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Intersubband transitions in InAs/GaSb semimetallic superlattices

A. J. L. Poulter, M. Lakrimi, R. J. Nicholas, N. J. Mason, and P. J. Walker
Clarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford, OX1 3PU, United Kingdom

~Received 24 August 1998!

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-bandk•p calculations.@S0163-1829~99!03416-5#
ar
i

n
-

ct
gi

on
l in
A
th
a
th
.
io
t

th
a
le

on
ed
le
an
t
n
le
c

l
t

tr
se

ri
r
n

he
eri-
s-
con-
s of
for

the

is
ll-

il-
a

In

the
and

s of
layer
I. INTRODUCTION

Intersubband transitions in quantum-well structures
extremely important in making devices to operate in the m
to far infrared ~4–20 mm! region of the spectrum,1 with
many commercial applications, especially in the enviro
mental and medical sectors,2,3 requiring sources and detec
tors. The recent use of intersubband transitions as the a
part of the quantum cascade laser, operating in the re
from 11 to 17mm, has confirmed their importance.4,5 One of
the most promising material systems for infrared applicati
is InAs/GaSb.6,7,8 InAs/GaSb heterostructures are unusua
that they form an extreme type-II system, where the In
conduction band lies about 150 meV in energy below
GaSb valance band.9 Superlattices in this system have
semiconducting to semimetallic crossover depending on
extent of the heterostructure confinement of the carriers
this paper we focus on semimetallic superlattices (per
.150 Å), where the GaSb valence-band edge lies above
InAs conduction band and a negative band gap exists. In
case intrinsic charge transfer occurs between the GaSb
InAs layers, resulting in coexisting electron and ho
populations.9

In this paper we study electron intersubband transiti
within the InAs well, activated using magnetic fields appli
parallel to the superlattice layers for a wide range of samp
This allows us to make an extensive study of the subb
energies as a function of layer width. The parallel magne
field induces a diamagnetic shift10 of the subbands, as see
before in quantum-well structures, and also causes the e
tron and hole dispersion relations to shift relative to ea
other ink space.11 The latter effect of the parallel field wil
thus decouple the bands causing further changes to
single-particle intersubband energies. The observed elec
intersubband energies are compared with an eight-band
consistentk•p model.

II. EXPERIMENT

The intersubband experiments were carried out on a se
of 20, 40, and 80 period InAs/GaSb superlattices with va
ous well and barrier thicknesses, grown by metal-orga
vapor-phase epitaxy~MOVPE! on semi-insulating GaAs
PRB 590163-1829/99/59~16!/10785~7!/$15.00
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substrates.12 To avoid dislocations and to accommodate t
difference in lattice constant between the two binary mat
als, a;2-mm GaSb buffer layer was grown. Magnetotran
port measurements carried out on the samples have
firmed the coexistence of holes and electrons; the result
two carrier fits to the Hall resistance are given in Table I
the samples studied.

Intersubband absorption is electric dipole in nature,13 and
therefore requires either an electric-field component of
light in the direction of the confining potential~the growth
direction! or a mixing of the in and out of plane motion. Th
can be realized experimentally in a number of ways, we
reported elsewhere in the literature.14 In this paper, we apply
the magnetic field parallel to the superlattice layers, and
luminate the samples with either normal incidence or in
waveguide configuration, shown schematically in Fig. 1.

TABLE I. The table shows the observed IST energies for
samples studied along with the layer thicknesses and electron
hole densities per layer. The superlattices consist of 20 period
alternating InAs and GaSb layers unless stated otherwise. The
thicknesses are determined by TEM results and growth rates.

Thickness~Å! Density (1011 cm22)

Sample InAs GaSb Electron Hole

Observed
IST

~meV!

