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We calculate the energy of quantified levels in InGaAsN/AlGaAs quantum wells by using an analytical
model based on the band anticrossing model and the repulsion by the nitrogen level. We show that the presence
of nitrogen in InGaAsN quantum wells introduces peculiarities in the band structure. In quantum wells with a
low confinement, energy levels are simply pushed towards the bottom of the well. When the confinement
becomes large enough to support subbands above the localized nitrogen level, subbands are split and have a
dispersion strongly affected by the repulsion by the N level. In this case, intersubband transitions are deeply
modified, with a splitting of the transitions and important spectral shifts of the lines. Due to the admixing of
nitrogen wave function in the electron wave function, the amplitude of the intersubband transitions decreases.
The predicted effects are a clear test for the band anticrossing model on the one hand, and may have a strong
impact on applications in the infrared on the other hand.
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I. INTRODUCTION

The field of intersubband transitions �ISBT� was opened
three decades ago in electron accumulation layers in silicon1

and two decades ago in GaAs/AlGaAs quantum wells
�QW�.2 Tremendous progress has been achieved from these
early observations and has led to important applications in-
cluding infrared imaging3 and quantum cascade lasers.4 In
GaAs based heterostructures, the available spectral range is
limited on the short wavelength side by the conduction band
discontinuity to about 4 �m. Presently, only the AlGaN �Ref.
5� and InGaAs/AlAsSb �Ref. 6� material systems give rise to
ISBTs at shorter wavelengths. In GaAs based materials, it
has been proposed to use the InGaAsN alloy to reach wave-
lengths below 4 �m. The first observations of ISBT were
made recently in InGaAsN/GaAs QWs.7 The wavelength
was however in the range of 10 �m due to the small con-
finement provided by GaAs barriers. In order to increase the
confinement energy and decrease the ISBT wavelength, Al-
GaAs barriers are needed. The band offset which can be
reached in InGaAsN/AlGaAs QWs can reach in theory al-
most 1 eV. In most materials, such a confinement would be
large enough to support ISBT below 4 �m. In InGaAsN
however, the structure of the conduction band is so peculiar
that this point remains enigmatic. Two main descriptions of
the GaAsN or InGaAsN conduction band have been pro-
posed. The first one �band anticrossing or BAC model� is
based on the repulsion between the � point and the N local-
ized level8–10 and accurately reproduces the observed depen-
dence of the GaAsN or InGaAsN bandgap on the N
content.11 The second approach is based on a pseudopotential
supercell calculation of the band gap12 and takes into account
N cluster states.13 While these approaches largely differ, they
both give similar results, at least for the conduction band
minimum. In addition, the theoretical basis for using the
BAC model was established from tight binding and extended
kp calculations.14 The following points have been noted in
bulk InGaAsN and require a special attention when one
wants to address ISBT and energy levels in InGaAsN QWs.
First, the electron effective mass in the fundamental level �so

called E−� is supposed to increase with N content owing to
the hybridization between the conduction band and a local-
ized level. Second, not independent of the first point, the
repulsion between the N level and the conduction band in-
troduces a nonparabolicity which increases with electron
wave vector and prevents the E− electron energy to get
above the N energy level. Third, there is an excited level �so
called E+� above the N level.

The purpose of this paper is to calculate the energy levels
and the intersubband transitions in InGaAsN based hetero-
structures taking into account the aforementioned peculiari-
ties of the diluted nitrides. In particular, we will address short
wavelength ISBTs that involve energy levels close to or
above the N level.

