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We show by numerical diagonalization that the presence of interface defects leads to a small low-energy
redshift of the intersubband magnetoabsorption in single quantum wells but to a large blueshift in double
quantum wells with very thin intermediate barrier. The blueshift is associated with states that localize around
voids in the thin defective barrier.
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In the search of THz absorbing or emitting devices, it
often happens that a wide single quantum well �SQW� is
split into two �or more� by inserting one �or several� very
thin �one or a few monolayers� barrier�s� in the vicinity of
the center of the wide SQW. It becomes effectively a double
�or triple, or more� well �DQW, TQW, etc., with a very
strong tunnel coupling between the wells. Placing a repulsive
potential near the center of the wide well allows decreasing
the energy E2−E1 of the ground intersubband transition1 in a
controllable fashion. However, to our knowledge, the impor-
tance of interface defects of thin intermediate barriers on the
device behavior has not been fully realized. The effects of
interface defects on intersubband absorption or emission �at
magnetic field B=0 or B�0� are usually taken into account
by means of a level lifetime or by accounting for an inho-
mogeneous broadening. Both procedures amount essentially
to rounding off the delta function of the energy conservation
in the intersubband line shape.2–7 Exact diagonalization of
lateral disorder has also been tackled at B=0 for the study of
the intersubband8 and interband9,10 transitions of a SQW. In
the specific case of interface defects of very thin barriers
�ideally monolayer �ML� barriers� the interface defects are
voids in these barriers, thereby allowing the existence of lat-
erally confined electron states for which the barrier simply
does not exist. Under such a circumstance, for the electrons
in these void states the sample is no longer a DQW but a
broad SQW with an intersubband transition energy that
markedly differs from the ideal DQW one. To directly probe
the voids states requires a taylorable lateral confinement. A
strong magnetic field applied parallel to the growth axis of
the DQW structure provides it. We note that a strong mag-
netic field is known to significantly alter the output power of
quantum cascade lasers �QCL�.6,7,11–13 Together with the im-
provement of the laser performance, shifts of the lasing tran-
sitions are often observed.12,13 Here, we would like to point
out a possible origin of these shifts, namely, the unavoidable
existence of interface defects.

We shall establish in this work that the laterally confined
void states affect very strongly the optical response of DQW
based emitters or absorbers. We shall first show that the in-
terface defects always induce a small low-energy redshift of

the E1→E2 absorption in a SQW. We shall then demonstrate
that the void states in a DQW have a distinct optical signa-
ture since they lead to a large blueshift of the ground inter-
subband absorption when the temperature T decreases or B
increases, in striking contrast with the SQW case.

We consider either a SQW or a DQW with two wells
separated by a thin barrier. A strong magnetic field is applied
parallel to the z direction. The vector potential is taken as
A� = �0,Bx ,0�. We work in the envelope function approxima-
tion, that is known to be accurate even in short period GaAs/
AlAs superlattices.14 The hamiltonian reads

H = H0 + Vdef�r�� ,

H0 =
px

2

2m�
+

�py + eBx�2

2m�
+

pz
2

2m�
+ VSQW/DQW�z� ,

Vdef�r�� = Vb �
j,�i�j�

sign�i, j�exp�−
��� − �� i�j��2

2�2 �Fj,i�z� . �1�

In Eq. �1� VSQW/DQW is the z-dependent potential profile of
the ideal SQW/DQW and Vb is the barrier height. Vdef is the
potential energy due to the interface defects. It is modeled by
a sum of Ndef,j Gaussian potentials located at random sites
�� i�j� in the layer plane for the jth interface. In Eq. �1�,
sign�j , i� is −1 when the well protrudes in the barrier and +1
in the opposite case, and Fj,i�z� define the z region where
the defect at �� i�j� is placed. For instance, if the jth ideal
interface is at z=zj and corresponds to a well �barrier� at
z�zj�z�zj�, for an attractive or repulsive defect of thickness
there is Fji

attractive�z�=��z− �zj −h����zj −z� and Fji
repulsive�z�

=��z−zj����zj +h�−z�.
The sites �� i�j� are taken uncorrelated as well as their dis-