OX2035 ~40 wells! 110 90 1.5 109
OX2029 ~40 wells! 110 100 1.3 1.1 106
OX1135 145 245 7.3 4.2 90
OX2058 220 180 6.9 6.85 64
OX1692 275 90 4.3 2.3 56
OX1137 280 190 7.2 4.8 60
OX2064 ~80 wells! 280 270 7.3 7.2 62
OX1691 300 110 5.5 4.0 56
OX2006 310 200 7.6 7.1 57
OX1690 330 110 5.0 4.5 54
OX1296 405 85 8.2 5.2 50
OX1558 465 110 8.1 4.8 50
OX1546 465 110 7.2 4.6 50
OX2337 540 385 7.4 5.7 46
10 785 ©1999 The American Physical Society
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10 786 PRB 59POULTER, LAKRIMI, NICHOLAS, MASON, AND WALKER
this orientation, quantization in the growth direction is det
mined by the superposition of the superlattice and magn
potentials. Hybrid magnetoelectric subbands are form
with the energies being field dependent. Throughout this
per we take the growth direction to be in thez axis with the
magnetic field orientated parallel to they axis. The parallel
magnetic field causes the electrons to precess in the~x,z!
plane and enables coupling of the electrons to the elec
field component of the light along thex axis. Thus, at finite
parallel field the intersubband-transition~IST! selection rules
for absorption are broken and normal-incidence intersubb
absorption is made possible.

The majority of the samples were measured in
normal-incidence parallel field~NIPF! geometry where the
light is incident normally onto the sample, in a directio
parallel to the growth axis. For samples with narrower laye
where the field-induced absorption was measured at less
8% using the NIPF, we use the multipass waveguide para
field ~WPF! geometry. In this setup the light is incident on
an optically polished edge, wedged at 45° with respect to
growth direction. The number of internal reflections that t
light makes within the waveguide varied from sample
sample, but four double passes can be taken as a guide
enhanced absorption of the multipass geometry enabled
investigate samples with InAs well widths down to 100
Unfortunately, the configuration is also found to complete
absorb infrared radiation at energies below 68 meV, t
masking resonances at or below this energy@see inset Fig.
4~a!#. The far-infrared absorption is caused by the multip
geometry of the waveguide structures enhancing the ta
the GaAs reststrahlen and multiphonon absorption, and
found to be independent of both sample and applied m
netic field. Experiments performed on the same sample in
two different configurations confirmed that the intersubba
resonance observed in each geometry is the same.

The experiments were carried out at a temperature of
using a Bruker-Fourier transform spectrometer, with
samples mounted at the center of a 14 T superconduc
magnet. The transmission of light through the samples
measured by a silicon bolometer mounted out of field cen
As is usual for such a technique, the resulting spectra a
convolution of many parameters, and so the results prese
here are ratioed against the zero-field spectra to show
the field-dependent absorption. This method allows us

FIG. 1. A schematic showing the NIPF and WPF configuratio
In both cases the field is orientated along they axis, parallel to the
superlattice layers.
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measure field-induced changes in transmission of or
1–2% and proved far more satisfactory than the alterna
method of ratioing against a sample of bulk GaSb, but
fortunately results in no knowledge of the nature of the a
sorption at zero field. We do not, therefore, seek to comm
on the controversy surrounding normal-incidence inters
band absorption in antimonide structures, which has b
thought to occur due to the highly anisotropic GaSbL
valleys.15

III. RESULTS

To better understand the data presented below we s
first discuss the results of an eight-band self-consistentk•p
model,16 the details of which are beyond the scope of th
paper. In the calculations we take the InAs~GaSb! band gap
as 418 meV~810 meV!, and a band offset of 150 meV be
tween the GaSb valence band and InAs conduction ba
The results show that the electron intersubband energ
primarily determined by the InAs well width and depen
little on the width of the barrier. For the following discussio
we have performed a number of calculations, varying
InAs width at a constant GaSb barrier width of 100 Å,
look at the energy variation of the electron subbands. Fig
2 shows the calculated wave functions for two differe
structures with InAs widths of 200 and 700 Å. The resu
for the thinner structure show the expected quantum-w
picture, with only the ground-electron subband being oc
pied at this well width. On further increasing the well wid
the energy of the upper subbands falls as the heterostruc
confinement is reduced, and for much wider wells~InAs
width.350 Å) multiple subbands are occupied. For the w
est structures, the conduction band potential splits the w
into two halves with a heterojunction formed at each int
face, as is shown in Fig. 2~b!. The calculations show that th
first two electron subbands~labeledE0 andE1) are confined
by the heterojunctionlike potential at the interfaces, with t
higher-excited subbands being bound by the whole well

.

