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We derive an analytical model to describe the conduction-band states of GaNAs-based quantum well struc-
tures, including the band anticrossing effect betweenN resonant states and the conduction-band edge. The
predictions of the model are compared to those obtained using a full ten-bandk ·p model based on the same set
of parameters. Both methods are then tested by comparison with the experimentally determined ground- and
excited-state interband transition energies of GaNxAs1−x quantum wells of different well widths andN com-
position x obtained at 300 K and under hydrostatic pressures up to 2.0 GPa. We show that the transition
energies can be described by a consistent set of material parameters in all the samples studied, and present how
the conduction to valence-band offset ratio varies strongly withx in GaNxAs1−x/GaAs quantum well structures.
We conclude that the model presented can be used to predict the transition energies and electron subband
structure of any GaNxAs1−x/GaAs quantum well with well width between 2 and 25 nm, andN compositionx
between 1 and 4%, although further work is still required to confirm the optimum choice for the variation of
band offset ratio with composition.
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I. INTRODUCTION

Although the energy gap of GaAs is 1.52 eV at low tem-
perature, and that of GaN is over 3 eV, when a small amount
of arsenic is replaced by nitrogen in GaAs the energy gap
initially decreases rapidly, by over 150 meV per % of
N.1–8This extreme band-gap bowing is markedly different to
conventional III-V alloys and has led to considerable interest
and investigation of its origin. A major breakthrough in un-
derstanding was achieved with the demonstration by Shanet
al. that the reduction in energy gap is due to a band anti-
crossing interaction(BAC) between the conduction-band
edge and a higher-lying band of localized nitrogen resonant
states.9 Their model is consistent with a wide range of ex-
perimental data, but was not initially supported by a number
of theoretical studies which used the pseudopotential method
to carry out a detailed investigation of the lower-lying
conduction-band states in ordered and disordered GaNAs
supercells.10,11Theoretical studies based on the tight-binding
(TB) method generally support the BAC model.12–15Because
it uses a basis of localized orbitals, the TB method can pro-
vide significant insight into the influence of localized pertur-
bations on the electronic structure, including the derivation
of a modifiedk ·p model to describe the band-edge disper-
sion in GaNAs and related alloys.14

Considerable insight can be gained into the conduction-
band(CB) structure of conventional semiconductor quantum

well (QW) structures using a one-band effective mass model
to derive simple analytical expressions for confined state en-
ergies and in-plane effective mass. We derive here equivalent
simple expressions based on the two-band BAC model for
GaNAs heterostructures. The model gives results which we
show by comparison with a full 10-bandk ·p model, Ref. 16,
describe well the calculated variation of these properties in
GaNAs.

We overview the consequences of the two-band model for
GaNAs/GaAs QW’s. The two-band model includes the
strong nonparabolicity in the CB dispersion, leading to more
confined states at a given well width than would be predicted
using a one-band model. The in-plane effective mass also
increases rapidly with increasing confinement energy, as ex-
pected from previous analysis. More surprisingly, electrons
are predicted to be more strongly confined in narrow GaNAs/
GaAs QW’s than in equivalent GaAs/AlGaAs or GaInAs/
GaAs QW’s. Analysis of GaAs/AlGaAs and GaInAs/GaAs
QWs typically finds increasing wave function penetration
into the barrier as the well width decreases below about
5 nm.17,18 The BAC interaction leads to reduced wave func-
tion penetration into the barrier in GaNAs/GaAs, with the
ground-state electron level remaining localized in the well to
narrower well widths.

We compare our model with experimental transition en-
ergy data in a wide range of GaNAs/GaAs QW’s from which
we derive a consistent(but not unique) set of material pa-
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rameters, which are then suitable for describing the band
offsets, confinement energies and in-plane effective masses
of the conduction subbands of any GaNxAs1−x/GaAs QW
with a well width between 2 and 25 nm, andN contentx
between 1 and 4%.

The analytical model is derived and analyzed in the fol-
lowing section. We consider the best choice of material pa-
rameters in Sec. III, and compare the theoretical model with
experiment in Sec. IV. Finally we present our conclusions in
Sec. V.

