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Intersubband resonances in InAs/AISb quantum wells: Selection rules, matrix elements,
and the depolarization field

R. J. Warburton, C. Gauer, A. Wixforth, and J. P. Kotthaus
Sektion Physik der Ludwig-Maximilians-Universitdunchen, Geschwister-Scholl-Platz 1, 80539rden, Germany

B. Brar and H. Kroemer
Department of Electrical and Computer Engineering, University of California, Santa Barbara, California 93106
(Received 2 May 1995

We present both theoretical and experimental results on the intersubband resonance in InAs/AISb quantum
wells. From a KaneK-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 elemenz) 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 convengan#ation. 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 shage)amdtrix element.

I. INTRODUCTION conduction-band and valence-bang states is much larger
than in the more conventional GaAs system. This mixing is
In the conventional picture of intersubband resonance in &esponsible, for instance, for the large conduction-band non-
quantum well it is argued that the confinement dictates thaparabolicity observed in this systeiBecondly, the carrier
the electric vector of the light must lie along the growth densities can be very high, up to<8.0'> cm~?, largely by
direction (z) in order to excite the transition. This is not ideal Virtue of the very high -2 eV) conduction-band barrier
for potential device applications as a grating on the surfac@eight. This implies that the conduction band i's occupied out
of the device is required to couple in normal incidence light!® @ very large in-plane wave vectly, enhancing any ma-
through the near-field effect. This one-band picture of inter{fix €lements that depend d+0. Finally, an InAs/AISb
subband resonance has recently been challenged by sevefiggntum well that is symmetric under reflection can be con-

groups who consider a multiband description of the band;'d?red to exglorg the cgnSﬁquer;ﬁes Off p?rity. of co;Jrse_,
structuret~3 The general result is that through band coupling,Sys ems can be designed where the Tetiection symmetry 1S

notably coupling of the conduction states with the Iight-holebmken’ as discussed below, and we find that this leads to
. i results similar to those obtained more than a decade ago for
and heavy-hole states, all possible transitions are allowed,

least i inciol . llek itati hen th As inversion layers.
east In principle, even In parafle | excitation when the Nonparabolicity has clearly a large influence on the sub-
electric vector of the light lies in the plane of the quantum

: . band energies, and it would therefore be expected that at
well. However, the detailed results are somewhat contradlchigh density the intersubband resonance would become
tory and confusing. Shikclaims that the 1-2:1-2, intensity broad as the 1-2 energy k=0 is substantially higher than
ratio approaches 1:4 in the limit of strong spin-orbit cou-nat at the Fermi wave vectdy=k; . However, we find that
pling. Conversely, Yangt al maintain that in ordinary cir- this broadening is eliminated by the depolarization field, the
cumstances 1521-2, is very small, but that it can be in- resonant screening by the high-density electron gas. In light
creased considerably by appropriate band-structuref this, a second aim of the paper is to make some general
engineering. These authors also consider the 1-3 transitiogomments as to the real role of band nonparabolicity in in-
where it is shown that the intensity of 1-& larger than that tersubband resonance.
of 1-3,, but no comparison is made with the strong ,1-2
Very recently, Peng and Fonstasliggested that coupling of
the valence band to the higher conduction band leads to Il. MATRIX ELEMENTS
1-2,:1-2,~1:1 for GaAs. There are also several experimen-
tal reports of strong intersubband absorption in parallel
excitation®~® We attempt here to resolve some of these is- In the envelope function scheme, the total wave function
sues. is expanded as

We present both calculations and experiments on InAs/
AISb quantum wells, which are very well suited for an in-
vestigation of band coupling effects for a number of reasons. W(r)= 2 explik;- N éi(2)|i), (1)
First, InAs has a small band gap so that the mixing of i

A. Quantum well calculations

0163-1829/96/5@2)/79038)/$10.00 53 7903 © 1996 The American Physical Society



7904 R. J. WARBURTONeEet al. 53
where thdi) are the Bloch functions, varying rapidly on the ~ TABLE I. The parameters used in the calculations for InAs/
atomic scale, thep;(z) are the envelope functions, varying AlSb/In,Ga; _,As structures.

on the scale of the quantum well potential, and the factoF

exp(k-r) simply expresses the translational symmetry in InAs AlISb InGay xAS
the ngl plane. Thg grqwth dlrec.tlon is tqkenzaand in the E, (V) 0.418 232 0.677
following we consider just the& direction in the plane. The A (eV) 0.38 0.75 0.371
¢;’s are related to each other by an effective Hamiltonian, V) 2'1 5 ' '
which can be derived in a number of different approxima- _° :