FIG. 2. The calculated electron wave functions for two stru
tures with a constant GaSb barrier width of 100 Å and InAs valu
of 200 and 700 Å are shown in~a! and ~b!, respectively. The self-
consistent well potential is shown as a dotted line. The creation
heterojunction bound states for structures with very wide wells
seen in the wider sample.
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PRB 59 10 787INTERSUBBAND TRANSITIONS IN InAs/GaSb . . .
this case we expect allowed intersubband transitions f
the heterojunction confined subbandsE0 andE1 to the well-
bound subbands. Due to the small overlap between the
ground-heterojunction subbands, transitions betweenE0 and
E1 are thought to be weak for such wide layers.

The experimental measurements have been performe
a number of samples with InAs well widths ranging fro
100 to 540 Å. These show three general classes of beha
depending on well-width thickness, so for the purposes
this paper we will describe in detail three 20 period sup
lattice samples, which exhibit behavior characteristic for
given layer thickness. The field-induced absorptions for t
samples with relatively thin InAs well widths are shown
Fig. 3. Conventional Hall and Shubinkov-de Haas measu
ments have shown that both these samples have only
occupied electron subband. The field-induced absorp
strength of the thinnest sample OX1135, with a well width
145, Å was found to be less than 8% in the NIPF configu
tion at full field. The sample was subsequently measure
the WPF configuration and exhibited an increased fie
induced absorption of 38% at 14 T, and it is this data tha
shown in Fig. 3~a!. We observe a single resonance, which
strongly enhanced by the magnetic field, with an extra
lated zero-field energy of 90 meV. The magnetic-field dep
dence of the transition energy is small, due to the thin lay

FIG. 3. Traces for the two thinner samples OX1135~a! and
OX1691~b! measured in the WPF and NIPF configurations, resp
tively. The traces are ratioed against the zero-field value, and
shown for magnetic-field values 2, 4, 6, 8, 10, 12, and 14 T. In b
cases the traces are offset for clarity. The arrow in~a! is to guide the
eye.
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causing strong electric confinement. This sample has a
width that is comparable to the multi-quantum-well stru
tures studied by Gaueret al.,17,18 and both the transition en
ergy and absorption strength show a similar field depende
to this work. At the highest field the resonance shape
comes slightly distorted which may be evidence of a furth
splitting, analogous to the spin-flip transitions observed
the high carrier density InAs/AlSb samples of Gauer a
co-workers.17,18

For sample OX1691, with an InAs well width of 300 Å
measurements were carried out in the NIPF configura
and are shown in Fig. 3~b!. The increased InAs well width
causes a decrease in the transition energy compared
OX1135 due to reduced carrier confinement; the zero-fi
IST being measured at 56 meV. The sample shows a gre
field-induced absorption change of 18%~compared to 8%
absorption change in the NIPF data for sample OX1135! and
a stronger parallel field-induced diamagnetic shift, caus
the transition energy to increase much more rapidly w
increasing magnetic field. The dependence of both the
sorption strength and transition energy on the InAs width a
parallel field in these two samples leads us to believe that
absorption is due to the IST from the ground electron le
(E0) to the first excited level (E1). Experiments have no
been performed on the samples in the Brewster angle ge
etry to confirm the IST energies at zero parallel field; ho
ever, the similar and systematic behavior that we have
served in a wide range of samples has convinced us tha
observed resonance is intersubband in nature.

Measurements have also been performed on OX169
the WPF configuration. In this case, we observe a fie
activated resonance at the same energy as in the NIPF
figuration, but with a much larger field-induced absorpti
change of 80% at 14 T. The waveguide geometry also
veals a second weaker resonance at higher energies
shown in Fig. 4~a!. The lower-energy resonance in the WP
configuration is masked below an energy of 68 meV due

