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We present both theoretical and experimental results on the intersubband resonance in InAs/AlSb quantum
wells. From a Kane (k•p) description of the band structure we investigate the effect of the large nonparabo-
licity and of the high Fermi wave vector on the selection rules and matrix elements. The 1-2 transition in
parallel excitation (x) is shown to be very weak from simple parity arguments; in perpendicular excitation
(z) the matrix element̂z& is shown to be largely unaffected by nonparabolicity. The 1-3 transition turns out to
be very weak in both geometries. Two band-gap engineering approaches to enhancing the parallel excitation of
1-2 are considered but the effect remains small as compared to the conventionalz excitation. Inz excitation the
depolarization field condenses all the oscillator strength into essentially one sharp line despite the broadening
expected from the nonparabolicity in the band dispersions. Inclusion of the depolarization field in the theory
gives us good agreement with both the experimentally determined line shape and^z& matrix element.

I. INTRODUCTION

In the conventional picture of intersubband resonance in a
quantum well it is argued that the confinement dictates that
the electric vector of the light must lie along the growth
direction (z) in order to excite the transition. This is not ideal
for potential device applications as a grating on the surface
of the device is required to couple in normal incidence light
through the near-field effect. This one-band picture of inter-
subband resonance has recently been challenged by several
groups who consider a multiband description of the band
structure.1–3The general result is that through band coupling,
notably coupling of the conduction states with the light-hole
and heavy-hole states, all possible transitions are allowed, at
least in principle, even in parallel (x) excitation when the
electric vector of the light lies in the plane of the quantum
well. However, the detailed results are somewhat contradic-
tory and confusing. Shik2 claims that the 1-2x :1-2z intensity
ratio approaches 1:4 in the limit of strong spin-orbit cou-
pling. Conversely, Yanget al.1 maintain that in ordinary cir-
cumstances 1-2x :1-2z is very small, but that it can be in-
creased considerably by appropriate band-structure
engineering. These authors also consider the 1-3 transition,
where it is shown that the intensity of 1-3x is larger than that
of 1-3z , but no comparison is made with the strong 1-2z .
Very recently, Peng and Fonstad3 suggested that coupling of
the valence band to the higher conduction band leads to
1-2x :1-2z;1:1 for GaAs. There are also several experimen-
tal reports of strong intersubband absorption in parallel
excitation.4–6 We attempt here to resolve some of these is-
sues.

We present both calculations and experiments on InAs/
AlSb quantum wells, which are very well suited for an in-
vestigation of band coupling effects for a number of reasons.
First, InAs has a small band gap so that the mixing of

conduction-bands and valence-bandp states is much larger
than in the more conventional GaAs system. This mixing is
responsible, for instance, for the large conduction-band non-
parabolicity observed in this system.7 Secondly, the carrier
densities can be very high, up to 531012 cm22, largely by
virtue of the very high (;2 eV! conduction-band barrier
height. This implies that the conduction band is occupied out
to a very large in-plane wave vectorki , enhancing any ma-
trix elements that depend onkiÞ0. Finally, an InAs/AlSb
quantum well that is symmetric under reflection can be con-
sidered to explore the consequences of parity. Of course,
systems can be designed where the reflection symmetry is
broken, as discussed below, and we find that this leads to
results similar to those obtained more than a decade ago for
InAs inversion layers.

Nonparabolicity has clearly a large influence on the sub-
band energies, and it would therefore be expected that at
high density the intersubband resonance would become
broad as the 1-2 energy atki50 is substantially higher than
that at the Fermi wave vectorki5kf . However, we find that
this broadening is eliminated by the depolarization field, the
resonant screening by the high-density electron gas. In light
of this, a second aim of the paper is to make some general
comments as to the real role of band nonparabolicity in in-
tersubband resonance.