tribution on the interfaces. The number of defects of a given
interface is specified in terms of an effective coverage of the
surface S : fr=Ndef,j��2 /S. Moreover, we ensure that the total
�i.e., for all interfaces� number of attractive and repulsive
defects gives a zero average for the diagonal matrix elements
of the defect potential Vdef

ll ���� �l is the subband index, see
below�. In the numerical calculations, we take for all struc-
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tures: �=10.8 nm, fr=0.15 for all interfaces, a finite sample
area of 200 nm�200 nm, the material parameters for
GaAs/AlGaAs QWs �Vb=0.393 eV, effective masses m�

=0.07m0 in the wells and m�=0.124m0 in the barriers, and
aML=0.283 nm for the ML thickness�, and one ML defects
�h=aML�. Finally, for the intermediate barrier of the DQW
structure, the repulsive defects are placed only at the left
interface.

The defect potential has been diagonalized on the basis
where H0 is diagonal. In addition, since the defect potential
is weak, the mixings between different subbands were disre-
garded. Intrasubband inter-Landau levels �LL� mixings were
considered for completeness. We found that they do not pro-
vide much difference compared to the situation where we
retain a single Landau level in the basis �except to induce
optical transitions that are optically forbidden�. The particu-
lar resonant fields, where two LL’s belonging to different
subbands cross, were avoided. Under such circumstances, for
a given subband l the defect potential becomes quasi-two-
dimensional �2D�. For instance,

Vdef
ll ���� = �

j

�l,j�
�� i�j�

exp�−
��� − �� i�j��2

2�2 � ,

�l,j = Vb�
zj

zj+h

	l
2�z�dz , �2�

where the specific case of repulsive defects sitting on the
barrier/well interface at zj has been considered and where
	l�z� is the wave function corresponding to the El; subband.
This is this effective in-plane potential that lifts the degen-
eracy of the unperturbed LL.

An unperturbed SQW or DQW admits strict optical selec-
tion rules for intersubband magneto-optical transitions. Only
transitions that conserve the LL index as well as the center of
the orbits are allowed if the electromagnetic wave is polar-
ized along the z direction. Since the LL mixing plays a small
part, we shall examine separately the effect of the defects on
the states with the same LL index but related to different
subbands. The intersubband absorption is proportional to


��� � �
,�

f��El,0,��	
E2,n = 0,	z	E1,n = 0,��	2

���E2 − E1 + � − �� − ��� , �3�

where 
r� 	El ,n ,�=	l�z���l,n����� denotes the wave function
of the th state of the nth broadened LL of the lth subband
with energy �l,n,=El+ �n+1 /2���c+��l,n�. f��1,0,�� is the
statistical occupation of the available initial states. Since we
consider systems with few electrons, f��1,0,�� can be ap-
proximated by a Boltzmann factor corresponding to a tem-
perature T.

The numerical calculations imply an average over differ-
ent configurations of the disorder. Thus, for a given disorder
realization, we compute the energy levels, wave functions,
and optical absorption. Another realization with the same
coverage Ndef,j is made and the calculations are repeated.
Altogether, the calculations were repeated for 100 different
configurations of the interface defects. An average over the

100 absorption spectrum obtained leads to the final spectra
that are discussed below. In the following we discuss the B
and T variations in the absorption spectrum of two structures:
a SQW of thickness Lz=2Lz0+aML with Lz0=7 nm and a
DQW Lz0 /aML /Lz0 DQW of same total thickness but with a
very thin �1-ML-thick� intermediate barrier.