-
re
h

FIG. 4. ~a! WPF measurements performed on sample OX16
for magnetic-field values of 2, 4, 6, 8, 10, 12, and 14 T. The tra
are ratioed against the zero-field trace and are offset for clarity.
inset shows the enhanced waveguide absorption of the GaAs
strahlen limiting transmission of the waveguide to energies ab
68 meV. ~b! The magnetic-field-induced diamagnetic shift of th
two resonances is shown. The data points for theE0-E1 IST are
deduced from the NIPF measurement.
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10 788 PRB 59POULTER, LAKRIMI, NICHOLAS, MASON, AND WALKER
the intrinsic absorption of the multipass waveguide geo
etry. Therefore, in the following discussion, the field depe
dence of the intersubband resonance is taken from the N
measurements shown in Fig. 3~b!. The higher-energy reso
nance is found to be fast moving with field, diamagnetica
shifted by 38 meV at 14 T compared with 18 meV for t
E0-E1 transition, as shown in Fig. 4~b!. The weaker reso-
nance has a zero-field energy of 93 meV with a field-indu
absorption change of 4% at 14 T compared with;80% ab-
sorption change for theE0-E1 transition. The transition en
ergy and strong diamagnetic shift leads us to believe that
second weaker resonance corresponds to the IST fromE0 to
E2 . Although theE0-E2 transition breaks the selection rule
for electric-dipole transitions, such that single photon a
sorption can only occur between subbands of opposite pa
the extremely weak absorption is observed due to subb
asymmetry and mixing in the parallel-field orientation.

A second type of behavior is observed for superlatti
with much wider wells where multiple electron bands a
occupied. The samples were studied in the NIPF configu
tion and show a different magnetic-field dependence fr
the two thinner samples discussed above. We observe
main resonances that exchange intensity with increa
magnetic field, as shown in Fig. 5 for a typical samp
OX1558, with an InAs width of 465 Å. At low fields a singl
field-activated resonance with an extrapolated zero-field
ergy of 50 meV is observed. The transition energy and
sorption strength increase strongly with increasing magn
field, the effect of small parallel fields being similar to th
IST observed in the narrower layered samples. The trans
energy at zero field is only slightly lower than in the mediu
thickness samples such as OX1691, but has a greater
magnetic shift with applied magnetic field. The zero-fie
transition energy and the effects of parallel field on the
sorption strength and transition energy again leads us to
tribute this resonance to an IST. By this thickness, howe
the theoretical calculations show that the conduction-b
potential splits the well into two weakly coupled heterojun
tions, with one at each interface. This effect has been pr
ously observed experimentally using transport measurem
in similar samples.19 The observed IST is most likely to be

FIG. 5. The NIPF data for sample OX1558 is shown for para
magnetic-field values of 2, 4, 6, 8, 10, 12, and 14 T. The traces
ratioed against the zero-field trace and offset for clarity. The
separate resonances, which dominate at high and low fields ca
clearly seen.
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superposition of transitions from the heterojunction confin
states to the well-bound subbands, although the meas
ments are only able to resolve a single transition. Furt
explanation of this transition and the effects of coupling b
tween a number of different intersubband resonances wil
discussed later.

At high fields, the IST is masked by a stronger lowe
energy transition, which gains intensity with field. The res
nance position of this lower-energy transition is found to
almost sample independent. For these samples the cyclo
radius~71 Å at 14 T! is considerably smaller than the we
thickness, and we assign the change in behavior to
swapover to a three-dimensional cyclotron-resonance~CR!
behavior at high fields. The transition between the tw
dimensional IST behavior and the three-dimensional CR
havior is found to occur at a sample dependent field, s
that for samples with wider wells the IST resonance switc
to the lower-energy CR resonance at a lower magnetic fi
The lower-energy resonance has been compared
cyclotron-resonance measurements performed in the Far
geometry on this sample~electron mass of 0.028m0) as is
shown in Fig. 6~due to the complex asymmetric lineshap
only a single-resonance position has been plotted at the
ergy of minimum transmission!. The observed high-field
resonance in the NIPF configuration tends towards the F
day geometry CR data at high fields. At higher fields th
this we expect that the NIPF resonance behavior would t
more closely to the bulk InAs CR energy, as the heterostr
ture confinement potential becomes less important.