II. DERIVATION OF ANALYTICAL MODEL

As the band anticrossing model accurately describes the
conduction band in InGaAsN and allows analytical calcula-
tions, we will use it. The N level is located 1.65 eV above
the valence band in GaAs, and this energy slightly increases
with In content in InGaAs and depends on the local N
environment.9,11 We use the repulsion potentiel parameters
which best reproduce the experimental variation of InGaAsN
band gap with In and N compositions.11 In bulk InGaAsN,
the BAC model predicts two levels given by8

E+ = 0.5��EN + E� +
�2k2

2mInGaAs
* �

+��EN − E� −
�2k2

2mInGaAs
* �2

+ 4VN
2 x� ,

E− = 0.5��EN + E� +
�2k2

2mInGaAs
* �

−��EN − E� −
�2k2

2mInGaAs
* �2

+ 4VN
2 x� , �1�

where VN is the repulsion potential parameter and x is the N
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content. The lower level, E−, remains below the N level EN
while the upper level, E+ is above. These expressions of
course do not apply for energy levels in QWs. It is however
interesting to recall them in order to facilitate the discussion
of the results that we obtain.

In InGaAsN QWs, we solve the Schödinger equation in
the envelope function approximation by introducing the ef-
fective mass in InGaAs �m*

InGaAs� and the conduction band
energy of strained InGaAs �E��. The potential term includes
the N repulsion potential and the conduction band confine-
ment energy. The envelope function approximation consists
in separating the potential term in the initial Hamiltonian in
two parts. The first one is the crystal potential which varies
rapidly in space and the second is a potential which varies
more slowly. The derivation of the BAC equation implicitly
assumes that the N potential varies more slowly than the
crystal potential which allows to keep the N potential and the
confinement potential in the envelope function Hamiltonian
while the crystal potential is described by the effective mass
and the conduction band minimum.

We develop the wave function in the InGaAsN QW as a
linear combination of a � and N functions, as is done in bulk
InGaAsN

��	 = a���	 + b��N	 ,

���	 = �Aeikz + Be−ikz�uc�r�eikxyrxy, − L/2 � z � L/2,

��	 = Ce−��z−L/2�uc�r�eikxyrxy, L/2 � z ,

��	 = De��z+L/2�uc�r�eikxyrxy, z � − L/2, �2�

where L is the QW width, uc is the Bloch function, kxy is the
wave vector in the xy plane that verifies the translational
invariance in the plane. The N wave function is unknown but
we assume that it is localized and varies rapidly in space.

As in bulk material, we solve the Schrödinger equation by
projection on the � and N functions and obtain the following
Hamiltonian


 �2k2

2mInGaAs
* +

�2kxy
2

2mInGaAs
* − E VN � �x

VN
�x EN − E


 , �3�

which gives the dispersion of the z wave vector in the In-
GaAsN QW

k =�2mInGaAs
*

�2 �E −
�2kxy

2

2mInGaAs
* +

VN
2

EN − E
� �4�

In the barrier we obtain as usual:

� =�2mB

�2 �VB − E +
�2kxy

2

2mB
� . �5�

It is a common practice in GaAs/AlGaAs QWs �where VN
=0� to take the same mass in the QW and in the barrier
which allows to completely decouple the confinement energy
and the kinetic energy in the xy plane, leading to strictly
parallel subbands. The error made by such an approximation

turns out to be in general negligible. Such decoupling be-
tween confinement energy and kinetic energy is absolutely
impossible here due to the VN term �the uniform mass ap-
proximation will also not be used as it does not simplify the
problem anymore�. Hence, the energy level resolution has to
be made for each value of the wave vector in the xy plane.
As a consequence, we can anticipate that electron subbands
will be strongly nonparallel to each other.

The calculation then proceeds as usual, exploiting the
continuity of the wave function and its derivative at the QW/
barrier interfaces. As the N function is supposed to vary rap-
idly in space, only the � functions are considered to write the
wave function continuity. Such a similar calculation and the
same remark concerning the discontinuity of the N wave
function have been made by Tomić et al.15 who, however,
introduced a N function in the barrier �with a null interac-
tion� to ensure the wave function matching across the inter-
face.