. . . . S (eV) 0.0 -0.198 0.059
tions. We are interested here in the properties of the conduc- 1295

tion band so we have taken the Kérferm of the Hamil-  °'
tonian, which includes t®(k?) the couplings between the
conduction, heavy hole, light hole, and spin-orbit split-off
bands 6, hh, Ih, and so, respectivelput neglects the inter-
actions with the other energetically remote bands. Thi
model is known to reproduce at least the conduction-ban
nonparabolicity accurately, both for bulk InAs and InAs
guantum wells, as can be judged, for instance, from cyclo
tron resonancéWe do not reproduce all the details here, as
they are straightforward elaborations of existing results, bu
rather comment on the salient points.

The Hamiltonian is & 8 but nevertheless simple to solve
following the observation of Yangt al! that the envelope
functions for the conduction-band spin-up and spin-down
states can be chosen independently. Physically, this means ( l/,||kx(z)|,/,F>:
that the quantum well solutions are predominasttyor s|
but with admixtures of thep-like valence-band states. We
use the spin] or |, as a label for the solutions, but it should + f (¢i|)*kx(z)¢i':dz> Sd . (B
be borne in mind that, because of the valence-band admix- [ XX
ture, it is not a rigorous quantum number. The energy eigen-
values can be determined by setting one ofgtstate¢’s to
zero, and systematically eliminating all the other compo- 500 — T T T T
nents. We define a position-dependent mass by

The solutions for a 150-A InAs/AISb quantum well, using
the parameters as listed in Table I, are shown in Fig. 1. Al-
ough the barriers are very high the solutions differ drasti-
ally 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
{(X are obviously not parabolic even at moderkte
To calculate the matrix elements between the states we
make the standard separation of k@ wave function in the
electric dipole approximatiotf,

S (ilkli) | (8" ofdz

% 400 |
1 Ep 2 1 £
* =5 + ’ (2) g
m*(z) 3 \E+d8(z) E+A(2)+8(2) > 300
in direct analogy with the band-edge mass given by g
1 _Ef2 1 5 é 200
w5 B \E, E,+A) @ 5
é 100
whereE, Eg, A, Ej, andé are the energy, the fundamental 5 :
band gap, the spin-orbit splitting, the Kane energy, and the © 0
valence-band offset, respectively. The energy scale is defined 275

such that the valence-band edge lies at enefrdgyin each
layer. § is conveniently chosen to be zero for the well. The
k-p Hamiltonian then yields

250
225

%2 ) h2 200
- mkx—kzmkﬁ Eq(2)—8(2) | 1 175 L ]
=E¢s, 4 150 .
125 L 2-3]

k,— —idldz, and for a quantum well we have three separate
layers whereey, A, andé are constant, so that solutions can
be found by solving Eq4) in the well and barriers and then
by applying the boundary conditiohshat ¢}°'= 2" and
UM e dp/dz=1Im¥dd,/dz at each interface.m},, 4
(mf,,) is the mass obtained from ER) by inserting the In-plane wave vector (A”)

well (barriep parameters. Note that the nonparabolicity is

revealed by the explicit energy dependence in all these equa- FIG. 1. (a) The subband confinement energies, éndhe inter-
tions. subband energies for a 150-A InAs/AISb quantum well.

Intersubband energy (meV)

100 \
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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 thE1] andE1]| levels. The parities all reverse 0.02

002
for the E2 solutions.

. 000 § Y 0.00
State Bloch E17 E1| g : :

o : :
1 sT even 0 \—:, R 1 1 . | L 1 ] ] -0.02
2 hh even 0 = : :
3 lh] even odd 05 | 5 4 oo0s
4 sa| even odd @ : i ' '
5 s| 0 even < 0.00
6 Iht odd even ﬁs : ; ‘ ‘
! hh 0 even 005k, oo 14005
8 sal odd even :

The first term is the “interband” term and dominates by a
factor of ~1/m§ (=43 for InAs) over the second ‘“intra-
band” term, which can therefore be neglected for most prac-
tical purposegalthough we have retained it in the numerical
routines. To proceed we need to determine the nonzero

lol (A1)