II. MATRIX ELEMENTS

A. Quantum well calculations

In the envelope function scheme, the total wave function
is expanded as

c~r !5(
i
exp~ iki•r !f i~z!u i &, ~1!
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where theu i & are the Bloch functions, varying rapidly on the
atomic scale, thef i(z) are the envelope functions, varying
on the scale of the quantum well potential, and the factor
exp(iki•r ) simply expresses the translational symmetry in
the well plane. The growth direction is taken asz and in the
following we consider just thex direction in the plane. The
f i ’s are related to each other by an effective Hamiltonian,
which can be derived in a number of different approxima-
tions. We are interested here in the properties of the conduc-
tion band so we have taken the Kane8 form of the Hamil-
tonian, which includes toO(k2) the couplings between the
conduction, heavy hole, light hole, and spin-orbit split-off
bands (s, hh, lh, and so, respectively! but neglects the inter-
actions with the other energetically remote bands. This
model is known to reproduce at least the conduction-band
nonparabolicity accurately, both for bulk InAs and InAs
quantum wells, as can be judged, for instance, from cyclo-
tron resonance.7 We do not reproduce all the details here, as
they are straightforward elaborations of existing results, but
rather comment on the salient points.

The Hamiltonian is 838 but nevertheless simple to solve
following the observation of Yanget al.1 that the envelope
functions for the conduction-band spin-up and spin-down
states can be chosen independently. Physically, this means
that the quantum well solutions are predominantlys↑ or s↓
but with admixtures of thep-like valence-band states. We
use the spin,↑ or ↓, as a label for the solutions, but it should
be borne in mind that, because of the valence-band admix-
ture, it is not a rigorous quantum number. The energy eigen-
values can be determined by setting one of thes-statef ’s to
zero, and systematically eliminating all the other compo-
nents. We define a position-dependent mass by

1

m* ~z!
5
Ep

3 S 2

E1d~z!
1

1

E1D~z!1d~z! D , ~2!

in direct analogy with the band-edge mass given by

1

m0*
5
Ep

3 S 2Eg
1

1

Eg1D D , ~3!

whereE, Eg , D, Ep , andd are the energy, the fundamental
band gap, the spin-orbit splitting, the Kane energy, and the
valence-band offset, respectively. The energy scale is defined
such that the valence-band edge lies at energy2d in each
layer. d is conveniently chosen to be zero for the well. The
k•p Hamiltonian then yields

S 2
\2

2m* ~z!m0
kx
22kz

\2

2m* ~z!m0
kz1Eg~z!2d~z! Df1

5Ef1 , ~4!

kz→2 i ]/]z, and for a quantum well we have three separate
layers whereEg , D, andd are constant, so that solutions can
be found by solving Eq.~4! in the well and barriers and then
by applying the boundary conditions9 that f1

well5f1
barr and

1/mwell* ]f1 /]z51/m barr* ]f1 /]z at each interface.mwell*
(mbarr* ) is the mass obtained from Eq.~2! by inserting the
well ~barrier! parameters. Note that the nonparabolicity is
revealed by the explicit energy dependence in all these equa-
tions.

The solutions for a 150-Å InAs/AlSb quantum well, using
the parameters as listed in Table I, are shown in Fig. 1. Al-
though the barriers are very high the solutions differ drasti-
cally from the predictions of the square-well one-band model
in that the energies are far from quadratically dependent on
subband index, and in that the dispersions as a function of
kx are obviously not parabolic even at moderatekx .

To calculate the matrix elements between the states we
make the standard separation of thek–p wave function in the
electric dipole approximation,10

^c I ukx~z!ucF&5S (
i , j

^ i ukx~z!u j &E ~f i
I !*f j

Fdz

1(
i
E ~f i

I !* kx~z!f i
FdzD dk

x
I ,k

x
F. ~5!

TABLE I. The parameters used in the calculations for InAs/
AlSb/InxGa12xAs structures.

InAs AlSb InxGa12xAs

Eg ~eV! 0.418 2.32 0.677
D ~eV! 0.38 0.75 0.371
Ep ~eV! 21.5
d ~eV! 0.0 -0.198 0.059
« r 12.25

FIG. 1. ~a! The subband confinement energies, and~b! the inter-
subband energies for a 150-Å InAs/AlSb quantum well.