II. DERIVATION OF ANALYTICAL MODEL

A. Band structure

To derive the analytical model, it is sufficient to account
for the band anticrossing effect of theN levels with the
conduction-band states and treat the valence band separately.
The variation of the conduction-band dispersion with wave
vector k in bulk GaNxAs1−x is given in the BAC model by
finding the lower eigenvalueE−skd of the HamiltonianHsxd
linking two interacting energy levels

Hsxd = SEN + ak2 VNc

VNc Ec + bk2D s1d

with the zone-center state at energyEc associated with the
extended conduction band-edge states of the GaAs matrix,
and EN the energy of the localizedN resonant impurity
states, with the two types of states linked by a matrix ele-
mentVNc describing the interaction between them. The band
dispersion is introduced via the two diagonal terms involving
a and b, with b="2/2m0mc

* , wheremc
* is an appropriately

chosen conduction-band edge effective mass for the host ma-
trix, and a (usually set to zero) describes the dispersion of
the nitrogen resonant band. We note that the band-edge ef-
fective mass in bulk GaNxAs1−x [given by the variation of the
lower eigenvalueE− of Eq. (1) with k] is larger than the host
matrix effective massmc

* . We refer to this band-edge mass
below asm−

* , with the alloy conduction-band dispersion then
given for smallk as

E−skd = E− +
"2k2

2m0m−
* . s2d

We discuss the relation betweenmc
* and m−

* in more detail
below.

The conduction-band dispersion as presented in Eqs.(1)
and (2) is isotropic, with the effective massmc

* independent
of the direction of the wave vectork. This assumption is
appropriate for unstrained bulk semiconductors, and to carry
out the derivation presented in this section. We will consider
in later sections strained GaNxAs1−x layers grown on GaAs.
The band dispersion then becomes anisotropic,19 with differ-
ent effective mass values required in Eq.(1) [Eq. (2)] within
the growth plane,mci

* fm−uu
* g and along the growth direction,

mc'
* fm−'

* g.
We assume when considering GaNxAs1−x QW’s grown

pseudomorphically on GaAs thatEN andEc vary with com-
positionx and hydrostatic pressurep as

EN = EN0 − sg − kdx + 2aNs1 − c12/c11d«xx + sdEN/dpdp,

s3d

Ec = Ec0 − sa − kdx + 2acs1 − c12/c11d«xx + sdEc/dpdp.

s4d

The linear shiftssa−kdx and sg−kdx account for conven-
tional alloying effects, while the interaction matrix element
VNc=bÎx reflects the composition dependence of the level
repulsion effect. Although the terms involvingkx are redun-
dant in Eqs.(3) and (4), we include them here, as they are
used later to describe the variation of the valence-band offset
with composition. The two-level Hamiltonian of Eq.(1) re-
mains valid in the GaAs barrier layers, where the resonant
level and conduction-band edge are decoupled withVNc=0.
The summand 2aNscds1−c12/c11d«xx accounts for the shift of
the nitrogen(conduction) band due to the hydrostatic com-
ponent of strain, e.g., in GaNAs QW layers, whereaNscd are
the hydrostatic deformation potentials,c11 andc12 the elastic
constants, and«xx is the in-plane strain due to the lattice
mismatch with respect to the GaAs substrate. The summands
sdEc/dpdp and sdEN/dpdp describe the shifts of the
conduction-band edge and theN level under hydrostatic
pressure. The BAC effect describes the coupling of those two
bands in the well region, leading to two mixed states, the
lower of which is at energy

E− =
EN + Ec

2
−

1

2
ÎsEN − Ecd2 + 4VNc

2 . s5d

We use Eq.(1) to determine an analytical expression for
the zone centerskuu=0d confined state energiesEi in a GaNAs
QW structure, centered at the origin and of width 2L. We
derive the expression here for even states. To find the al-
lowed solutions we initially assume that the parametera is
small and positive, solve Schrödinger’s equation in the well
and in the barrier, and then apply appropriate boundary con-
ditions at the well-barrier interface.[We seta=0 at the end
of the derivation, as in previous calculations20–22.] We can
solve Eq.(1) to find two states at energyE within the well,
one of whichskz−d is a propagating and the otherskz+d an
evanescent state, with wave vectorskz±

2 along thez (growth)
direction. The general even two-component solutions of
Schrödinger’s equation,Cswdszd, are then given within the
well suzu ,Ld by

Cswdszd = B1SaN−

ac−
Dcosskz−zd + B2SaN+

ac+
Dcoshskz+zd, s6d

whereaNscd± describes the amplitudes of the states projected
onto the nitrogen resonant state(unperturbed conduction
band-edge state), with uaN±u2+ uac±u2=1.

