion on parallel field is observed in all samples at low
|— el i @ parallel-field values, and for the thinnest samples this contin-
- 8meggd® hdw’ ues up to high fields. For intermediate well widths (200

<350 A) the absorption strength increases with the square of
wheref dw is the energy separation of the two transitioms, the magnetic field for low-field values, but then moves to a
is the interparticle spacing, arlds in the case of cyclotron more linear dependence at higher magnetic fields. The above
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equation is derived in the approximation that the wave functhe x component of the electric field only, and that the par-
tions are solely determined by the heterostructure confineallel field also induces some increased coupling of the intrin-
ment, but for the case of wider wells there will be a consid-sic E, component.

erable change at high fields where the perturbation approach

breaks down. This will be considered in detail in a future V. CONCLUSION

publication”® The increase in absorption as a function of e have studied the infrared-absorption properties of
thickness is also consistent within the perturbation regime. semimetallic InAs/GaSb superlattices under the influence of
The experiments performed in the waveguide geometryarallel magnetic field, and at finite magnetic field have ob-
have also shown large field-induced absorption of the ISTserved, normal-incidence excitation of the intersubband-
with measurements on sample OX1691 giving an 80% indipole transition. Using a multipass waveguide geometry, we
crease in absorption at 14 T. In this geometry the unpolarizetlave been able to look at transitions in narrower samples in
light is incident onto the surface of the wedged edge in thanore detail, and also investigate transitions to higher sub-
(y,2 plane, and thus has electric-field components in all thredbands. The observed transition energies have been compared
axial directions. The intrinsic intersubband absorption of theto eight-bandk-p calculations and reasonable agreement is
waveguide at zero field couples the electric-field componentound for the samples with wider layers, although a disparity
in the z direction (E,), with the x andy components being is found for the narrower samples.
inactive. Application of parallel magnetic field causes the
component of the electric fieldef) to couple to the IST, ACKNOWLEDGMENTS
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