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Abstract
We have calculated the band structure of InGaAsN/GaAs(N)/GaAs
compressively strained quantum wells (QW) emitting at 1.3 µm using
the band anticrossing model and an eight-band k · p Hamiltonian. The
calculated interband optical transition energies have been compared to
the experimental ones deduced from photocurrent, photoluminescence and
excitation of photoluminescence spectroscopy experiments and measured laser
characteristics extracted from the recent literature. Because of the high
compressive strain in the QW, strain-compensated structures may be required
in order to grow stable multiple QWs; in view of this we have studied the band
structure of InGaAsN/GaAsP/GaAs QWs emitting at 1.3 µm. Dilute nitride
structures also offer the possibility of growing tensile strained QW lasers on
InP substrate emitting in the 1.55 µm emission wavelength range. In order
to evaluate the potentialities of such structures we have determined the band
characteristics of InGaAsN/InGaAsP/InP heterostructures with a TM polarized
fundamental transition.

1. Introduction

Dilute quaternary group-III arsenide nitride compounds Inx Ga1−x As1−yNy have been
intensively studied in the past few years because of both their fundamental properties [1, 2]
and their potential for 1.3 µm laser applications [3, 4].

Many laser devices have now been fabricated but their performances are often limited by
the presence of nitrogen, responsible for non-radiative recombination centres and linewidth
enlargement [3, 5–10]. Thus, the best quality QWs are usually obtained for high indium
contents (x > 0.3) and low nitrogen contents (y < 0.01). These characteristics, combined with
the growth of multiple-quantum-well (MQW) structures, yield a stronger intensity emission
at 1.3 µm for room temperature operation. However, the number of QWs in such structures
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may be limited because of the high compressive strain (�a/a ≈ 2%) in the quaternary layer.
Hence, growth would be facilitated and the number of QWs increased using strain-compensated
heterostructures, with barriers under tensile strain, such as GaAsP (�a/a ≈ −0.9% for
GaAs0.8P0.2 /GaAs).

The InGaAsN alloy, grown under tensile strain on InP substrate, also provides the
possibility of reaching TM mode emission at 1.55 µm and above in the telecommunication
L band which is difficult to reach with standard InGaAsP strained QW structures. Then
the InGaAsN/InP system combined with confinement layers such as InAsP could lead to
the fabrication of tensile strained QW lasers as well as the development of optical isolators
requiring TM polarization [11, 12].

The design of InGaAsN based devices requires a deep knowledge of the alloy electronic
properties and development of accurate models. The dramatic band gap reduction induced
by the incorporation of nitrogen in the host matrix has been intensively investigated since
it was first published [5] and many experimental and theoretical studies have led to a good
understanding of the material properties. High hydrostatic pressure experiments performed by
Shan et al [1, 13] have shown that incorporation of small amounts of nitrogen into conventional
III–V compounds leads to a splitting of the conduction band into two subbands and an
almost unchanged valence band structure. The observed effects were very nicely explained
by the band anticrossing (BAC) model taking into account the strong coupling between the
extended conduction band states close to the zone centre and the localized nitrogen states.
Many electronic properties of InGaAsN structures such as the enlarged electron effective
mass are well predicted using this simple two-level BAC approach [14]. More sophisticated
calculations based on the pseudopotential supercell technique have recently confirmed the
localized–delocalized duality of the conduction band edge in III–V nitride alloys [2, 15].

In this paper, we calculate the characteristics of InGaAsN QW structures on the basis of
the BAC model and the k · p approximation. In section 2, we investigate the band structure
of strained InGaAsN/GaAs QW structures. Calculated data are compared to photocurrent
spectroscopy measurements performed on a high quality InGaAsN/GaAs QW and to further
validate our parameters we compare our calculations of the fundamental e1–hh1 transition to
more than 30 QWs extracted from the recent literature.

In section 3 we focus on the band structure of strained InGaAsN/GaAsN and strain-
compensated InGaAsN/GaAsP QW heterostructures in order to evaluate their performances
for 1.3 µm laser emission and compare them to the ones of InGaAsN/GaAs structures.

Finally, section 4 is dedicated to a preliminary study of the fundamental transition of TM
polarized 1.55 µm emitting InGaAsN/InP and InGaAsN/InAsP QWs under tensile strain. All
the calculations presented in this paper are performed for T = 300 K.