(ilky»li)- We have adopted the labeling and phase conven- ol Ny
tions of Weile!! (see Table Il and find thats] couples 100 50 0 50 100 -100 50 O 50 100
through k, with hht, Ih|, and s@ ((1|k.2), (1]|kl3), z(A) z(A)

(1|k,|4)#0). Converselys! couples througtk, with the
opposite spins, lhand sq, but does nof[ Coupl_e at all with FIG. 2. The envelope functiong; relevant in the calculation of
the heavy-hole states. Fet, all the spins quite naturally he electric dipole matrix elements for the transitions2j and
reverse. In_each case, these matrix elemer_lts are mdependqm_tzi . The arrows show whickb.¢;, products must be integrated:
of k (as is obvious by writing a velocity operator as thes and so states are similarly connected. Eq) polarization,
1/.0H1 dky(,)) ,*? differing one to another by small real num- thess, Ih, and so states all have the safopposité spin. The per-
bers. centages by each state are the amplitudes, defined by
In the following we refer to{y'[kyy|¥7) by M{$?, and  a=/.|¢|?dz.
1-J,(y refers to the oscillator strength, whicheigM{?|2. In
every case transitions are allowed by interactions of thavhich are in agreement with those of Yaagal" However,
conduction-band component in one state with the valencethe guestion is, just how large are the matrix elements for the
band components in the other. In this sense, intersubbarifrious transitions?
transitions are not fundamentally different from interband Itis instructive to consider the simple but illustrative case
transitions, as has been pointed out by Khurdiwith these  at k,=0, which we pursue analytically by making the very
results all that is necessary is to work out the correspondingeasonable assumption that the vast majority of the wave
overlap integrals of the envelope functions. function lies in the well. The envelope functions making up
Some general remarks can be made simply from the synthe E1 andE2 solutions are shown in Fig. 2, and the per-
metry under the transformatian— —z of the quantum well centage marked by each state is a measure of the amplitude
potential, which implies that each envelope function has a@s defined byy;= [~ |#;|?dz For instance, thE11 state at
definite parity. The dominant component, for instargefor k=0 is 90.8%s7 like, 8.1% I like, and 1.1% sb like.
spin-up, has ever1, E3, etc) or odd (E2, E4, etc) parity,  The Ih admixture increases to some 17.5% for Hie solu-
and the other components have the same parity if they argon. The arrows in Fig. 2 show whichand |h states couple
proportional tok,¢, (components 2, 3, and) 4r opposite according to the selection rulgSable Ill) and the nonzero
parity if proportional tok,¢, (components 6 and)8Similar  (i|ke|j). Fork, the four integrals for the spin-conserving
remarks apply for the spin-down solutions. Simply from theprocessadd and give a large matrix element, which can be
parity we come to the selection rules listed in Table I, calculated as

E,|l 2 2 1 1
TABLE Ill. The selection rules for intersubband transitions in a —p[—+ _ 4+ —— I

symmetric quantum welk (z) polarization implies that the electric 6|E. E; EitA Ep,t+A
vector lies perpendiculgparalle) to the growth direction. 1 1 1

== + | (6)
Polarization 1-2 1-3 z[m*(El) m* (Ey)

spin flip spin conserving with | =[ (¢ *k,¢5%dz. This has the same form as the

z spin conserving spin flip one-band result but the effective masses!(E;) and

m* (E,), obtained by insertings; andE, into Eq. (2), are
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trix element. This argument applies for bdwy, andM?,,

but the numerical calculations of Fig. 3 show that the
k.-induced mixing is more deleterious fdvl}, than for
M7,. Figure 3 also shows thkl}; amplitude; theM?; am-
plitude is not included because, even lg=0.05 A1,

M3, is as small as 210 ° A2, In both casesM,3=0,
whenk,=0 as the optically important light-hole states are
mixed ok, in this case. FoM?; the parity forces the transi-
tion to be spin flip, and we find that the interference effect
plays a role, as foM?},. This is not the case for the spin-
conservingM{; 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
Yang et al. that M’3>M715, but this is a somewhat specious
comparison adl’;<M7,.

34 — T : Figure 3 also shows the spatial matrix element
(z1=(42|?)|, which can be quite generally derived

33| (b) 2-3, | from

M ijz ( A—Z)

h? M3

32 _h®
| i <212>_ Mo E12 .