7904 53R. J. WARBURTONet al.



The first term is the ‘‘interband’’ term and dominates by a
factor of ;1/m0* (.43 for InAs! over the second ‘‘intra-
band’’ term, which can therefore be neglected for most prac-
tical purposes~although we have retained it in the numerical
routines!. To proceed we need to determine the nonzero
^ i ukx(z)u j &. We have adopted the labeling and phase conven-
tions of Weiler11 ~see Table II! and find thats↑ couples
through kx with hh↑, lh↓, and so↓ (^1ukxu2&, ^1ukxu3&,
^1ukxu4&Þ0). Conversely,s↑ couples throughkz with the
opposite spins, lh↑ and so↑, but does not couple at all with
the heavy-hole states. Fors↓, all the spins quite naturally
reverse. In each case, these matrix elements are independent
of k ~as is obvious by writing a velocity operator as
1/\]H/]kx(z)),

12 differing one to another by small real num-
bers.

In the following we refer tô c I ukx(z)ucJ& by MIJ
x(z) , and

I -Jx(z) refers to the oscillator strength, which is}uMIJ
x(z)u2. In

every case transitions are allowed by interactions of the
conduction-band component in one state with the valence-
band components in the other. In this sense, intersubband
transitions are not fundamentally different from interband
transitions, as has been pointed out by Khurgin.13With these
results all that is necessary is to work out the corresponding
overlap integrals of the envelope functions.

Some general remarks can be made simply from the sym-
metry under the transformationz→2z of the quantum well
potential, which implies that each envelope function has a
definite parity. The dominant component, for instancef1 for
spin-up, has even (E1, E3, etc.! or odd (E2, E4, etc.! parity,
and the other components have the same parity if they are
proportional tokxf1 ~components 2, 3, and 4! or opposite
parity if proportional tokzf1 ~components 6 and 8!. Similar
remarks apply for the spin-down solutions. Simply from the
parity we come to the selection rules listed in Table III,

which are in agreement with those of Yanget al.1 However,
the question is, just how large are the matrix elements for the
various transitions?

It is instructive to consider the simple but illustrative case
at kx50, which we pursue analytically by making the very
reasonable assumption that the vast majority of the wave
function lies in the well. The envelope functions making up
the E1 andE2 solutions are shown in Fig. 2, and the per-
centage marked by each state is a measure of the amplitude
as defined bya i5*2`

` uf i u2dz. For instance, theE1↑ state at
kx50 is 90.8%s↑ like, 8.1% lh↑ like, and 1.1% so↑ like.
The lh admixture increases to some 17.5% for theE2 solu-
tion. The arrows in Fig. 2 show whichs and lh states couple
according to the selection rules~Table III! and the nonzero
^ i ukx(z)u j &. For kz the four integrals for the spin-conserving
processadd and give a large matrix element, which can be
calculated as

Ep

6 F 2E1
1

2

E2
1

1

E11D
1

1

E21D G I
5
1

2 F 1

m* ~E1!
1

1

m* ~E2!
G I ~6!

with I5*(f1
E1)* kzf2

E2dz. This has the same form as the
one-band result but the effective masses,m* (E1) and
m* (E2), obtained by insertingE1 andE2 into Eq. ~2!, are

TABLE II. The list of Bloch states in the Weiler representation.
The parities of the envelope functions associated with each Bloch
state are given for theE1↑ andE1↓ levels. The parities all reverse
for theE2 solutions.

State Bloch E1↑ E1↓

1 s↑ even 0
2 hh↑ even 0
3 lh↓ even odd
4 so↓ even odd
5 s↓ 0 even
6 lh↑ odd even
7 hh↓ 0 even
8 so↑ odd even

TABLE III. The selection rules for intersubband transitions in a
symmetric quantum well.x (z) polarization implies that the electric
vector lies perpendicular~parallel! to the growth direction.

