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We present a theoretical study of the electron effective mass in Ga1−yInyNxAs1−x/GaAs quantum wellsQWd
structures. The calculations are based on a 10310 k ·p band anticrossing Hamiltonian, incorporating valence,
conduction, and nitrogen-induced bands. The results are tested by comparison with the experimentally deter-
mined electron effective mass in QWs with indium composition in the range between 10% and 50%, and
nitrogen concentration between 1% and 5%. We report good agreement with experiment, confirming that the
enhanced electron effective mass observed in the Ga1−yInyNxAs1−x QW structures considered can be fully
accounted for using the band anticrossing model.
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The quaternary semiconductor alloy Ga1−yInyNxAs1−x has
been attracting considerable interest. When a small amount
of arsenic is replaced by nitrogen in Ga1−yInyNxAs1−x the
energy gap decreases rapidly, by,0.1 eV per percent of N
for x,3%. This is of interest from a fundamental perspec-
tive and also because of its potential applications, opening
the possibility of GaAs-based optoelectronic devices emit-
ting in the 1.3–1.5mm telecommunications window. A ma-
jor breakthrough in understanding this unusual behavior was
achieved with the introduction of a two-level band anticross-
ing sBACd model,1 which describes the reduction in energy
gap as due to a BAC interaction between the conduction
band edgesCBEd and a band of nitrogen resonant defect
states, which lie above the CBE in Ga1−yInyNxAs1−x. The
BAC model has successfully explained a wide range of ex-
perimental data, including the band-gap reduction in bulk
Ga1−yInyNxAs1−x,

2 and the variation of the conduction band
ground and excited state energies in Ga1−yInyNxAs1−x quan-
tum wells sQWsd, as a function of N compositionx, well
width L, and applied hydrostatic pressurep.3–7 It also ex-
plains a higher-lying featuresgenerally labeledE+d observed
in photoreflectance measurements, and which occurs due to
the mixing of conduction band edge character with the
higher-lying N resonant states.8–10

The two-level BAC model has had limited success in de-
scribing the conduction band dispersion in bulk and QW
structures. The model predicts an enhancement of the elec-
tron effective mass, due to the mixing that occurs between
the conduction band and N resonant states. An enhanced ef-
fective mass has now been measured at the CBE in a wide
range of Ga1−yInyNxAs1−x samples. The observed enhance-
ment in the in-plane electron effective mass is generally
larger than expected in GaNxAs1−x samples.11,12 We have at-
tributed this to the presence of defectlike states close to the
CBE in GaNxAs1−x,

13 due to the random formation with in-
creasing N compositionx of N-N pairs, where two N atoms
share a single Ga neighbor, and also the formation of larger
clusters of N atoms. The N-N pairs introduce defect levels
close to the GaAs CBE energy,14 with larger clusters intro-
ducing states at even lower energy.15 Detailed calculations

we have undertaken show that the CBE in GaNxAs1−x can
hybridize with N-related cluster states with which it is de-
generate, or nearly degenerate. The hybridization leads to a
marked reduction in the conduction band edgeG character,
fully consistent with the observed increase of the in-plane
effective mass.13

The addition of indium to form Ga1−yInyNxAs1−x has two
main effects on the conduction band structure. First, the CBE
shifts down in energy on an absolute scale with increasingy
in Ga1−yInyAs.16 Second, because In has a larger atomic ra-
dius than Ga, there is a weaker overall lattice perturbation
around an isolated N atom bonded to In neighbors, leading to
a reduced BAC interaction. There is also a weaker distortion
around N-N pairs and other cluster states, which when
bonded predominantly to In neighbors consequently lie
higher in energy compared to equivalent states in
GaNxAs1−x.

17 Improved agreement can be expected between
the electron effective mass predicted by the BAC model and
that observed experimentally when there are no cluster states
close by in energy with which the Ga1−yInyNxAs1−x CBE can
interact. We show here that this is indeed the case for the
Ga1−yInyNxAs1−x samples which have been considered, con-
firming that, away from cluster states, the BAC model pro-
vides an excellent description not just of the energy gap but
also of the band dispersion.