9

z (A

. Z -
3 -\———/ We find that(z,,) is essentially independent &f. This is
. ) . despite the radical change in the wave-function admixture
38_00 0.01 002 003 004 005 that occurs a, is increased. Furthermore, the absolute
» value is very close to that obtained from a naive one-band
In-plane wave vector (A™) model. In order to give a fair comparison with the multiband
model, in the one-band calculation we take the energy-
FIG. 3. (a) |Mr}z)|2:|<l//||kx(z)|l!/J>|2 (z, solid lines:x, dotted indeper_ldent MasSeBye and my,,, to l?e 0.023 and 0.117,
lines), and(b) (z,,)=|(#'|z|4")| as a function of the in-plane wave respectively, as given by Eq(3) using the parameters
vectork, for a 150-A InAs/AISb quantum well. of Table I, and assume continuity of Myedp/dz
=1/my,d¢ldz. We have, ak,=0, (z;,)=31.0 A from the
quite different from the band_edge value. F[qr, however, multiband mOdel, and the very similar 33.2 A from the one-
although each individual overlap integral for th@-E2 tran-  band model. Thez,;) matrix elements are also very similar,
sition is large, the signs are different so that the net matrix33-5 A in the multiband calculation, as opposed to 34.8 A in

element is small. We find the one-band calculation. The relative differenceEip (at
k,=0) between the calculations in the one-band model

E, 1 1 1 1 (141.9 meV and multiband mod€l122.9 meV is about the

6| E,TETE A Eaal" (") same as the relative differencein.,)? for this 150-A quan-

o o tum well. However, this no longer applies for a narrower
The ratioM1,/M1, is then small. In the limit that the con- quantum well where th&, energy is strongly influenced by
finement energies are small compared to the band gap, amle nonparabolicity, but théz,,) matrix element remains the

writing E;—E;=E;,, we find same to within~10% between the two models. We are thus
y led to conclude that nonparabolicity makes a significant dif-
‘ 12‘ _ E12A(2Eg+A) ) ference to the intersubband energies but that spatial matrix

M iz\ B 2E4(Eg+A)(3E4+24)° elements are largely unaffected. This means that the selection
rules and matrix elements as obtained from a naive approach
which gives approximatelyM,:M7,|°=1-2,:1-2,=0.1%  gre actually remarkably accurate.

for an InAs/AISb quantum well witfE;,~100 meV. Note
that whenA =0 the quantum interference is complete such

that M},=0; and also that an error in the phase can lead to B. Alternative structures

the erroneous factor 1:4 in the limk— o, We have shown above that for an InAs/AISb quantum
Exact numerical results for a 150-A quantum well arewell the matrix elemenM?, is very small in comparison to
shown in Fig. 3. It can be seen that bd¢h), and M7, de- 1., largely for two reasons. First, the reflection symmetry

crease with increasing,. The reason for this is that the forbids the spin-conserving transition inpolarization, and
nonzerok, causes other states to be admixed. For instancesecondly, for the allowed spin-flip transition tlel(Ih)-E2
theE17 solution has considerable hland Ihl amplitude for  (s) andE1(s)-E2(lIh) integrals tend to cancel. The purpose
k.#0, yet these states do not contribute to the matrix eleof this section is to examine to what extent these limitations
ment; the amplitude of the optically active states is thencan be overcome by considering a structure with no well-
forced to diminish, leading to a reduction in the overall ma-defined parity for which the spin-conserving 1-2ansition
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1-2, from both spin-flip and spin-conserving transitions, in-
tegrating out tck,=0.05 A1, is approximately 0.4% of 1-
2,. However, although the 1j2intensity is increased rela-
tive to 1-2, in this asymmetric structure, the maximum value
attained by 1-2 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-workers* calculated the conductivities,, ando,, for an
InSb inversion layer, predicting that the optical intensity of
1-2, is about two orders of magnitude smaller than ,1-2
Zawadzki® arguing as we do here frosp hybridization,
calculated a much larger ratio, of about 10%, also for InSh.
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-ofL % for both InSh
quantum wells and asymmetric InSb structures, which im-
plies that even in the very narrow gap system InSb
(Eg=0.237 eV} with strong spin-orbit interactiony=0.8
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 2j7and InAs(Ref. 18 inversion layers, where
a doublet was observed in parallel excitation. It was thought
that one resonance corresponds tand the other t@ exci-
tation, assuming that surface roughness scrambles the polar-
. ) ) ization to some extent, and that the splitting arises because
is no longer forbidden, and also a well where the light-holey,e depolarization field acts in trecase, pushing the reso-
coupling toE1 is enhanced relative to that B2 so thatthe 15nce to higher energy, but not ia However, it was also
cancellation is far from complete. noted that the splitting is very much what one expects from
In order to break the reflection symmetry we present calyp, additional spin-orbit splitting between the electron motion
culations for the structure shown in the inset to Fig. 4, & the plane and the confining electric field in the growth
quantum well with a step, in this case InAsfBa;_,As.  gjrection!® To the best of our knowledge, this controversy
The parameters were chosen so that the first I&EliS  pas never been completely resolved.
strongly confined to the InAs but the second let# lies We have also considered a prototype system in InAs/