The calculation and the parameters that we used were first
checked by calculating the interband transitions �E1HH1 and
E2HH2� in many InGaAsN/GaAs QWs grown at the labora-
tory by molecular beam epitaxy where such transitions are
easily observed in transmission. All calculations presented in
this paper were done at 300 K. The agreement was very
good but only QWs with low confinement were available.
The second check was to compare with a full ten-band kp
model.15 The agreement is excellent as can be seen by com-
paring our Figs. 1 and 5 of the latter paper.15 The latter
authors noted the same agreement between the kp model and
their analytical model. The pertinence of the BAC model for
calculating the effective mass and the confinement energies
has been confirmed.16 We also compared our results with
those obtained in 6 band, 8 band, and 10 band models.17 Our
value for the E1E2 transition in InGaAsN/GaAs QWs lies in
between the values calculated with 10, 8, or 6 bands, indi-
cating that our simple approach is not a priori inadequate.
Again, the check was done for energies below the N level �in
that case, all subbands are below the N level and the N in-
teraction simply pushes them towards lower energy� while
we will also apply it to energies above the N level. It is likely

FIG. 1. Calculated transition energies in GaAsN/GaAs QWs as
a function of well width. N content=1.8%.
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that the accuracy of the calculation degrades at higher ener-
gies. In particular, a 4 band BAC model involving the X and
L conduction band levels18 is likely to improve the accuracy
at high energy. However, this would introduce additional pa-
rameters which are not precisely known and would introduce
some arbitrary choices. We are confident that our simple
model allows to point out the general trends and the main
ideas.

III. INTERSUBBAND TRANSITIONS

We now calculate the energy levels in QWs with a large
confinement energy and the ISBT energies. The examination
of the equation shows that no solution exists between the N
level and the E+ energy �value calculated in the bulk by Eq.
�1��. As an example, we take an InGaAsN QW with 35% In,
a width of 5 nm, and AlGaAs barriers with 60% Al. The
bandgap of AlGaAs is indirect for Al contents above 40%.
However, the band offset that must be used to calculate the
confinement energies is the one related to the � level which
increases with the Al content even above 40%. Figure 2�a�
shows the energy levels for 0% N. There are two levels, one
even and one odd level. Figure 2�b� shows the dispersion in
the plane. Subbands are reasonably �not completely however
as the uniform mass approximation is not used� parallel to
each other, at least for small wave vectors.

We now increase the N content to 0.1%. Figure 3 shows
the energy levels and dispersion. We observe that the funda-
mental level is now split in two levels, with the same even
symmetry �note that we show the � part of the wave function
only, while the whole wave function also includes a N func-
tion which allows for the orthogonality between levels�. One
is below EN and corresponds to the original fundamental
level. It is built on the E− bulk level and can be called E1−.
The second is above EN and is a new feature, built on the E+
level �E1+�. The dispersion allows to better understand the
situation. These two levels result from the anticrossing with
the N level which occurs for k7�108 m−1. The first ex-
cited level is also split, with the difference that the new level
�E2−� is now below EN while the original one �E2+� is above
EN. As a result of the anticrossing, the original fundamental
level is pushed towards smaller energies while the original
first level is pushed towards higher energies. Hence, the
ISBT energy E1E2 �more precisely E1−E2+� is increased by
the N repulsion. It is important to stress that this conclusion
is valid only for QWs with a high confinement where the first
excited level is originally above EN. In QWs with a low
confinement, both the fundamental and the first excited lev-
els are below EN and the N repulsion tends to decrease the
ISBT energy. In QWs with a high confinement, the N repul-
sion helps to reach shorter ISBT wavelengths which is a
positive effect for applications. However, the anticrossing
splits the transition and reduces the oscillator strength for the

FIG. 2. Energy levels in an InGaAsN/AlGaAs QW �a� and dis-
persion of the subbands �b� in the xy plane. �In�=35%, �N�=0%,
and �Al�=60%.