Turning to the barrier(where Ec=Ec0 at ambient pres-
sure), to ensure wave function matching across the interface,
we include a resonant state at energyEN above the
conduction-band edge, and setVNc=0, as this state does not
interact with the conduction-band edge. This resonant state
plays no part in determining the confined state energy and
wave functions, but is formally required to solve the enve-
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lope function equation. Because the resonant and
conduction-band edge states are decoupled in the barrier, the
evanescently decaying barrier wave functionCsbdszd, re-
quired to match the well solution is given in the right-hand
barrier sz.Ld by

Csbdszd = C1S0

1
Dexps− kz−zd + C2S1

0
Dexps− kz+zd, s7d

wherebkz−
2 =Ec−E andakz+

2 =EN−E, respectively.
The allowed solutions of Eq.(1) must then satisfy appro-

priate boundary conditions across the interface(at z=L),
namely, that

Cswdsz= Ld = Csbdsz= Ld s8d

and also that

Sa 0

0 b
DdCszd

dz
s9d

is continuous across the interface.26 We have four unknown
quantities in Eqs.(6) and(7), and from Eqs.(8) and(9) four
boundary conditions for even solutions of the envelope-
function equation, through which we can derive a 434 de-
terminant which must be satisfied for allowed even solutions,
as described in Appendix A. We show there that asa→0, the
coefficientsB2 andC2 also→0, and we require only that the
conduction-band component of the envelope function andb
times its derivative are continuous, whereb~mcw

*−1 in the
well, and~mcb

*−1 in the barrier. This leads to an expression for
the confined state energy very similar to that for the conven-
tional one-band effective mass model:

kz−

mcw
* tanskz−Ld =

kz−

mcb
* . s10d

The relationship between energyE and wave vectorkz− in
the well can be determined by solving the 232 Hamiltonian
of Eq. (1), to give

bkz−
2 =

VNc
2

EN − E
+ E − Ec. s11d

A similar expression to Eq.(10) can also be used for odd
states, with tanskz−Ld replaced by −cotskz−Ld.

To demonstrate the validity and usefulness of Eq.(10),
Fig. 1 shows the calculated room-temperature variation of
confined electron state energy as a function of well width,
2L, in a GaN0.02As0.98/GaAs QW structure. The zero of en-
ergy is taken at the GaAs valence-band edge. The dashed line
shows the results calculated using the ten-bandk ·p
Hamiltonian16 we have previously used when fitting experi-
mental transition energies in GaNAs/GaAs QW’s;23–25 the
open circles are the results obtained using the full two-band
Hamiltonian of Eq.(1), while the solid line shows the results
calculated using the analytical model of Eq.(10). Further
details of the parameters used in Fig. 1 are given in Sec. III,
and summarized in Sec. IV. As expected, the analytical ex-
pression of Eq.(10) agrees exactly with the energy states
calculated numerically using the two-band model of Eq.(1).
They also provide an excellent estimate of the ground-state

confinement energy and of several of the excited-state ener-
gies, but start to overestimate the ten-band excited state en-
ergies when they approach the GaAs conduction-band-edge
energy(set at 1.42 eV in Fig. 1). This discrepancy at higher
energy arises because the two-level model overestimates the
conduction-band dispersion at larger wave vectork. A similar
discrepancy is observed when comparing the one-band effec-
tive mass model with the results of eight-bandk ·p calcula-
tions in conventional semiconductor alloys.26

The analytical model of Eq.(10) provides a useful test of
the convergence of the full numerical calculations. We used a
plane-wave expansion method to determine the confined
state energies in the GaNAs/GaAs QW calculations.27 We
find that the energy values converge more slowly than for
conventional one-band or eight-band calculations. This is be-
cause theN component of the envelope function is discon-
tinuous at the well/barrier interface, so that for the structures
we considered at least twice as many plane waves were re-
quired to get converged energy levels compared to what is
required for conventional alloys.