above the energy of t_he step and so has a wave funqtion thaisp/al .- Ga,Sh, designed so that thel level in the InAs
spreads over the entire structure. Thenvelope functions \ye|l is confined by thin AlSb barriers but lies close to

are sketched, and confirm that a parity cannot be defined. Fegsonance with the valence-band edge in surrounding
a fair comparisor_1 with the straightforward InAs_/AISb quan-a|,  Ga,Sh layers. This increases the Ih admixture to the
tum well, the widths and ljGa, As composition were g1 wave function. Conversely, tHe2 level at higher energy
chosen so thé,, is to within a few meV the same as before. js not strongly affected. This structure has recently been
The momentum matrix elements are plotted as a function ofroposed® predominantly for a speculative intersubband la-
k, in Fig. 4, and we make the following observations- 1 ger application, as it might be possible to invert the lifetimes
2; is smaller than before, simply because of the lateral shiftf 1 andE2. We present calculations for just 1-ML AlSb

of the E2 wave function. Conversely,'13], which is for-  barriers with an outer barrier alloy concentration adjusted so
bidden by parity for a symmetric quantum well, is now large, that theE1 level lies just 10 meV above the Al,Ga,Sb

and can be thought of approximately as the 1-2 transition ithand edge. Compared to an InAs/AISb quantum wejh,

a wide well. The spin-flip transitions are, as before, exactly and |MZ2,|? remain the same to within-10%, but|M%,/?
forbidden atk,=0, and to all intents and purposes forbiddenincreases, by a factor of 1.9 atk,=0. The light-hole am-
also whenk,#0. 1'-2, behaves similarly to 2, for the  plitude in theE1 level also increases, from 8.1% to 16.4%
ordinary quantum well; namely, it is a factor 0f1000  for the new structure. Thus, it is possible to increlEl by
smaller than 1-2] atk,=0 and decreases rapidly with in- increasing the light-hole amplitude of tiL wave function,
creasingk, . However, in contrast to the ordinary quantum but the effects are not particularly large. Furthermore, the
well, 11-2] is forbidden only atk,=0 and increases quite enhancement rapidly disappears as the AISb barriers are wid-
strongly withk, up tok,~0.03 A1, The net contribution to ened beyond 5 A, and also the system must be designed so

FIG. 4. [M{?|? for an asymmetric quantum welt( solid lines;
X, dotted line$ the band lineup of which is shown in the inset
along with the energies arslcomponents of the first two levels.
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— 7 detect any absorption. This verifies that the strong absorption
seen when the sample is tilted comes from Eyecompo-
nent. We checked this at room temperatOndiere 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 cé4/sing, which is howE,
o | depends on andit (4 is the angle to the normal in the
:0 20 40 60 sample. The solid line reproduces the experimental results
Angle extrem_ely_ well and therefore confirms that there is no strong

0.92 - 150 A InAs/AISb . E, excitation.

—_— L From our signal:noise ratio of-0.1% we can conclude
110 120 130 140 150 160 experimentally that 1-21-2,<1%, as anticipated from the
' o 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 broadeningxin
excitation, so making it more difficult experimentally to ob-
serve thex transition) We looked also for the 4 3 transition
in both polarizations and likewise saw nothing, again consis-
tent with the calculations. Although these results are perhaps
not at all surprising, other systefi§ have apparently given
0.96 1 i reasonaply strong optical actiyity in pargllel excita_ltion. Th.e
‘ 100 A InAs/AISb explanation of these results is not obvious, particularly in
Ly light of the fact that the 1-2 1-2, ratio should decrease rap-
180 200 220 240 260 280 300 320 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 significaf, component.
FIG. 5. Experimental spectra of InAs/AISb multiple quantum

1.00

0.98

0.96

Transmission

0.94

Int. absorption (a.u.)