2. InGaAsN/GaAs quantum wells

First, we have calculated the band structure of Inx Ga1−x As1−yNy /GaAs QWs by solving the
Lüttinger–Kohn Hamiltonian, including tetragonal strain and strong coupling between the
InGaAs conduction band (CB) and the localized nitrogen levels. The eigenvalue problem
is solved by the transfer-matrix method, taking into account the interfacial discontinuity
condition [16, 17]. The valence band (VB) material parameters used for the calculations
are those of InGaAs [18]. As far as the conduction band in concerned, calculations were
started with the parameters determined by Shan et al [13]:

EN = 1.65 − x(0.5 − 0.4x) eV (1)
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for the nitrogen level energy (relative to the top of the valence band of unstrained InGaAs) and

VNM = 2.7
√

y eV (2)

for the coupling parameter in the BAC approach. As pointed out in [19], a systematic error was
found between experiments and calculations. It is emphasized that the EN and VNM values
mentioned above have been accurately determined for InGaAsN thick layers with low In
content (<0.08) [13]. Indeed, for InGaAsN/GaAs QWs designed for 1.3 µm emission, the In
fraction is much larger (about 0.3) and the validity of these parameters is questionable [19, 20].
We have obtained a reasonable agreement between the experiments and calculations either by
including

(i) an additional In dependence of the nitrogen level position (EN decreases when the In
fraction increases)—note that Choulis et al, in their k · p calculations, took the energy
separation between the nitrogen level and the bottom of the conduction band to be
independent of the In composition in unstrained InGaAsN [20]; or

(ii) an In dependence of the VNM coupling parameter (VNM increases when the In fraction
increases).

Hypothesis (ii) has already been suggested by Potter et al [21]. A coupling parameter
of VNM = 3.2

√
y eV has been determined by these authors for an In fraction in the well of

x = 0.2. A simple interpolation between VNM = 2.7
√

y eV (x = 0.08) and VNM = 3.2
√

y eV
(x = 0.2) has thus been used in our calculations for the phenomenological In dependence of
the coupling parameter; the energy of the nitrogen level is assumed to be constant relative to
the vacuum level whatever the InGaAsN composition is [13]. The In fraction (x) dependence
of EN in equation (1) just reflects the variation of the valence band offset with respect to
GaAs [18].

It is clear that the BAC model used here with the above-mentioned VNM and EN parameters
corresponds to an oversimplified description of the microscopic properties of InGaAsN
material. As pointed out recently, the N-atom nearest-neighbour configuration in the alloy
plays a crucial role in the electronic properties: N atoms can be for instance bounded to four
Ga atoms or to one In and three Ga atoms [2, 22]. The induced disorder results in significant
changes in the coupling between the nitrogen levels and the conduction band [23, 24]. The
VNM and EN parameters used in the present paper or in [4, 20, 25] thus correspond to average
values over the different configurations.

In order to validate our parameters, we have compared the calculated value of the e1–hh1

transition energy (using the VNM and EN parameters mentioned above) to experimental data
extracted from the recent literature [3, 10, 14, 26–42]. The QW characteristics studied are
reported in table 1, affording a large panel of well width (LW), In content (x) and N content
(y). According to the different authors, the experimental e1–hh1 transition wavelengths
(λexp) were determined from photocurrent (PC), photoluminescence (PL) or excitation of
photoluminescence (PLE) spectroscopy experiments and measured laser characteristics. The
last column, indicating the error percentage ((λcalc − λexp)/λexp) between the calculated and
measured wavelengths, is plotted in a histogram in figure 1. According to the Gaussian fit,
it appears that most of the experimental results are reasonably predicted by the calculation,
within an error percentage of ±2%. We emphasize that the calculations have been performed
with the nominal parameters (LW, x, y) given by the authors. Possible sources of error are:

(i) from the experimental side, the problematic experimental estimation of the N content of
the QWs and the slight wavelength emission blue-shift induced by in situ annealing during
the growth of cap layers;



S3218 H Carrère et al

Figure 1. Comparison between the calculated e1–hh1 transition energy and experimental data
extracted from the literature at room temperature (see table 1).