Evidence for the importance of the well width and th
transition to well-bound orbits also comes from th
magnetic-field dependence of the intersubband linewid
This has been studied by fitting the resonances with
Lorentzian lineshape. The large absorption observed in
samples will induce a self-broadening of the linewidth, as
well known in the conventional CR model. This has be
accounted for in the results shown below using a Dru
formalism,20 resulting in the real linewidthDBr being given
by:

DBr5DBmeasS TB

T0
D 1/2

, ~1!

l
re
o
be

FIG. 6. Magnetic-field dependence of the two resonances
served in OX1558. The parallel-field data~squares! is compared
with Faraday-configuration cyclotron resonance for the sa
sample~triangles!.
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PRB 59 10 789INTERSUBBAND TRANSITIONS IN InAs/GaSb . . .
whereDBmeasis the measured linewidth, andTB andT0 are
the transmissions at finite field~B! and zero field, respec
tively, for the active component of the light, which in th
case of NIPF is taken to be 50%. The absolute values sho
however, be treated as only indicative due to the very as
metric shape of the resonances in the widest-layer-w
samples. The results are shown in Fig. 7 for the th
samples studied above and show that a clear minimum in
linewidth is observed for the two wider-layered samples. T
field at which this minimum occurs corresponds tod'4l c
whered is the well width andl c the cyclotron length, with
the data for the narrowest sample not reaching this condit
In the parallel-field geometry the relative size of the w
compared to the cyclotron orbit will be important. At th
position of minimum linewidth the electrons are easily ab
to execute cyclotron orbits within the well, and at fields
further factor of 2 higher the separate well-bound CR is
served. At lower fields than this the cyclotron orbit will b
more complicated, either orbiting through both the well a
barrier, or carrying out skipping orbits, as observed
Duffield.21 The broadening at high fields could be explain
by inhomogeneous broadening in which the variation in o
center for the well-bound cyclotron orbits causes a sprea
energies between the ISR and bulk CR values, as seen i
widest sample.

Further inspection of the lineshapes for both the thin
samples~OX1135 and OX1691! has revealed that these res
nances are also somewhat asymmetric. The effect is
most clearly for OX1691, which shows that for fields abo
7 T the lineshape becomes asymmetric, with the high
energy side being much sharper. Intersubband line broa
ing in AlGaAs/GaAs quantum wells has shown simil
asymmetry of the lineshape and is attributed to the intrin
conduction-band nonparabolicity.22 In these experiments th
lineshape will be influenced to a greater extent by the pa
lel magnetic-field-induced shift ink space,10 which causes
the carriers to be excited to a wider range of points in
k-space dispersion of the upper subband. The effect is
more pronounced in the wider of the two samples as
pected, as this experiences a much greater diamagnetic

The magnetic-field dependence of the IST also shows
a small negative diamagnetic shift is observed at low fie

FIG. 7. The graph shows the variation of the intersubband li
width for the three samples OX1135, OX1691, and OX1558. T
data for the widest sample OX1558 is obscured at high-magn
fields by the lower-energy resonance.
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the resonance position having decreased by 3–4 meV at
At fields higher than this the transition energy increases w
field, and we observe the expected diamagnetically shi
IST. We speculate that this is evidence for electron-hole c
pling causing small changes to the IST energies. In semi
tallic structures band mixing between the electron and h
bands causes an anticrossing or small minigap to occu
finite k parallel.23 The application of parallel field induces
relative shift in k space of the spatially separated carrie
which at high magnetic fields will cause a complete dec
pling of the bands, thus destroying the minigap. The un
pected decrease in the IST energy at low fields is though
originate from this parallel-field decoupling of the electro
and hole dispersions. When the minigap is removed,
mean energy of theE0 level rises due to the removal of th
anticrossing effects, thus leading to the small decrease in
E0-E1 separation. Parallel-field magnetoresistance exp
ments performed on the same samples has shown strong
dence for the field-induced removal of the minigap,24 with
the largest effects observed at magnetic fields below 4
where the electron and hole fermi surfaces are crossing e
other.