We first summarize below the BAC model. We then
present the parameters that we use to describe the BAC in-
teraction in Ga1−yInyNxAs1−x. This is followed by a general
analysis of the expected variation of effective mass with well
width L, In composition y, and N compositionx in
Ga1−yInyNxAs1−x/GaAs QW structures. Finally we compare
our results with a range of experimental measurements on
Ga1−yInyNxAs1−x/GaAs QW structures, confirming that the
measured electron effective mass in all Ga1−yInyNxAs1−x
samples reported to date is in excellent agreement with the
value predicted using the BAC model.

It is well established that replacing a single As atom by N
introduces a resonant defect level above the conduction band
edge of GaAs.14,18 The BAC model builds on this result,
identifying the reduction in energy gap as due to an interac-
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tion between the host matrix CBE, and a band of localized N
resonant states above the CBE. The conduction band disper-
sion in bulk Ga1−yInyNxAs1−x is then given in the BAC
model by the lower eigenvalueE− of the 232 matrix

Hsxd = S EN VNc

VNc Ec + "2k2

2mc
*
D s1d

with the zone-center state at energyEc associated with the
extended CBE statecc0 of the Ga1−yInyAs matrix, EN the
energy of the localized N resonant impurity stateswith wave
functioncNd, andVNc describing the interaction between the
two bands. The band dispersion enters via the term involving
mc

* , the CBE relative effective mass of the host matrix given
in units of the free electron masssm0d. As noted earlier, a
resonant feature associated with the upper eigenvalue,E+,
has also been observed in photoreflectance measurements,8,9

appearing in GaNxAs1−x for x. ,0.2%.
The band dispersion is calculated below by extending the

conventional eight-bandk ·p Hamiltonian to a ten-band
model6,19 to describe the band structure of Ga1−yInyNxAs1−x,
adding two sspin-degenerated nitrogen-related bands from
Eq. s1d to the usual two conduction and six valence band
Bloch functions. The 10310 k ·p model has been success-
fully used to describe the energy spectra and optical transi-
tions in Ga1−yInyNxAs1−x QWs,7 and to describe the gain
spectra as a function of carrier density in 1.3mm laser
structures.19,20To set up the Hamiltonian matrix elements we
used the same procedure as described in Ref. 19, with the
material parameters for InAs and GaAs taken from Ref. 21,
and the lattice constant, elastic constants, and deformation
potentials of zinc-blende GaN and InN taken from Ref. 22.

Several studies support that the energy of the N resonant
state and its coupling to the CBE vary with In composition in
Ga1−yInyNxAs1−x.

4,23,24 We assume the N resonant level to
vary with In compositiony asEN seVd=1.65−0.18y, where
the zero of energy is taken at the GaAs valence band maxi-
mum. The host matrix unperturbed conduction band energy
is assumed to vary with N compositionx asEcsyd−ax, with
a sin eVd=1.55−0.14y, while the matrix element linking the
N state and host matrix CBE is presumed to vary
with N compositionx and In compositiony as23 VNcseVd
=−s2.45−1.17ydÎx. A similar trend in the coupling param-
eterVNc was found experimentally in a study where the ni-
trogen resonant level was kept fixed at 1.675 eV, independent
of the indium composition in the different structures
considered.24

We investigate the predicted influence of nitrogen and
confinement energy on the electron in-plane effective mass
by considering two sets of QW structures, for one of which
we assume the N compositionx=1.1%,12,30while the other is
assumed to be nitrogen-freesx=0%d. We assume the indium
compositiony=25% in both cases, and vary the QW width
from L=0.2 to 15 nm.

Figure 1sad shows the calculated variation atT=4 K of
the in-plane band edge effective mass for theith conduction
subband,mei

* , as a function of QW width forx=1.1% ssolid
lines, i =1, 2d, and for the nitrogen-free casesdashed lines,
i =1, 2, 3d. The effective masses were determined by numeri-

cal differentiation of the calculated QW subband dispersion
meii

* =s"2kid / u]Eeiskid /]kiu. In both cases, the in-plane effec-
tive mass approaches the bulk strained layer parallel mass in
wide wells. Two significant differences can be observed in
the N-containing wells. First, the calculated mass is en-
hanced for all well widths, due to the incorporation of nitro-
gen. Second, the calculated mass peaks quite sharply at in-
termediate well widths, just belowL=2 nm for the lowest
subbandsi =1d and nearL=4 nm for the first excited sub-
bandsi =2d.