In the SQW case, the interface defects play a minor part
in the broadening. This is illustrated in Fig. 1 where we show
the calculated absorption line shape versus photon energy at
T=20 K and different values of B. For the nominal QW, the
absorption is a B- and T-independent line centered at the
unperturbed energy �ESQW=E2−E1=54.8 meV. In the pres-
ence of defects, the absorption spectrum contains additional
contributions, which are related to different configurations of
defects involving the two interfaces. Indeed, the vertical bars
in Fig. 1 locate the transition energies for a SQW with nomi-
nal width �54.8 meV� or 1 ML thicker �53 meV� or thinner
�56.6 meV�. However, the prominent feature in Fig. 1 is a
redshift �blueshift� of the low-energy �high-energy� defect-
related wings with increasing B. In order to interpret these
findings, let us consider initially only one interface of the
SQW. The effective 2D potentials in Eq. �2� are the same for
E2 and E1 apart from the multiplicative factor �l,1.15 Owing
to this peculiar situation, the two ensembles of independently
disordered states ���l,n� ;��l,n����� �=1,2 , . . .; n=0; l=1 or
2� can easily be shown to display two characteristics: �i� their
energies are spectrally correlated: ��l=1,n� /�1,1=��l=2,n� /�2,1
and �ii� their in-plane motions are identical: ��l=1,n�����
=��l=2,n�����. This strong spectral and spatial correlation has
deep consequences on the optical properties. First, it follows
straightforwardly from �i� that the excited subband E2 is
more affected �and thus broader� than the ground one E1, just
because the effective 2D potential is deeper in E2 than in E1
��2,1��1,1�. Note that the actual broadening value, which
can only be obtained by solving Eq. �1�, increases as
expected16 with increasing B �as depicted by the gray areas

FIG. 1. �Color online� Calculated absorption spectrum of the
SQW at different magnetic fields and T=20 K. The upper inset
panel depicts the field evolution of the independently broadened
LLs. The gray zones indicate that the excited LL is much broader
than the ground one because of its larger probability of presence
near the disordered interfaces �lower inset panel�. The solid
�dashed� arrows show that transitions involving correlated states at
low �high� energy tail redshift �blueshift� with increasing B, as com-
pared to the B-independent transition in absence of disorder �bold
central arrow�.
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in the inset of Fig. 1�. Second, because of �ii�, the dipole
matrix element in Eq. �3� is nonzero only if �=, irrespec-
tive of the nature of the eigenstates �localized or extended�.
At low temperature and strong magnetic field the electrons
get localized at the local minima of a given realization of the
disorder. Because of �i�, a local minimum introduces a low-
energy tail state in both E1 and E2 sets of broadened LL
states. Hence, altogether, the freeze out of electrons on the
lowest lying states of the ground subband, joined to the spec-
tral and spatial correlation effects, and the increase of the LL
broadenings with B, imply that the low-energy wing of the
optical spectrum presents a redshift that increases when T
decreases or B increases �see arrows in the inset of Fig. 1�.
Similar reasoning explains the blueshift of the high-energy
absorption wing �its weaker intensity is due to thermal occu-
pancy of high-energy tail states in the initial subband�. Now,
in actual samples, there are several interfaces. This in prin-
ciple invalidates the exact proportionality between the effec-
tive potentials in E1 and E2. However, we have checked that
for the tail states the dipole matrix elements in Eq. �3� are
important only when the localization centers of the � and 
states are close �in other words the transitions are quasidi-
agonal in real space, as already noticed in Ref. 8 at B=0�.

The absorption in a DQW with thin intermediate barrier
displays a completely different behavior. This is illustrated in
Fig. 2 where we show the absorption lineshape at different
fields and temperature. The ideal DQW has a B- and
T-independent intersubband transition at the energy �EDQW

=43.5 meV �vertical bar in Fig. 2�. This intrinsic line is
practically absent �5 K� or only marginally present �20 K� in
the presence of defects. Indeed, Fig. 2 shows that the pres-
ence of defects leads to an important blueshift for the DQW
absorption peak, which increases when T decreases or B in-
creases. This is in striking contrast with the modest shifts
calculated for a SQW. This intriguing behavior can neverthe-
less also be explained with the help of the same model of
spectral and spatial correlations used for SQW. Note initially
that in a DQW one can rule out the outer well/barrier inter-
faces because as for a regular single well the probability
distribution is very small at those interfaces. As depicted in
the inset of Fig. 2�a�, the wave function of the ground �the
excited� subband of a DQW has a maximum �a node� at the
DQW center. As a result, the ground �excited� subband is
very strongly �only weakly� affected by defects in the
1-monolayer-thick intermediate barrier ��2,1��1,1�.