Figure 2. Comparison between calculated transition energies and PC measurements for a 7 nm
Inx Ga1−x As1−yNy /GaAs QW with x = 0.37, y = 0.007 at room temperature.

(ii) from the calculation side, the oversimplified BAC approach which does not take into
account the different N-atom nearest-neighbour configurations.

In summary our calculations give satisfactory results in the limit of low N contents
(y < 0.015) for the e1–hh1 transition energy value. Additional experimental work has then
been done to validate the model for the higher ei –hh j(lh j ) transition energies. We have grown
a PIN structure containing a 7 nm InxGa1−x As1−yNy/GaAs QW with x = 0.37, y = 0.007 by
plasma assisted molecular beam epitaxy (MBE). The growth temperature was kept constant
at 600 ◦C for the whole structure and reduced to 450 ◦C for the QW. We have performed PC
spectroscopy measurements using a tungsten lamp associated with a monochromator as the
light source. The measured PC spectrum is reported in figure 2 (left y-axis) as well as the
calculated ei –hh j (lh j) transition energies. The calculated absorption spectrum of the structure
is also reported (right y-axis); note that this result has been obtained from the dipole matrix
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Table 1. Literature references from which InGaAsN/GaAs e1 –hh1 transition values were extracted,
including PL, PC, PV and laser spectroscopy measurements at room temperature. The calculated
transition and the error percentage are also displayed.

e1–hh1

References x y LW (nm) λexp (µm) λcalc (µm) Error (%)

[10] 0.3 0.005 6 1.156 1.163 0.6
0.3 0.0082 6 1.231 1.235 0.3
0.3 0.012 6 1.325 1.321 −0.3

[26] 0.34 0.007 7 1.261 1.276 1
[3] 0.1 0.02 7 1.226 1.164 −5
[27] 0.3 0.003 7 1.142 1.131 −0.96
[28] 0.3 0.003 7 1.155 1.131 −2
[29] 0.35 0.003 8 1.195 1.195 0

0.37 0.003 8 1.231 1.217 −1
0.37 0.005 8 1.265 1.275 0.8

[30] 0.39 0.005 6.6 1.28 1.278 −0.15
0.37 0.005 7.7 1.294 1.271 −1.7

[31] 0.3 0.009 6.2 1.255 1.257 0.15
[32] 0.3 0.01 7 1.322 1.295 −2
[33] 0.32 0.004 6.5 1.163 1.168 0.4

0.34 0.004 7.5 1.21 1.205 −0.4
0.33 0.004 7.0 1.181 1.186 0.4

[34] 0.2 0.017 6.2 1.150 1.267 10
0.3 0.028 6.2 1.270 1.72 35

[35] 0.31 0.01 8.0 1.3 1.324 1.8
[36] 0.32 0.01 10.0 1.319 1.344 1.8
[37] 0.36 0.015 6.0 1.27 1.544 20
[38] 0.3 0.02 7.0 1.33 1.553 16
[39] 0.33 0.01 10.0 1.32 1.379 4.4
[14] 0.3 0.005 4.0 1.107 1.113 0.5

0.3 0.005 5.0 1.143 1.142 −0.08
0.3 0.005 6.0 1.164 1.163 −0.08
0.3 0.005 6.8 1.180 1.175 −0.4
0.3 0.005 9.0 1.204 1.200 −0.3

[40] 0.36 0.0067 8.0 1.326 1.310 −1.2
0.36 0.0078 8.0 1.355 1.341 −1

[41] 0.4 0.005 6 1.274 1.278 −0.3
[42] 0.36 0.005 6.5 1.24 1.24 0

0.36 0.008 6.5 1.298 1.320 −1.7

element calculations—neither the excitonic effect nor the inhomogeneous broadening were
taken into account. We find a good agreement between the theoretical and experimental
transition energies for the low energy range (e1–hh1 to e2–hh2); the identification of higher
energy transitions is questionable.

3. InGaAsN/GaAsN and InGaAsN/GaAsP quantum wells

The incorporation of nitrogen in the GaAs barriers induces a decrease of the InGaAsN QW
conduction band offset due to the large band gap reduction. This barrier height reduction
should induce a slight decrease of the electron confinement energies. Then, the 1.3 µm
emission wavelength should be reached for slightly lower N content in the QW. Note that
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Figure 3. Comparison between calculated transition energies and PL measurements for 7 nm
In0.345Ga0.655As0.993N0.007 QWs with GaAs (solid curve) and GaAs0.99N0.01 (dashed curve)
barriers at room temperature.