Polarization 1-2 1-3

x spin flip spin conserving
z spin conserving spin flip

FIG. 2. The envelope functionsf i relevant in the calculation of
the electric dipole matrix elements for the transitions 1↑-2z

↑ and
1↑-2x

↓ . The arrows show whichfsf lh products must be integrated;
the s and so states are similarly connected. Forz (x) polarization,
the s, lh, and so states all have the same~opposite! spin. The per-
centages by each state are the amplitudes, defined by
a i5*2`

` uf i u2dz.
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quite different from the band-edge value. Forkx , however,
although each individual overlap integral for theE1-E2 tran-
sition is large, the signs are different so that the net matrix
element is small. We find

Ep

6 F2
1

E1
1

1

E2
1

1

E11D
2

1

E21D G I . ~7!

The ratioM12
x /M12

z is then small. In the limit that the con-
finement energies are small compared to the band gap, and
writing E22E15E12, we find

UM12
x

M12
z U. E12D~2Eg1D!

2Eg~Eg1D!~3Eg12D!
, ~8!

which gives approximatelyuM12
x :M12

z u251-2x :1-2z.0.1%
for an InAs/AlSb quantum well withE12.100 meV. Note
that whenD50 the quantum interference is complete such
thatM12

x 50; and also that an error in the phase can lead to
the erroneous factor 1:4 in the limitD→`.

Exact numerical results for a 150-Å quantum well are
shown in Fig. 3. It can be seen that bothM12

x andM12
z de-

crease with increasingkx . The reason for this is that the
nonzerokx causes other states to be admixed. For instance,
theE1↑ solution has considerable hh↑ and lh↓ amplitude for
kxÞ0, yet these states do not contribute to the matrix ele-
ment; the amplitude of the optically active states is then
forced to diminish, leading to a reduction in the overall ma-

trix element. This argument applies for bothM12
x andM12

z ,
but the numerical calculations of Fig. 3 show that the
kx-induced mixing is more deleterious forM12

x than for
M12

z . Figure 3 also shows theM13
x amplitude; theM13

z am-
plitude is not included because, even atkx50.05 Å21,
M13

z is as small as 231029 Å 22. In both cases,M1350,
when kx50 as the optically important light-hole states are
mixed}kx in this case. ForM13

z the parity forces the transi-
tion to be spin flip, and we find that the interference effect
plays a role, as forM12

x . This is not the case for the spin-
conservingM13

x where all the contributions add, but the ma-
trix element is so small in this case because the overlap in-
tegrals themselves are small. We are thus in agreement with
Yanget al. thatM13

x @M13
z , but this is a somewhat specious

comparison asM13
x !M12

z .
Figure 3 also shows the spatial matrix element

^z12&5 z^c1uzuc2& z, which can be quite generally derived
from

^z12&5
\2

m0

uM12
z u

E12
. ~9!

We find that^z12& is essentially independent ofkx . This is
despite the radical change in the wave-function admixture
that occurs askx is increased. Furthermore, the absolute
value is very close to that obtained from a naive one-band
model. In order to give a fair comparison with the multiband
model, in the one-band calculation we take the energy-
independent massesmwell andmbarr to be 0.023 and 0.117,
respectively, as given by Eq.~3! using the parameters
of Table I, and assume continuity of 1/mwell]f/]z
51/mbarr]f/]z. We have, atkx50, ^z12&531.0 Å from the
multiband model, and the very similar 33.2 Å from the one-
band model. Thêz23& matrix elements are also very similar,
33.5 Å in the multiband calculation, as opposed to 34.8 Å in
the one-band calculation. The relative difference inE12 ~at
kx50) between the calculations in the one-band model
~141.9 meV! and multiband model~122.9 meV! is about the
same as the relative difference in^z12&

2 for this 150-Å quan-
tum well. However, this no longer applies for a narrower
quantum well where theE12 energy is strongly influenced by
the nonparabolicity, but thêz12& matrix element remains the
same to within;10% between the two models. We are thus
led to conclude that nonparabolicity makes a significant dif-
ference to the intersubband energies but that spatial matrix
elements are largely unaffected. This means that the selection
rules and matrix elements as obtained from a naive approach
are actually remarkably accurate.