The increased mass at wide well widths follows directly
from the BAC model of Eq.s1d. The CBE effective mass in
bulk Ga1−yInyNxAs1−x fgiven by the variation of the lower
eigenvalueE− of Eq. s1d with kg is larger than the host matrix
effective massmc

* in Eq. s1d. We can write

me
* =

mc
*

uacu2
, s2d

whereme
* is the CBE effective mass of the Ga1−yInyNxAs1−x

alloy, and the wave functionc− of theE− state is given in the
two-level BAC model of Eq.s1d by

c− = accc0 + aNcN s3d

whereaNscd denotes the amplitude of theE− state projected
onto the N resonant statesunperturbed CBE stated with
uaNu2+ uacu2=1.25

The mixing between the N level and the CBE of the host
material therefore reduces the band dispersion in

FIG. 1. sColor onlined sad In-plane electron effective mass of the
first two confined subbands in Ga0.75In0.25N0.011As0.989 QWs ssolid
lined, and of the first three confined subbands in Ga0.75In0.25As QWs
sdashed linesd as a function of the quantum well widthL. Experi-
mental point atL=6 nm,x=1.1%, andy=25% is taken from Ref.
12. sbd Probability Pi

swd for an electron to be in the well region in
Ga0.75In0.25N0.011As0.989 QWs ssolid lined and Ga0.75In0.25As QWs
sdashed linesd as a function of the QW width.
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Ga1−yInyNxAs1−x. In addition, the dispersion of the lowest
band is strongly nonparabolic, with the electron mass in-
creasing rapidly with energyE and wave vectork. We there-
fore find that the calculated QW band edge mass tends to
increase both as the confinement energy increases for a fixed
well width, and also as the well width decreases for a given
confined level until the QW confined state wave function
starts to penetrate significantly into the barrier. The barrier
wave function penetration then increases rapidly with further
decrease of well width, causing the calculated effective mass
value to drop off toward the barrier bulk mass value.

This is confirmed in Fig 1sbd, which showsPi
swd, the prob-

ability of finding the ith electron confined state in the well
region for the first three confined statessi =1, 2, 3d. sThe
probability of theith state being in the barrier,Pi

sbd, is then
given by Pi

sbd=1−Pi
swd.d The solid lines are for the

Ga0.75In0.25N0.011As0.989/GaAs QWs while the dashed lines
show the variation for the nitrogen-free Ga0.75In0.25As/GaAs
QWs. The addition of nitrogen reduces the wave function
penetration into the barrier for a fixed well width. This arises
because only the conduction band componentcc0 of the
wave function is continuous in Eq.s3d across the well/barrier
interface;25,26 the nitrogen-related componentcN drops
abruptly to zero in the barrier. As the confinement energy
increases, the magnitude ofac decreases; this tends both to
reduce the wave function penetration into the barrier, and
also to increase the average effective massme

* within the
well.

Having established the main factors that influence the
electron effective mass in the BAC model, we now compare
the calculated effective mass values with the experimentally
determined values reported in the literature.12,27–32The ma-
jority of experimental measurements are for QWs of inter-
mediate thicknesssmainly L,6–7 nmd, and with a wide
range of In and N compositions,y andx. Figure 2 compares
the calculated and experimentally measured ground state

si =1d CBE electron effective massme
* for a range of struc-

tures. In our calculations we choose the QW width asL=6
ssolid linesd and 7 nmsdotted linesd in order to compare with
the experimentally determined trends in effective mass. We
calculate the variation in in-plane effective mass when we
change the indium concentration in the well from 10% to
50% in steps of 10%, while the nitrogen concentration is
continuously varied fromx=0 to 5%.

Most of the experimental reports on Ga1−yInyNxAs1−x are
based on an indirect estimate of the electron effective mass
via analysis of the interband transition energies.27–29,32This
type of experiment probes the band dispersion and electron
effective masssme'

* d along the growth direction, perpendicu-
lar to the quantum well plane. It was previously shown for a
wide range of GaNxAs1−x samples that the mass determined
from such experiments is generally not influenced by the
presence or otherwise of nitrogen cluster states.25 We find
that the same is true for the Ga1−yInyNxAs1−x samples con-
sidered here.