Table 2. Literature references from which InGaAsN/GaAsP e1–hh1 transition values were
extracted, including PL, PC, PV and laser spectroscopy measurements at room temperature.

e1–hh1

References Barrier x y LW (nm) λexp (µm) λcalc (µm) Error (%)

[43] GaAs0.8P0.2 0.4 0 7 1.15 1.14 −0.9
0.4 0.005 7 1.185 1.22 2.9
0.4 0.007 7 1.20 1.27 5.5
0.4 0.009 7 1.24 1.33 6.8

[41] GaAs 0.4 0.005 6 1.274 1.278 0.3
GaAs0.85P0.15 0.4 0.005 6 1.26 1.27 0.8

the GaAsN barriers are under tensile strain but the lattice mismatch (�a/a ≈ −0.2% for a
N fraction of ∼0.01) is not sufficient for growing strain-compensated structures. In contrast,
adding P to the GaAs barriers induces a large increase of the band offset and the lattice mismatch
(�a/a ≈ −0.9% for GaAs0.8P0.2/GaAs) should allow the growth of stable strain-compensated
InGaAsN MQW structures.

We have extended the model presented in section 2 to InGaAsN/GaAsN and
InGaAsN/GaAsP heterostructures. The calculation follows the same approach as the one
developed previously for InGaAsN/GaAs; the only changed data are the barrier characteristics.
We have compared our calculated data to the few available in the literature (table 2) [41, 43].
A rather good agreement is found for low N content InGaAsN/GaAsP QWs.

In order to validate the InGaAsN/GaAsN calculations, we have grown two 7 nm thick
InGaAsN QW samples by MBE, one with GaAs barriers and the other one with GaAs0.99N0.01

barriers. The QW characteristics are the same for the two samples. From the growth conditions
and structural characterizations the In and N fractions in the QWs were estimated to be in the
ranges 0.3 < x < 0.35 and 0.005 < y < 0.007, respectively. The PL emission spectra of
these two samples are reported in figure 3. First, we have run the calculation to find the best
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(a)

(b)

Figure 4. The calculated wavelength emission (solid lines) and conduction band offset (dashed
lines) for 6 nm Inx Ga1−x As1−yNy /GaAs (squares), Inx Ga1−x As1−yNy/GaAs1−yNy (circles) and
Inx Ga1−x As1−yNy/GaAs0.8P0.2 (triangles) QWs as a function of y for (a) x = 0.3 and (b) x = 0.35
at room temperature.

In–N content combination in the QW for the N-free barrier sample; the best fit was found
for x = 0.345 and y = 0.007 (these values are in the intervals deduced from the growth
conditions). We then injected these data into the calculation of the InGaAsN/GaAsN QW, the
computed QW contents being x = 0.345 and y = 0.007 and the N content in the barrier being
y = 0.01. The calculated values of the PL peaks are reported in figure 3 (vertical arrows).
The calculation predicts a 5 meV red-shift of the fundamental transition on adding 1% of N
in the barrier and the experiment shows a 4 meV red-shift of the PL peak emission. Note that
the same kind of red-shift was calculated by Hader et al [44] in InGaAsN/InGaAsN QWs.

From the successful comparison of our calculations to a large panel of experimental data,
it appears that we can use this model as an accurate tool for design of dilute nitride QW
devices. We then calculated the e1–hh1 transition energy and the conduction band offset for
6 nm Inx Ga1−x As1−yNy QWs with x = 0.3 (figure 4(a)) and x = 0.35 (figure 4(b)), varying
y in order to reach 1.3 µm emission wavelength. These parameters have been chosen with
a view to minimizing the N content and limiting the compressive strain in the QW. For the
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(a)

(b)

Figure 5. Conduction and valence band dispersion curves in the layer plane for 6 nm
In0.3Ga0.7As0.99N0.01/GaAs QW structure at room temperature.

InGaAsN/GaAsN QW the N content in the barrier was fixed to the same value as for the QW
in order to take into account growth constraints. For the InGaAsN/GaAsP QW the P content
was chosen to be 0.2 which corresponds to the value used for recent MBE growth of such
samples [43].