B. Alternative structures

We have shown above that for an InAs/AlSb quantum
well the matrix elementM12

x is very small in comparison to
M12

z , largely for two reasons. First, the reflection symmetry
forbids the spin-conserving transition inx polarization, and
secondly, for the allowed spin-flip transition theE1~lh!-E2
(s) andE1(s)-E2~lh! integrals tend to cancel. The purpose
of this section is to examine to what extent these limitations
can be overcome by considering a structure with no well-
defined parity for which the spin-conserving 1-2x transition

FIG. 3. ~a! uMIJ
x(z)u25 z^c I ukx(z)ucJ& z2 (z, solid lines;x, dotted

lines!, and~b! ^zIJ&5 z^c I uzucJ& z as a function of the in-plane wave
vectorkx for a 150-Å InAs/AlSb quantum well.
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is no longer forbidden, and also a well where the light-hole
coupling toE1 is enhanced relative to that ofE2 so that the
cancellation is far from complete.

In order to break the reflection symmetry we present cal-
culations for the structure shown in the inset to Fig. 4, a
quantum well with a step, in this case InAs/InxGa12xAs.
The parameters were chosen so that the first levelE1 is
strongly confined to the InAs but the second levelE2 lies
above the energy of the step and so has a wave function that
spreads over the entire structure. Thes envelope functions
are sketched, and confirm that a parity cannot be defined. For
a fair comparison with the straightforward InAs/AlSb quan-
tum well, the widths and InxGa12xAs composition were
chosen so thatE12 is to within a few meV the same as before.
The momentum matrix elements are plotted as a function of
kx in Fig. 4, and we make the following observations. 1↑-
2z
↑ is smaller than before, simply because of the lateral shift
of the E2 wave function. Conversely, 1↑-3z

↑ , which is for-
bidden by parity for a symmetric quantum well, is now large,
and can be thought of approximately as the 1-2 transition in
a wide well. The spin-flipz transitions are, as before, exactly
forbidden atkx50, and to all intents and purposes forbidden
also whenkxÞ0. 1↑-2x

↓ behaves similarly to 1↑-2x
↓ for the

ordinary quantum well; namely, it is a factor of;1000
smaller than 1↑-2z

↑ at kx50 and decreases rapidly with in-
creasingkx . However, in contrast to the ordinary quantum
well, 1↑-2x

↑ is forbidden only atkx50 and increases quite
strongly withkx up tokx;0.03 Å21. The net contribution to

1-2x from both spin-flip and spin-conserving transitions, in-
tegrating out tokx50.05 Å21, is approximately 0.4% of 1-
2z . However, although the 1-2x intensity is increased rela-
tive to 1-2z in this asymmetric structure, the maximum value
attained by 1-2x is actually comparable to that obtained in
the ordinary quantum well case, which therefore means that
there is no large increase in absolute oscillator strength. In
other words, excitation with a parallel polarization remains
weak.

The structure shown in Fig. 4 has eigenfunctions that are
reasonably similar to those of InSb and InAs inversion lay-
ers, which were studied a decade ago. Our calculations are in
broad agreement with those of this era. Takada and
co-workers14 calculated the conductivitiessxx andszz for an
InSb inversion layer, predicting that the optical intensity of
1-2x is about two orders of magnitude smaller than 1-2z .
Zawadzki,15 arguing as we do here froms-p hybridization,
calculated a much larger ratio, of about 10%, also for InSb.
This latter theory omitted spin completely and reproduces
neither the details of the spin-flip and spin-conserving tran-
sitions as described above nor the effects of spin-orbit inter-
action. Our own results predict factors of;1% for both InSb
quantum wells and asymmetric InSb structures, which im-
plies that even in the very narrow gap system InSb
(Eg50.237 eV! with strong spin-orbit interaction (D50.8
eV!, the parallel excitation mechanism is weak. The results
of Takada and co-workers and Zawadzki had some experi-
mental justification from optical experiments on both InSb
~Refs. 16 and 17! and InAs~Ref. 18! inversion layers, where
a doublet was observed in parallel excitation. It was thought
that one resonance corresponds tox and the other toz exci-
tation, assuming that surface roughness scrambles the polar-
ization to some extent, and that the splitting arises because
the depolarization field acts in thez case, pushing the reso-
nance to higher energy, but not inx. However, it was also
noted that the splitting is very much what one expects from
an additional spin-orbit splitting between the electron motion
in the plane and the confining electric field in the growth
direction.19 To the best of our knowledge, this controversy
has never been completely resolved.