1 T

1.00

0.98

Transmission

Energy (meV)

wells taken in the Brewster angle geometry, as sketched. The inset Il. DEPOLARIZATION FIELD
shows the absorption intensity against angle to the notmakide
the samplg measured at room temperature; the solid lineEfs It is well known that the screening of the light field by a

«cogdlsing, whered is the angle to the normal in the sample. high-density electron gas leads to an upward shift in the en-
ergy of the intersubband transition. In a parabolic band

that theE1 level is within only a few ten’s of meV from approximatiorf? the line shape is unaltered but the absorp-

resonance with the Al ,Ga,Sb valence-band edge; condi- tion occurs at an enerdy where
tions which would clearly be difficult to achieve in practice.

E2=E2,+E3; (10
C. Experiments Ep is a plasma energy given by
The general conclusion from the theoretical consider- 2e2N.SE
. . 2 €"Ng 12
ations above on InAs/AISb systems is that although parallel Ep|=—8 e (11)
0¢r

excitation of the intersubband transition is not completely
forbidden it is very weak, even in specially designed struc-andS is the depolarization integral
tures. We have investigated this point experimentally with
optical experiments on two InAs/AISb multiple quantum o
well samples. The samples have 20 wells, of either 100 or S= ﬁw
150 A thickness, carrier concentrations of 800" and
2.5x 10" cm~2 per well, respectively, and were mounted What is less well known, however, is that the depolarization
into a 4-K cryostat. Spectroscopy was carried out with aeffect leads to a line narrowing for a nonparabolic systém.
Fourier-transform spectrometer with a reference spectrunthe InAs/AISb wells here provide an extreme example be-
taken either from a substrate or from another InAs/AlShcause of the high degree of nonparabolicity in the band struc-
sample with different characteristics. ture of InAs and the high carrier concentrations. For in-
We carried out the experiments with the sample at varioustance, a 150-A InAs/AISb well populated out to a Fermi
angles to the light beam. The data shown in Fig. 5 were takewave vector ok;=0.025 A~ (N;=1x 10" cm~?) has an
with the samples at the Brewster angle and show strong inntersubband energy that is 122.9 meVigt=0 but only
tersubband absorption. With the sample exactly perpendicut04.4 meV ak,=k; . Owing to the small density of states in
lar to the light beam, and therefore with the polarizationinAs we can safely neglect the exciton effect, which is im-
exactly in the plane of the quantum wells, we were unable tgortant in the wider gap systems GaAs and Si.

2

ﬁz YA ()Yt (z')dZ | dz (12
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To incorporate the depolarization effect into our theory 5x1073 ; T . . r .
we have extended the original time-dependent perturbation L =1 meV
theory of Allen et al?? to cope with a multiple-component ax10? | ]
wave function. For the real part of the conductivity,, we X
arrive at =
o 3x10° .
2e? Ny(z12)°E G(E) :“
Reloz7) i E10) 1+(E§|/E12(0)2)G(E) L 2x0® .
(13 i
with 1x1073
1 (ks KE1»(0)? 0
G(E) WNJO Ek2-E—iEeroe 14 g ————
in agreement with Zafuw.?® In these equationsE is the L =5 meV
light energy, and” is an energy broadening of the levéfs. 8x10* | =
For an infinitely high quantum well in a one-band model the
S integral can be calculated analytically to give 6x10° |
S=5L/972, 8.44 A forL=150 A. A calculation ofS using o
the multiple-component wave functions yields the remark- = “
ably similar 8.49 A, and furthermore exhibits practically no N 4x107 1
k. dependence. This is another indication of the indepen- @
dence of spatial matrix elements on band nonparabolicity. In x4 - =
contrast to Zatuay,>® who considered a GaAs system with,
therefore, modest nonparabolicity, our model calculations of 0 Lo -"'I . RARERE T