For samples where the exciton mass is reported,12 we ex-
tract an in-plane electron masssmei

* d by first calculating the
in-plane effective mass of the highest valence band in the
Ga1−yInyNxAs1−x/GaAs QWs considered, and then estimat-
ing the inverse electron mass based on the difference be-
tween inverse exciton and hole masses. For samples with
sx,y,Ld=s0.007,0.34,7 nmd, s0.011, 0.25, 6 nmd, s0.027,
0.32, 6 nmd, and s0.052, 0.38, 8.2 nmd, we estimate
the heavy hole effective mass to bemhhi

* =0.11m0,
mhhi

* =0.124m0, mhhi
* =0.11m0, and mhhi

* =0.086m0, respec-
tively; these values are comparable to experimentally deter-
mined hole masses.33 As shown in Fig. 2, the overall agree-
ment between the experimental and theoretical results is very
good for the whole range of concentrations considered. The
calculations predict that the electron mass initially rises rap-
idly with N concentration, before reaching a peak value be-
yond which the mass then decreases slowly with increasing
x. This trend is consistent with the general experimental data.
The results of Panet al.28 show a wider scatter compared to
the predicted values than is the case for the other results.
This may reflect the indirect manner in which the mass val-
ues were deduced in this case, by fitting to interband transi-
tion energies rather than by a direct measurement which
probes the conduction band dispersion in the QWs consid-
ered. It may also reflect any uncertainties in well width and
composition. If we vary the well width in our calculations by
±0.5 nm, the indium concentration by ±2%, and allow the
uncertainty in nitrogen composition to vary from ±30% at
low concentrations to ±10% atx=0.05,7 we find a change in
the calculated in-plane effective mass ofDmei1. ±0.004m0
for xù0.005, dropping linearly to,5.6310−4 for the
nitrogen-free samples.

The generally good agreement found in all cases here be-
tween the BAC model and experiment is to be contrasted
with the case of GaNxAs1−x, where a consistent trend has
been found of unexpectedly large in-plane mass values, such
as mei

* =0.13m0, 0.12m0, and even 0.19m0 for x=0.1%,34

1.2%,11 and 2.0%.11 All of these values lie well above the
theoretical curves in Fig. 2. We have shown recently that the
enhanced GaNxAs1−x in-plane mass values are due to hybrid-

FIG. 2. sColor onlined Calculated variation of the in-plane CBE
electron effective mass as a function of N compositionx in
Ga1−yInyNxAs1−x QWs for QW widthL=6 nm ssolid linesd and L
=7 nm sdotted linesd, and fory=10% to 50% in 10% steps. Data
points: experimental mass values taken from Refs. 12sPd, 29 shd,
28 sLd, 27 ssd, 31snd, and 32sv, xd.
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ization between the CBE and nitrogen cluster states close to
the band edge. We conclude that adding indium shifts the
CBE downward with respect to the cluster states, restoring
the applicability of the BAC model for the samples whose
in-plane mass is considered in Fig. 2.12 We predict that the
influence of higher-lying cluster states on the CBE could still
be observed in Ga1−yInyNxAs1−x, either by going to narrow
QWs with larger confinement energy, or else through the
application of hydrostatic pressure. The application of pres-
sure shifts the CBE upward in energy relative to the N
levels,1,14,18which should lead to a significant increase inmei

*

as the CBE passes through the lowest N-related levels.
In summary, we have used a 10310 k ·p band anticross-

ing Hamiltonian19 to investigate the predicted variation of
the conduction band edge effective mass with In and N com-

position, and with well widthL in Ga1−yInyNxAs1−x/GaAs
QW structures. The predictions of our theoretical model
agree very well with the experimentally determined results
on both perpendicular and in-plane electron effective masses
for the same range of material composition and QW widths.
Our results confirm the validity of the ideas underpinning the
BAC model, showing that it can be used for the reliable
prediction of the electron effective masses in a wide range of
Ga1−yInyNxAs1−x quantum wells and optoelectronic devices
based on this material system.
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