We have also considered a prototype system in InAs/
AlSb/Al 12xGaxSb, designed so that theE1 level in the InAs
well is confined by thin AlSb barriers but lies close to
resonance with the valence-band edge in surrounding
Al12xGaxSb layers. This increases the lh admixture to the
E1 wave function. Conversely, theE2 level at higher energy
is not strongly affected. This structure has recently been
proposed,20 predominantly for a speculative intersubband la-
ser application, as it might be possible to invert the lifetimes
of E1 andE2. We present calculations for just 1-ML AlSb
barriers with an outer barrier alloy concentration adjusted so
that theE1 level lies just 10 meV above the Al12xGaxSb
band edge. Compared to an InAs/AlSb quantum well,E12

and uM12
z u2 remain the same to within;10%, but uM12

x u2

increases, by a factor of;1.9 atkx50. The light-hole am-
plitude in theE1 level also increases, from 8.1% to 16.4%
for the new structure. Thus, it is possible to increaseM12

x by
increasing the light-hole amplitude of theE1 wave function,
but the effects are not particularly large. Furthermore, the
enhancement rapidly disappears as the AlSb barriers are wid-
ened beyond 5 Å, and also the system must be designed so

FIG. 4. uMIJ
x(z)u2 for an asymmetric quantum well (z, solid lines;

x, dotted lines!, the band lineup of which is shown in the inset
along with the energies ands components of the first two levels.
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that theE1 level is within only a few ten’s of meV from
resonance with the Al12xGaxSb valence-band edge; condi-
tions which would clearly be difficult to achieve in practice.

C. Experiments

The general conclusion from the theoretical consider-
ations above on InAs/AlSb systems is that although parallel
excitation of the intersubband transition is not completely
forbidden it is very weak, even in specially designed struc-
tures. We have investigated this point experimentally with
optical experiments on two InAs/AlSb multiple quantum
well samples. The samples have 20 wells, of either 100 or
150 Å thickness, carrier concentrations of 3.031012 and
2.531012 cm22 per well, respectively, and were mounted
into a 4-K cryostat. Spectroscopy was carried out with a
Fourier-transform spectrometer with a reference spectrum
taken either from a substrate or from another InAs/AlSb
sample with different characteristics.

We carried out the experiments with the sample at various
angles to the light beam. The data shown in Fig. 5 were taken
with the samples at the Brewster angle and show strong in-
tersubband absorption. With the sample exactly perpendicu-
lar to the light beam, and therefore with the polarization
exactly in the plane of the quantum wells, we were unable to

detect any absorption. This verifies that the strong absorption
seen when the sample is tilted comes from theEz compo-
nent. We checked this at room temperature~where we can
polarize the incident light! by progressively tilting the
sample. We eliminated the polarization, which is always par-
allel to the surface, and then measured the absorption inten-
sity as a function of angle. The results are plotted in the inset
to Fig. 5 and the solid line is cos2u/sinu, which is howEz
depends on angle21 (u is the angle to the normal in the
sample!. The solid line reproduces the experimental results
extremely well and therefore confirms that there is no strong
Ex excitation.