FIG. 3. Energy levels in an InGaAsN/AlGaAs QW �a� and dis-
persion of the subbands �b� in the xy plane. �In�=35%, �N�=0.1%,
and �Al�=60%.
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high energy transition. A second transition appears between
the fundamental and the split E2 level �E1−E2−�. Other ISBTs
such as E1+E2− or E1+E2+ exist but are not considered here
for absorption as only the fundamental is populated with
electrons in normal conditions. It is interesting to note that
such a dispersion has been experimentally �with some differ-
ences due to differences in the parameters of the structure�
observed by magneto-transport in a resonant tunneling diode
by Patane et al.19

Figure 4 shows the variation of the level energies with the
N content. For clarity, energies are shown relative the N
level. The increasing repulsion from the N level is clearly
seen. At 0% N, only levels E1 and E2 exist at −325 and
101 meV. With increasing N content, levels emerge with an
increasing energy separation from the N level. At 0% N, only
one ISBT exist at 426 meV �E1−E2+�. With increasing N con-
tent, this energy increases while a second transition �E1−E2−�
appears at 325 meV and then shifts towards lower energies.

In order to better appreciate the effect of N introduction
on the intensity of the transitions we now calculate the ISBT
oscillator strength. The analysis is restricted here to the case
of absorption from the fundamental level to the n excited
state �case for detectors for instance�. The amplitude of the
ISBT is calculated from the dipolar interaction

Amplitude 	 �a1���1� + b1��N��eE · r�an���n	 + bn��N	�2.

�6�

The amplitude is proportional to the square of the dipole
element d, which is given by

d = �a1���1� + b1��N��z�an���n	 + bn��N	� ,

d = a1
*an���1�z���n	 + a1

*bn���1�z��N	 + b1
*an��N�z���n	

+ b1
*bn��N�z��N	 . �7�

The first term is the usual term multiplied by a1
*an. This is

an important point. The ISBT amplitude is reduced by the
fact that the wave function is not a pure � function anymore
and contains some N function. The second and third terms
are negligible as the N function is rapidly varying in space

�much more than the envelope function� so that the integral
vanishes. The fourth term is null by symmetry. Before giving
numerical illustrations, we can anticipate that the N part in
the wave function increases when the energy gets closer to
the N level. In Fig. 3 for instance, this is the case for k�7
�108 m−1 for the E1+ subband, for k
7�108 m−1 for the
E1− subband, and for any k for the E2− subband. In other
words, IST will remain strong for subbands far away from
the N level, with a �quasi� parabolic dispersion and thus rea-
sonably parallel to each other. A similar remark has been
done for the magnetotransport in a resonant tunnel diode by
Endicott et al.20 The tunnel probability between GaAs �
states and the resonant InGaAsN level depends on the � part
of the electron wave function in the QW. The nature of the
electron wave function in InGaAsN QWs is thus a crucial
issue for many aspects of physics, and we show that ISBTs
are very sensitive to this point. The � part of the wave func-
tion is the a coefficient which can be easily calculated

a =
�E − EN�

VN
b =

�E − EN�
�VN

2 + �E − EN�2
. �8�

Equation �8� explicitly shows that the � part decreases with
the energy separation from the N level. Note that this coef-
ficient has to be calculated for each value of the in plane
wave vector. The ���1�z���n	 term also has to be calculated
for each value of the in plane wave vector. In order to cal-
culate the absorption, we partially fill the fundamental sub-
band with electrons �n doping� up to the Fermi wave vector.
The absorption is then calculated by integrating up to the
Fermi wave vector all transitions from the fundamental to the
upper levels, each transition having an amplitude given by
Eqs. �6�–�8�. In order to account for the finite lifetime of
excited levels and the related homogeneous broadening, the
spectrum is convoluted with a Lorentzian function with a
broadening parameter �=��kT�2+ � 2�

T2
�2, where the coher-

ence time T2 has been taken to be equal to 0.15 ps, which is
the typical value in GaAs based QWs, and where a thermal
broadening has been added.