From figure 4(a) it can be seen that for a 6 nm thick In0.3Ga0.7As1−yNy QW under
compressive strain (�a/a ≈ 1.9%) the N content has to be set to about 0.01 to reach 1.3 µm
emission wavelength. The barrier height, fixed by the N or P content, has a rather low influence
upon the e1–hh1 transition energy. In contrast, it appears clearly that the incorporation of P in the
barrier induces as expected a large increase of the conduction band offset whereas the presence
of N in the barrier induces a dramatic drop of this latter. The same trends can be observed for
an In0.35Ga0.65As1−yNy QW (figure 4(b)). Increasing the In fraction allows 1.3 µm emission
for lower N contents, which may induce a better material quality. This configuration can
be used for single-QW based applications; however, the compressive strain is also increased
(�a/a ≈ 2.25%) which may raise stability problems. Hence, the In0.3Ga0.7As1−yNy /GaAsP
system appears to be a good candidate for laser application, offering a large electron band
offset (and hence good T0 characteristics) as well as strain compensation for MQW structures.

Figures 5 and 6 display as examples the valence band and conduction band
dispersion curves in the layer plane for an In0.3Ga0.7As0.99N0.01/GaAs (figure 5) and an
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(a)

(b)

Figure 6. Conduction and valence band dispersion curves in the layer plane for 6 nm
In0.3Ga0.7As0.99N0.01/GaAs0.8P0.2 QW structure.

In0.3Ga0.7As0.99N0.01/GaAs0.8P0.2 (figure 6) QW with a well width of LW = 6 nm. The
calculation of the hole states in the valence band in the case of GaAsP barrier is stopped
when the QW hole energies coincide with the continuum light hole states of the barrier. We
note in figures 5 and 6 that, excepting the larger band offset in the case of GaAsP barriers,
the dispersion curves for the first electron and hole subbands are very similar. The strong
conduction band non-parabolicity and the increase of the electron mass in the zone centre due
to the nitrogen incorporation are clearly observed (we find here me ∼ 0.075 m0 close to the
zone centre for the e1 subband). The dispersion curve determination is a first step towards the
calculation of the material gain for future laser applications.

4. InGaAsN/InP and InGaAsN/InAsP quantum wells

We finally calculated the band structure of InGaAsN QWs grown on InP substrates. It is
well known that Inx Ga1−x As can be grown lattice matched to InP for x = 0.535. Lowering
In content or adding N into the alloy (in substitution for As) induces a tensile strain. A
sufficiently high tensile strain will lead to a e1–lh1 fundamental transition, giving rise to
TM mode polarization emission. The potential advantages of tensile strained quantum well
lasers (in terms of threshold current density and loss mechanisms) were predicted more than



S3224 H Carrère et al

(a)

(b)

Figure 7. The calculated wavelength emission (solid line) and lh1–hh1 splitting energy (dashed
line) for 6 nm (circles), 8 nm (squares) and 10 nm (triangles) Inx Ga1−x As1−yNy /InP QWs as a
function of x for (a) y = 0.005 and (b) y = 0.0075. The solid (dashed) horizontal line corresponds
to an emission wavelength of 1.55 µm (splitting energy lh1–hh1 = 25 meV).

ten years ago [45–47]. It is thus interesting to evaluate the characteristics of InGaAsN
quantum wells under tensile strain grown on InP substrate for 1.5–1.6 µm emission wavelength.
Moreover, this structure can also be very useful for the fabrication of 1.55 µm optical isolators
requiring TM polarization [11, 12]. The TE–TM polarization transition can be observed in
figures 7(a) and (b). We have calculated the emission wavelength for Inx Ga1−x As1−yNy /InP
QWs (figure 7(a): y = 0.005; figure 7(b): y = 0.0075) as a function of the tensile strain
(bottom x-axis); the corresponding In content is also reported (top x-axis). The N content
was arbitrarily fixed at values lower than 0.01 in order to keep optimal material quality. In
the low strain region of figure 7(a) (high In content), in spite of a deeper QW for the light
holes than for the heavy holes, the fundamental transition energy is still e1–hh1, i.e. TE mode
polarization emission, mainly due to the difference between the light and heavy hole effective
masses along the growth axis. When increasing tensile strain, lh1 becomes the first hole energy
level; the slope change in the x ∼ 0.5 region marks the change from an e1–hh1 to an e1–lh1
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Figure 8. The calculated wavelength emission (solid line) and lh1–hh1 splitting energy (dashed
line) for a 8 nm In0.35Ga0.65As1−yNy /InAs0.15P0.85 QW as a function of y.