From our signal:noise ratio of;0.1% we can conclude
experimentally that 1-2x :1-2z,1%, as anticipated from the
above theory.~Note that the maximum absorption does not
scale simply with the matrix elements, as we have a sharp
line in z excitation from the depolarization field, as explained
below, but the full nonparabolicity-induced broadening inx
excitation, so making it more difficult experimentally to ob-
serve thex transition.! We looked also for the 123 transition
in both polarizations and likewise saw nothing, again consis-
tent with the calculations. Although these results are perhaps
not at all surprising, other systems4–6 have apparently given
reasonably strong optical activity in parallel excitation. The
explanation of these results is not obvious, particularly in
light of the fact that the 1-2x :1-2z ratio should decrease rap-
idly with increasing band gap. One possibility is that scatter-
ing, either from surface roughness or from microscopic de-
fects or even from the edges of a mesa, can alter the
polarization, thus giving a significantEz component.

III. DEPOLARIZATION FIELD

It is well known that the screening of the light field by a
high-density electron gas leads to an upward shift in the en-
ergy of the intersubband transition. In a parabolic band
approximation,22 the line shape is unaltered but the absorp-
tion occurs at an energyẼ where

Ẽ25E12
2 1Epl

2 ; ~10!

Epl is a plasma energy given by

Epl
25

2e2NsSE12
«0« r

~11!

andS is the depolarization integral

S5E
2`

` F E
2`

z

c2~z8!c1~z8!dz8G2dz. ~12!

What is less well known, however, is that the depolarization
effect leads to a line narrowing for a nonparabolic system.23

The InAs/AlSb wells here provide an extreme example be-
cause of the high degree of nonparabolicity in the band struc-
ture of InAs and the high carrier concentrations. For in-
stance, a 150-Å InAs/AlSb well populated out to a Fermi
wave vector ofkf50.025 Å21 (Ns5131012 cm22) has an
intersubband energy that is 122.9 meV atkx50 but only
104.4 meV atkx5kf . Owing to the small density of states in
InAs we can safely neglect the exciton effect, which is im-
portant in the wider gap systems GaAs and Si.

FIG. 5. Experimental spectra of InAs/AlSb multiple quantum
wells taken in the Brewster angle geometry, as sketched. The inset
shows the absorption intensity against angle to the normal~outside
the sample! measured at room temperature; the solid line isEz

2

}cos2u/sinu, whereu is the angle to the normal in the sample.
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To incorporate the depolarization effect into our theory
we have extended the original time-dependent perturbation
theory of Allen et al.22 to cope with a multiple-component
wave function. For the real part of the conductivityszz, we
arrive at

Re~szz!5
2e2

\

Ns^z12&
2E

E12~0!
IS G~E!

11~Epl
2 /E12~0!2!G~E! D

~13!

with

G~E!5
1

pNs
E
0

kf kE12~0!2

E12~k!22E22 iEG
dk, ~14!

in agreement with Załuz˙ny.23 In these equations,E is the
light energy, andG is an energy broadening of the levels.24

For an infinitely high quantum well in a one-band model the
S integral can be calculated analytically to give
S55L/9p2, 8.44 Å for L5150 Å. A calculation ofS using
the multiple-component wave functions yields the remark-
ably similar 8.49 Å, and furthermore exhibits practically no
kx dependence. This is another indication of the indepen-
dence of spatial matrix elements on band nonparabolicity. In
contrast to Załuz˙ny,23 who considered a GaAs system with,
therefore, modest nonparabolicity, our model calculations of
Fig. 6 reveal the full extent of the line narrowing through the
depolarization field. We plot the line shape forS50 ~i.e.,
without the depolarization! and for SÞ0 for G51 and 5
meV. It can be seen very clearly in the, unfortunately, as yet
unrealizable caseG51 meV that the main peak in Re(szz)
has a width determined not by the spread of the function
G(E) but simply by the line broadeningG. Additionally,
there is a weak absorption in the one-particle energy range,
which evolves into a low-energy tail at higherG. The inte-
grated absorption is the same in both cases. The energy of
the peak, however, does depend on the spread of the one-
particle energies, i.e., on the carrier density and on the exact
band structure, and is difficult to estimate without computing
the integrals in Eq.~13!.