We present now some ISBT spectra calculated by our
model. We have chosen an InGaAsN QW with GaAs spacers
and AlGaAs barriers. GaAs spacers are inserted as it is pref-
erable from the growth point of view to avoid an
InGaAsN/AlGaAs interface because of possible AlN bonds
that could form21 and degrade the crystallographic quality of
the sample. Although this paper deals with calculations only,
we prefer to present structures that can realistically be
grown, which we hope will trigger some experimental work.
The In content is 40%, the N content is 1% and the Al con-
tent is 40%. The spacer is 1 nm thick and the QW is 2.5 nm
thick. Two separate absorption peaks are visible in the spec-
trum shown in Fig. 5 at about 0.3 and 0.47 eV. Let us men-
tion that the same QW without N exhibits a single absorption
peak at about 0.35 eV. When the doping increases, the inten-
sity of both peaks increases first almost linearly up to a den-
sity of about 1012-cm−2. Then the low energy peak saturates
while the high energy peak keeps growing. This effect is due
to the difference in dispersion of the two subbands that sup-
port the ISBTs. The low energy transition is based on E2−

FIG. 4. Level energy versus N content in an InGaAsN QW with
35% In, with Al0.6Ga0.4As barriers. Energy is calculated relative to
the energy of the N level.
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while the high energy one is based on E2+. At low electron
densities, only small k states in the fundamental subband are
populated and both transitions involve E2 final states which
contain little N wave function so that the ISBT is large and
increases with doping. At large densities however, large k
states are involved. As E2− states become N rich, the corre-
sponding transitions become weak and the absorption satu-
rates. On the contrary E2+ states contain less and less N and
thus have a large oscillator strength, so that the absorption
increases with doping. Such a strong dependence of the ab-
sorption spectrum on the doping is a peculiar behavior due to
the effect of N on the band structure.

We now discuss the effect of N on the intensity of the
ISBT. The effect strongly depends on the QW structure. In
the previous structure �Fig. 5� the absorption amplitude at
0.47 eV �1% N� is smaller than the one at 0.35 eV �0% N� by
a factor of 10. In other cases, the reduction in ISBT ampli-
tude is much smaller. Figure 6 presents the absorption spec-
trum in an InGaAsN/GaAs/AlGaAs Qw as a function of N
content. The QW width is 2 nm, the spacer is 0.5 nm thick,
the In and Al contents are 40% and 80%, respectively. This

structure was chosen so as to push the E2− closer to the N
level in order to reduce its oscillator strength while pushing
the E2+ far away above the N level in order to increase its
oscillator strength. When the N composition increases from 0
to 1%, the amplitude of the ISBT decreases from 0.98 to 0.37
�arbitrary units�, which is a factor 2.6. Correlatively, the low
energy transition remains negligible �the amplitude of the
peak at 0.2 eV is about 0.005 for 1% N�. In the same time,
the transition energy shifts from 0.51 to 0.67 eV which is a
strong effect.

We have discussed so far the splitting of ISBTs due to the
introduction of N for high confinement QWs. The splitting of
band to band transitions such as the E2HH2 transition is also
predicted and should be easier to observe than the splitting of
ISBTs. Indeed, ISBTs are weaker and generally broader than
band to band transitions. Experimentally, band to band tran-
sitions are observed in many samples with various structures,
while ISBTs have been observed so far in a limited number
of samples �and in particular only samples with low confine-
ment QWs�. One difficulty in the observation of the splitting
of band to band transition in QWs with a high confinement
arises from the energy of the transition which is larger than
the GaAs band gap energy, preventing all measurements by
transmission and making measurements by reflection diffi-
cult. Back etching the substrate should in principle allow
such measurements to be performed.