IV. DISCUSSION

We now compare the experimentally determined inters
band energies at zero field with the IST energies obtai
using the self-consistent model, as shown in Fig. 8. As d
cussed previously, the barrier width was found to have li
effect on the electron intersubband energies, and thus
been fixed at 100 Å, which is typical for the measur
samples. In the calculations the InAs well width ranges fro
80 to 700 Å. The calculated results show that for the thinn
wells with thicknesses below 150 Å, the single-partic
E0-E1 separation exceeds the measured values. Beyond
for thicknesses of order 150–300 Å the calculated values
E0-E1 pass through the measured values. For the thic
wells, the wave functions begin to separate towards the
interfaces of the InAs layers, and we expect that the in
subband transitions will be from the heterojunction-bou
subbands to the well-bound subbands. Due to coupling of
states in the two heterojunctions,E0 andE1 ~see Fig. 2! will

-
e
tic

FIG. 8. The comparison between the experimentally determi
zero-field intersubband energies~points! and the theoretical self-
consistentk•p values. The theoretical values are given atki50, for
both kz50 andkz5p/d.
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10 790 PRB 59POULTER, LAKRIMI, NICHOLAS, MASON, AND WALKER
form symmetric and antisymmetric states, and so transiti
such asE0-E2 are not considered due to parity nonconser
tion. This transition was only observed as a very weak f
ture in the waveguide measurements performed on OX16
The dominant intersubband transitions will beE1-E2 and
E0-E3 , the first excited subbandE1 becoming occupied a
well widths greater than 300 Å. The experiment shows
continuous evolution of the transition from theE0-E1 IST to
a resonance with an energy found to lie between the ca
lated values of theE1-E2 and E0-E3 IST’s. The overall
agreement with theory is reasonable, although the exp
mental variation of the transition energy with well width
much slower than the simple single-particle theory predi
Two features need to be explained in detail. First, there
discrepancy for very thin layers, and second, there is the
that there is apparently a continuous evolution from
E0-E1 IST to a resonance with an energy between the
culated values ofE1-E2 andE0-E3 , with only a single reso-
nance being observed at any one time. The single-par
model excludes two factors; first, dynamic screening of
electrons leads to a depolarization shift, which causes
resonance to be observed at higher energies; and secon
excitonic interaction between the excited electron and
hole it has left behind. In previous studies the effects are
similar magnitude, with the former effect being somewh
stronger, and intersubband transition energies have b
measured at energies slightly higher than the true inters
band separation. The reasons behind the discrepancy fo
thinner samples cannot be attributed to depolarization or
citonic effects alone. Comparisons with measurements
ried out on InAs/AlSb quantum wells are inconclusive, as
is found that there is also a large discrepancy between in
red absorption25 and Raman26 experiments performed o
similar samples. The IR absorption experiments have sh
a much-reduced intersubband transition energy~;70 meV!
compared with the Raman experiments. In our present p
the intersubband transition energy for samples with com
rable well widths shows good agreement with the IR res
in the InAs/AlSb system. We do not offer an explanation
the discrepancy between the two different measurement t
niques.

For the intermediate thickness samples where onl
single resonance is observed, there are many previous
amples of the coupling together of two resonances thro
both intersubband scattering and Coulomb interactions. T
has been extensively treated theoretically,27 mainly for the
case of nondegenerate cyclotron-resonance transitions.
vided that the coupling is strong enough, then a single re
nance is seen at the weighted mean energy. This would
entirely consistent with the observation of a continuous sw
over from theE0-E1 IST to a resonance with an energ
betweenE1-E2 and E0-E3 with layer thickness, due to th
change in the wave functions. Using the Cooper-Chal
model the dimensionless interaction strengthI of the cou-
pling is given by

I 5
e2l 2

8p««0a3

1

\dv
, ~2!