The experimental data of Fig. 5 for the 150-Å well verify
that the depolarization field is playing an important role in
that the measured energy, 134 meV, is substantially higher
than even the calculatedkx50 single-particle gap, 122.9
meV. Furthermore, the linewidth, 6.6 meV, is considerably
narrower than the broadening expected from nonparabolicity
alone.

To make a further comparison of the calculated and mea-
sured energies we have the problem that the carrier concen-
tration in the 150-Å sample is high enough for the second
subband to be occupied, although, curiously, we have not
seen any experimental evidence that this is the case. We
make the approximation that the first subband is filled so that
the Fermi energy lies just below the second subband. This
corresponds to a density of 1.831012 cm22 for the 150-Å
well. Including the depolarization field and taking
n51.831012 cm22 we calculate an intersubband energy of
132.7 meV, which is in excellent agreement with the experi-
ment.~We cannot expect better agreement than;10 meV, as
we have neglected both band bending and strain, which
make small contributions to the intersubband energy.! For
the 100-Å well, the increased 1-2 energy implies that the

second subband cannot be conceivably occupied at low tem-
perature, and the theory withn53.031012 cm22 predicts
213 meV as against the measured 248 meV. The origin of
this discrepancy is not clear at present.

The absorptionA is related to the conductivity by

A5
Re~szz!

«0cA« r
, ~15!

which allows a direct comparison of the experimentally mea-
sured spectrum with the theoretically calculated conductivity.
We have used Eq.~15! with an approximation for the electric
field distribution21 to estimate experimentally the matrix el-
ement̂ z12&. We find^z12&52865 and^z&52364 Å for the
150- and 100-Å samples, respectively, as compared to the
calculated 31.0 and 21.9 Å. In fact, a more precise way of
measurinĝ z12& is to excite the intersubband resonance with
an in-plane magnetic field and light polarized in the plane,25

thus avoiding the complications of the field distribution in
the Brewster angle geometry. With this technique, we find
the similar^z12&525.0 Å for the 150-Å well.

IV. CONCLUSIONS

The one-band picture of intersubband resonance has come
under attack recently because nonparabolicity implies sub-

FIG. 6. The calculated real part of the conductivity for a 150-Å
quantum well with carrier concentration 131012 cm22. S50 ~dot-
ted lines! neglects the depolarization field;SÞ0 ~solid lines! in-
cludes it, and results are given for values of the broadening param-
eterG, 1 and 5 meV.
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stantial p-type wave-function admixture in the eigenfunc-
tions, which is obviously neglected in the simple picture. We
have presented here both calculations and experiments perti-
nent to InAs/AlSb quantum wells where nonparabolicity ef-
fects, as judged by band-structure measurements such as cy-
clotron resonance, are known to be particularly large.
Intersubband resonance can be described by essentially three
properties, the energy, the matrix element^z12&, and the line
shape. We find that only the energy of the transition is
strongly influenced by the nonparabolicity. The one-band es-
timate of ^z12& differs only by ;10% as compared to a
multiband calculation in thek•p approximation. The one-
band picture predicts that other matrix elements correspond-
ing to 1-2x , 1-3x , and 1-3z are rigorously zero. In the multi-
band picture this is not correct, but we find that the 1-3
matrix elements are negligibly small, and that 1-2x is at most
;1% of 1-2z . Furthermore, we show that the nonparabolic-
ity broadening does not strongly influence the line shape
because of the very pronounced effect of the depolarization
field. A comparison of measured intersubband absorption
with our theory gives most satisfactory agreement.

The results on the line narrowing are important in a de-
vice context, as a broad response would be undesirable for
detectors and lasers based on the intersubband transition. The
calculations also show that, for a given intersubband energy
and carrier concentration, the matrix element^z12& should be
made as large as possible to achieve the maximum absorp-
tion. This immediately implies that a narrow-gap material
offers significant advantages over GaAs in that for a given
energy the well can be much wider, leading to a larger
^z12&.
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