transition. An additional condition for TM laser operation is a sufficient lh1–hh1 splitting
energy: lh1–hh1 > kT ∼ 25 meV at 300 K. For y = 0.005 (figure 7(a)) these conditions are
obtained for LW ≈ 7 nm and above and x < 0.4. For y = 0.0075 (figure 7(b)) these conditions
can be obtained for thinner QWs but lower In contents, inducing a higher strain (�a/a ≈ 2.5%
for In0.2Ga0.8As1−yNy /InP). The lh1–hh1 splitting energy can also be increased by increasing
LW; however, a compromise has to be found between the lh1–hh1 splitting energy and the QW
width as LW has to be smaller than the critical thickness.

For growing MQW structures, compressively strained barriers such as InAsP may be
suitable in order to

(i) form the optical confinement of the laser and
(ii) balance the tensile strain in the QW.

We have investigated 8 nm thick In0.35Ga0.65As0.995N0.005/InAszP1−z QWs with z = 0.31
and 0.15 grown on InP substrate. In the first case, the emission wavelength is 1.59 µm, the
tensile strain in the QW (�a/a = 1.37%) may be well balanced by the compressive strain in
the barrier (�a/a = 1%), the lh1–hh1 splitting energy is as high as 70 meV, but the CB offset
drops down to 90 meV due to the high content of As in the barrier. Hence, this latter has to
be reduced and z = 0.15 seems to be a good compromise. Indeed, in this case the emission
wavelength is 1.57 µm, the tensile strain in the QW can still be balanced by the compressive
strain in the barrier (�a/a = 0.48%), the lh1–hh1 splitting is 67 meV and the CB offset
is increased to 167 meV. As an example relating to telecommunication L-band applications,
we have plotted in figure 8 the TM emission wavelength and the lh1–hh1 splitting of a 8 nm
In0.35Ga0.65As1−yNy/InAs0.15P0.85 QW as a function of y. The tensile strain in the QW is also
reported as the top x-axis. It appears that TM mode emission at 1.55 µm and above can be
reached with N fractions between 0.005 and 0.01, inducing a lattice mismatch smaller than
1.5%, a lh1–hh1 splitting higher than 60 meV and a CB offset higher than 160 meV. In these
conditions, strain-compensated MQW laser structures may be successfully grown.

Very few experimental data are available in the literature for this system. We have com-
pared our wavelength calculations to ones for an In0.535Ga0.465As0.994N0.006/In0.535Ga0.465As
MQW (LW = 20 nm) grown on an InP substrate [48]. The experimental value at 300 K,
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extrapolated from the low temperature PL, is 1.932 µm when the calculated wavelength is
1.916 µm; i.e. there is a relative error of −0.8%. This encouraging result has of course to be
further confirmed with future experimental data.

5. Conclusion

We have calculated the InGaAsN/GaAs band structure using the BAC model and the k · p
approximation in the Lüttinger–Kohn approach, i.e. taking into account the effects of strain,
quantum confinement and the strong coupling between the localized nitrogen states and
the extended states of the InGaAs conduction band. Comparing our theoretical results to
experimental data extracted from the recent literature, it appears that the present model predicts
the e1–hh1 transition energy within a relative error of ±2%. Comparison to PC spectroscopy
measurement has also shown a very good agreement for higher transition energies. These
calculations can thus be used as an accurate tool for designing laser devices. We have extended
the model to InGaAsN QWs sandwiched between GaAsN or GaAsP barriers. It comes out
that the InGaAsN/GaAsP system can, attractively, be used in 1.3 µm MQW lasers, as the high
compressive strain in the InGaAsN layer is partly balanced by the tensile strain in the barrier
material. The InGaAsN material grown under tensile strain on InP substrate is also a very
good candidate for 1.55 µm applications. First, combined with InAsP barriers, it provides
the possibility of reaching telecommunication L-band emission and, second, the TM mode
emission can be used in optical isolator devices.
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