Fig. 6 reveal the full extent of the line narrowing through the 80 100 120 140

depolarization field. We plot the line shape =0 (i.e.,

without the depolarizationand for S#0 for I'=1 and 5 Energy (meV)

meV. It can be seen very clearly in the, unfortunately, as yet

unrealizable cas€ =1 meV that the main peak in Re{,) FIG. 6. The calculated real part of the conductivity for a 150-A

has a width determined not by the spread of the functiorhuamum well with carrier concentration<i10'2 cm~2. S=0 (dot-
G(E) but simply by the line broadening. Additionally,  ted lines neglects the depolarization fiel&+0 (solid lineg in-
there is a weak absorption in the one-particle energy rangejudes it, and results are given for values of the broadening param-
which evolves into a low-energy tail at highEr The inte-  eterI", 1 and 5 meV.
grated absorption is the same in both cases. The energy of
the peak, however, does depend on the spread of the onsecond subband cannot be conceivably occupied at low tem-
particle energies, i.e., on the carrier density and on the exaglerature, and the theory with=3.0x 102 cm~? predicts
band structure, and is difficult to estimate without computing213 meV as against the measured 248 meV. The origin of
the integrals in Eq(13). this discrepancy is not clear at present.
The experimental data of Fig. 5 for the 150-A well verify ~ The absorptiorA is related to the conductivity by
that the depolarization field is playing an important role in
that the measured energy, 134 meV, is substantially higher Re o,,)
than even the calculatek,=0 single-particle gap, 122.9 A= N
meV. Furthermore, the linewidth, 6.6 meV, is considerably EoCVer
narrower than the broadening expected from nonparabolicityhich allows a direct comparison of the experimentally mea-
alone. sured spectrum with the theoretically calculated conductivity.
To make a further comparison of the calculated and meawe have used Eq15) with an approximation for the electric
sured energies we have the problem that the carrier concefield distributiorf* to estimate experimentally the matrix el-
tration in the 150-A sample is high enough for the SeCOﬂdament(zn). We find(z,,) =28+ 5 and(z)=23+4 A for the
subband to be occupied, although, curiously, we have nof50- and 100-A samples, respectively, as compared to the
seen any experimental evidence that this is the case. Wealculated 31.0 and 21.9 A. In fact, a more precise way of
make the approximation that the first subband is filled so thagneasuring z,,) is to excite the intersubband resonance with
the Fermi energy lies just below the second subband. Thign in-plane magnetic field and light polarized in the pl&he,
corresponds to a density of %802 cm™2 for the 150-A  thus avoiding the complications of the field distribution in
well. Including the depolarization field and taking the Brewster angle geometry. With this technique, we find
n=1.8x 102 cm~2 we calculate an intersubband energy of the similar(z;,)=25.0 A for the 150-A well.
132.7 meV, which is in excellent agreement with the experi-

(15

ment.(We cannot expect better agreement thatD meV, as IV. CONCLUSIONS
we have neglected both band bending and strain, which
make small contributions to the intersubband engrgpr The one-band picture of intersubband resonance has come

the 100-A well, the increased 1-2 energy implies that theunder attack recently because nonparabolicity implies sub-
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stantial p-type wave-function admixture in the eigenfunc-  The results on the line narrowing are important in a de-
tions, which is obviously neglected in the simple picture. Wevice context, as a broad response would be undesirable for
have presented here both calculations and experiments pertletectors and lasers based on the intersubband transition. The
nent to InAs/AISb quantum wells where nonparabolicity ef-calculations also show that, for a given intersubband energy
fects, as judged by band-structure measurements such as Gfd carrier concentration, the matrix elemént) should be
clotron resonance, are known to be particularly largemade as large as possible to achieve the maximum absorp-
Intersubband resonance can be described by essentially thrggn This immediately implies that a narrow-gap material
properties, the energy, the matrix elemeny), and the line  offers significant advantages over GaAs in that for a given

strongly influenced by the nonparabolicity. The one-band €S{z,,).

timate of (z,,) differs only by ~10% as compared to a
multiband calculation in thé-p approximation. The one-
band picture predicts that other matrix elements correspond-
ingto 1-2,, 1-3,, and 1-3 are rigorously zero. In the multi-
band picture this is not correct, but we find that the 1-3 The work in Munich was sponsored by the Volkswagen
matrix elements are negligibly small, and thatli2at most  Stiftung. The Santa Barbara group would like to acknowl-
~1% of 1-2,. Furthermore, we show that the nonparabolic-edge support from the Office of Naval Research, QUEST,
ity broadening does not strongly influence the line shapend the NSF Science and Technology Center for Quantized
because of the very pronounced effect of the depolarizatio&lectronic StructuregGrant No. DMR 91-20007 R.J.W.
field. A comparison of measured intersubband absorptiomvould like to thank both the Alexander von Humboldt Stif-
with our theory gives most satisfactory agreement. tung and the EEC for financial support.
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