where\dv is the energy separation of the two transitionsa
is the interparticle spacing, andl is in the case of cyclotron
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resonance, the Larmor radius. The critical value for the
teraction strengthI is found to be 0.1, with the separate res
nances being resolved for values less than this. In
present paper we write the Larmor radius in terms of
cyclotron frequency (vc) and replace\vc with the energy of
the observed transition. We find that the two transitions
separately resolved if the energy separation\dv is greater
than 16 meV. Thek•p calculations predict that the energ
difference between theE0-E1 andE1-E2 IST’s is very small
over the entire range of InAs widths, and so such coupl
between these resonances would be expected. For
samples with the widest wells the calculations suggest
separateE1-E2 andE0-E3 resonances might be observab
The energy separation~determined usingk•p) between these
states is much larger than the minimum necessary estim
from the Cooper-Chalker model, but only a single we
defined resonance is seen in experiment. However,
spread of intersubband energies alongkz andki enhances the
coupling causing a single resonance to be observed wi
narrow linewidth much less than the spread of transition
ergies. A full calculation, which includes specifically the i
fluence of the parallel field on the confinement potential a
thek dispersion, can model the absorption features more
cisely, and details will be published elsewhere.28

We will now compare the magnitude of the measur
field-activated absorption change with previous studies
discuss its dependence on field and sample parameters
tersubband studies have in the past concentrated on relat
narrow well-width samples, and so comparisons with
widest samples studied here are difficult to make. For
narrowest sample OX1135 with an InAs well width of 145
we observe in the NIPF geometry a field-induced absorp
change of 8% at 14 T. This is similar to that seen in the
period 150 Å InAs/AlSb multiquantum-well sample studie
by Gauer, who reported a 9% absorption at a parallel m
netic field of 13 T in a heavily doped sample (ne52.5
31012cm22 per well!. On increasing the well width to 300 Å
~OX1691! the field-induced absorption change~at 14 T! is
measured at 18%, and for the widest sample~OX1558! we
observe an absorption change of 14% at a field of 6 T for the
IST-type resonance; at higher fields than this the IST
masked by the stronger lower-energy resonance. The
crease in absorption coefficient with well width is dominat
by the dipole-matrix element, as the transition energy is o
weakly dependent on the well width. The dipole-matrix e
ment for the cyclotron-active polarizationax is given by:17

^1uH intu0&5
e

m*
axeB^1uzu0&, ~3!

where the interaction HamiltonianH int5(e/m* )aP; P is the
canonical momentum anda is the polarization vector. We
find that the absorption coefficient depends qualitatively
the square of the well width over the range of samples st
ied. A more quantitative quadratic dependence of the abs
tion on parallel field is observed in all samples at lo
parallel-field values, and for the thinnest samples this con
ues up to high fields. For intermediate well widths (200, l
,350 Å) the absorption strength increases with the squar
the magnetic field for low-field values, but then moves to
more linear dependence at higher magnetic fields. The ab
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equation is derived in the approximation that the wave fu
tions are solely determined by the heterostructure confi
ment, but for the case of wider wells there will be a cons
erable change at high fields where the perturbation appro
breaks down. This will be considered in detail in a futu
publication.28 The increase in absorption as a function
thickness is also consistent within the perturbation regim

The experiments performed in the waveguide geome
have also shown large field-induced absorption of the
with measurements on sample OX1691 giving an 80%
crease in absorption at 14 T. In this geometry the unpolari
light is incident onto the surface of the wedged edge in
~y,z! plane, and thus has electric-field components in all th
axial directions. The intrinsic intersubband absorption of
waveguide at zero field couples the electric-field compon
in the z direction (Ez), with the x and y components being
inactive. Application of parallel magnetic field causes thex
component of the electric field (Ex) to couple to the IST,
which also becomes active. By ratioing the data against
zero-field trace we are only able to determine the fie
induced change in total transmission and have no knowle
of the intrinsic zero-field coupling of the waveguide. W
consider though that the large change in transmission
served in these samples cannot be attributed to absorptio
A
tt.
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the x component of the electric field only, and that the pa
allel field also induces some increased coupling of the int
sic Ez component.

V. CONCLUSION

We have studied the infrared-absorption properties
semimetallic InAs/GaSb superlattices under the influence
parallel magnetic field, and at finite magnetic field have o
served, normal-incidence excitation of the intersubba
dipole transition. Using a multipass waveguide geometry,
have been able to look at transitions in narrower sample
more detail, and also investigate transitions to higher s
bands. The observed transition energies have been comp
to eight-bandk•p calculations and reasonable agreemen
found for the samples with wider layers, although a dispa
is found for the narrower samples.
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