Thus, in striking contrast with what happens in SQW, the
n=0 LL will be broader for E1 than for E2 �see gray areas in
the inset of Fig. 2�. Finally, similar reasoning using the freez-
ing out of electrons at low T and high B as well as the
eigenstates correlation effects, as done for the SQW case,
allows explaining the calculated blueshifts for the intersub-
band DQW absorption �see arrows in the inset of Fig. 2�. We
have calculated the ratios �1�SQW� :�2�SQW� :�1�DQW� :�2�DQW�
�8:28:110:1, what explains the much larger blueshift in
DQW as compared to the SQW ones.

For the central thin barrier of a DQW it is important to
realize that an interface defect �which should be at least
1-monolayer-thick� means a void. If now B is large enough
so that the cyclotron radius l= �� /eB�1/2 is smaller than the
defect radius, there will exist localized electron states at
lower energies, as compared to the ideal DQW, where the
carrier is trapped. The carrier occupying such localized states
feels the spatial z localization of the broader SQW, for which
the E2 to E1 transition energy is higher ��ESQW=54.8 meV;
see vertical bar in Fig. 2�. This situation is favored at low
temperature and high field because, in the E1 subband, being
in a void means a substantial decrease in the electron energy.
Note that even though the number of voids represents only a
small fraction of the total number of states, this smallness is
offset by the Boltzmann factor at low temperature. Hence,
the dominant absorption peak comes from the voids. At el-
evated temperature the more numerous unperturbed regions
starts playing a larger role compared to the voids and the
dominant absorption peak shifts toward lower energies head-
ing to the position of the unperturbed DQW at 43.5 meV.

It is worth pointing out that similar voids states exist at
zero magnetic field. In fact, one can easily construct a Gauss-
ian wave packet out of plane waves that will be localized
around a given void and will have an in plane extension
smaller than the defect size. Even without counting the po-
tential energy gain, the thermal excitation �kBT


��2
2 / �2m��, where 
=�−1 is the in-plane wave-vector ex-
tension of the wave packet� will make the void states opera-
tive in the optical response. We note that the voids states may
be very detrimental to the lasing action of QCL at the nomi-
nal lasing energy to the extent that carrier in such states do
not participate to the amplification of the laser field.

In conclusion, we point out that the insertion of thin bar-

E2

E1

B

(b)

(a)

FIG. 2. �Color online� Calculated absorption spectrum of the
DQW at different magnetic fields and �a� T=5 K and �b� 20 K. The
upper inset panel in �a� depicts the field evolution of the indepen-
dently broadened LLs. The gray zones indicate that the ground LL
is much broader than the excited one because of its larger probabil-
ity of presence near the intermediate thin barrier �lower inset panel�.
The arrows show that transitions involving correlated states at low
T blueshift with increasing B.
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riers inside a broad quantum well not only changes the en-
ergy level of the ideal structure �thereby allowing to adjust
the intersubband transition energy� but has very deep effects
on the absorption �or emission� line shape that have so far
been unforeseen. First, because any interface has defects, the
presence of the thin barrier induces a very efficient trapping
of the electrons on these defects, thereby distorting the line
shape considerably. We have shown that, in contrast to single
QW where the trapping induces small redshift of the inter-LL
transition, the trapping on the defects of a thin barrier in-
duces a pronounced blueshift of this transition. In addition,
when a strong magnetic field is applied parallel to the growth
axis it induces a spectacular magnetic freeze out of the elec-
trons on the interface defects that leads to a further blueshift
of the intersubband transition. The controllable in–plane lo-
calization brought by the magnetic field allows the creation

of particular electron states for which the electron moves as
if the central barrier does not exist. These states have low
energies and are therefore dominant in the absorption �or
emission� line shapes at low temperature. Additionally, voids
states of different subbands display strong spectral and spa-
tial correlations, which control both their energetic distribu-
tion and dipolar coupling. Accounting for their existence in
terahertz quantum cascade structures, where the carrier con-
centration is low, may give a clue to better understand the
behavior of these structures and to better ascertain the part
played by the interface defects.
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