As far as applications are concerned, we have seen that
with a reasonable Al content in the barrier �40%, correspond-
ing to Fig. 5�, the introduction of N allows us to shift the
ISBT wavelength from 3.5 �m to 2.65 �m. In practice, it
has been observed that In segregation in the QW tends to
increase the transition wavelength. With this correction in
mind, we can claim that the introduction of N in such struc-
tures should allow us to shift the wavelength from
4 to 3.2 �m, which is a decisive bonus for infrared imagers
based on ISBT in the 3–5 window. The decrease of the ISBT
amplitude can be minimized compared to the one presented
here by a proper design of the QW, but cannot be suppressed.
Some compromise can probably be found between the spec-
tral shift and the decrease of oscillator strength so that we are
confident that InGaAsN can be advantageously used for in-
frared imagers based on ISBTs.

A specific issue concerning ISBT is the polarization selec-
tion rule. In the present simple model, the ISBTs are related
to � subbands only �Eqs. �6� and �7�� so that the same selec-
tion rules are predicted for InGaAsN QWs as for InGaAs
QWs. At first approximation, the TM polarization selection
rule applies i.e. only photons with some vertical �along the
growth axis� component of the electric field can induce IS-
BTs. It has been claimed that this selection rule could be
violated in GaAs or InGaAs QWs.22 While very little evi-
dence was found to support such an assertion in GaAs QWs,
it can be accepted that the mixing of the conduction and
valence bands increases when the band gap energy decreases
which should lead to a partial violation of the selection rule.
As the band gap in InGaAsN is much smaller than in GaAs
for instance, one could expect the selection rule not to be
strictly obeyed. A full calculation with valence and conduc-
tion bands should in principle answer the question. An inter-
esting issue would then be to determine the effect of N wave

FIG. 5. Theoretical absorption spectra at 300 K in
InGaAsN/GaAs/AlGaAs QWs for increasing electron densities: 1,
2, 4, 8, 16, and 32�1011 cm−2. QW thickness=2.5 nm. GaAs
spacer=1 nm. �In�=40%, �N�=1%, and �Al�=40%.

FIG. 6. Theoretical absorption spectra in
InGaAsN/GaAs/AlGaAs QWs for increasing N compositions �0,
0.1, 0.2, 0.5, and 1%�. �Al�=80% and �In�=40%. GaAs spacer
=0.5 nm. QW thickness=2 nm. Electron density=5�1011 cm−2.
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function in the violation of the selection rule, if any.
Finally, we would like to comment on issues related to the

BAC model used here and its limits. Nitrogen clusters are
not taken into account in the BAC model, while they intro-
duce resonant energy levels within the conduction band.13

Magnetotransport in a resonant tunneling diode by Patane et
al.19 support the presence of such levels. As far as ISBTs are
concerned, such levels could couple with the subbands and
split them �for instance considering one cluster level, in ad-
dition to the isolated N level, would lead to triple subbands,
and triple ISBTs�. However, these levels are in general close
to the N level, close together, and in quite a large number.
Hence it is not clear whether the splitting with these cluster
levels could be observed. It is likely that the main effect
would be to broaden the main two lines that were calculated
in this paper. Experimental data on this point, provided the
resolution is good enough, would clearly allow us to test the
limits of the BAC model.

IV. CONCLUSION

We have shown that the presence of N in InGaAsN QWs
introduces peculiarities in the band structure. In QWs with a

low confinement, energy levels are simply pushed towards
the bottom of the well. In QWs with a large confinement,
subbands are split and have a dispersion strongly affected by
the repulsion by the N level. In this case, ISBTs are deeply
modified, with a splitting of the transitions and important
spectral shifts of the lines. Due to the admixing of N wave
function in the electron wave function, the amplitude of the
ISBT decreases. However, by a proper design of the QW, this
effect can be minimized and the new spectral domain �wave-
length below 4 �m� that is permitted by the introduction of
N makes InGaAsN a promising candidate for infrared appli-
cations. From the fundamental point of view, the study of
ISBTs at high energy and the observation of the effects pre-
dicted in this paper would be a clear and decisive test of
validity of the band anticrossing model.
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