B. Effective masses

Having shown that the two-band model of Eq.(1) can
give electron ground and excited state confinement energies
in good agreement with more complete calculations using a
ten-bandk ·p Hamiltonian, we now turn to use the two-band
model to describe the electron effective mass in bulk GaNAs
and within the plane of GaNAs/GaAs QW structures. The
mixing between theN levels and the conduction-band edge
reduces the band dispersion in GaNxAs1−x relative to the un-
coupled band mass, with the inverse band edge mass,m−

*−1

given in the two-band Hamiltonian of Eq.(1) by

1

m−
* =

2m0

"2 suac−u2b + uaN−u2ad. s12d

Settinga=0 in Eq. (1) allows Eq.(12) to be simplified to

FIG. 1. (Color online) Well width dependence of the transition
energies of GaN0.02As0.98/GaAs quantum wells calculated by ten-
bandk ·p Hamiltonian (dashed line), two-band BAC Hamiltonian
(open circles) and Eq.(10) (solid line).
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m−
* =

mc
*

uac−u2
, s13d

whereuac−u2 was introduced in Eq.(6) and is given(at wave
vectork=kz) by

uac−skzdu2 =
1

2S1 +
EN − Ec − bkz

2

ÎfEN − Ec − bkz
2g2 + 4VNc

2 D s14d

with uaN−u2=1−uac−u2 the corresponding composition-
dependent squared amplitude of the nitrogen character of the
given conduction-band state. Figure 2 depicts the band-edge
skz=0d values ofuac−u2 and uaN−u2 for N contentsxø0.04, at
room and low temperature, for unstrained bulk GaNxAs1−x
and for strained GaNxAs1−x grown pseudomorphically on
GaAs, all calculated using the parameters given in Tables I
and II. It can be seen that the nitrogen character of the bulk
band-edge state increases dramatically betweenx=0 and
0.01, reaching values ofuaN−u2,0.40−0.45 at largerx. This
mixing is primarily responsible for the observed enhance-
ment of the bulk effective mass in GaNAs.

Before deriving the electron effective mass in a GaNAs/
GaAs QW structure, we first recall the calculation of the
in-plane (parallel) effective mass,mi

* , for a conventional
III-V QW structure. The in-plane band-edge effective mass
mii

* for the ith confined state is given in the one-band model
by28,29

1

mii
* =

Pi
swd

mcwi
* +

Pi
sbd

mcbi
* , s15d

where mcwi
* smcbi

* d describes the in-plane conduction-band
dispersion in the well(barrier) material. Pi

swd and Pi
sbd=1

−Pi
swd are the probabilities of finding theith confined state in

the well and in the barrier respectively, withPi
swd given by

Pi
swd =E

−L

L

uCiszdu2dz s16d

for the normalized wave functions. The continuity ofCi
across the well/barrier boundary requires, using Eqs.(8) and
(9) for the one-band model, that

B1 cosskwLd = C1 exps− kbLd s17d

for even states, wherekw andkb are the one-band analogues
of kz− andkz−, respectively.P1

swd typically starts to decrease
for the ground state band as the well width 2L drops below
about 5 nm in a conventional QW. This is due both to a
reduction in the integration range in Eq.(16), and also be-
cause the value ofkb gets smaller in the barrier region, both
of which effects lead to significant wave function penetration
into the barrier.

The calculated wave function penetration and in-plane
mass can be determined in the two-band model using first
order perturbation theory, with the in-plane band-edge effec-
tive mass,m−ii

* given by

1

m−ii
* = uac−u2

Pi
swd

mcwi
* +

Pi
sbd

mcbi
* , s18d

wheremcwi
* here is the unperturbed conduction-band state in

the well material[bottom right-hand term of Eq.(1)]. Equa-
tion (18) leads one to a markedly different behavior com-
pared to Eq.(15). First, there is significantly less wave func-
tion penetration into the barrier. This arises because the
boundary condition equivalent to Eq.(17) is given in the
two-band model by

ac−skz−dB1 cosskz−Ld = C1 exps− kz−Ld s19d

and asac−skz−d decreases with increasing confinement en-
ergy, due to the band anticrossing effects, so too will the
relative magnitude ofC1. In other words, wave function
matching only occurs with the conduction-band component
of the well wave function, as illustrated in Fig. 3, which
shows the calculated variation of the conduction bandufcszdl

FIG. 2. (Color online) N dependence of the squared amplitude
of the conduction-band characteruac−u2 and of the N character
uaN−u2 at the band edgeskz=0d, of the mixed stateE− of bulk
GaN0.02As0.98, at room and at low temperature, for unstrained struc-
tures, and for layers biaxially strained to the GaAs lattice constant.

FIG. 3. (Color online) Conduction-band characterufcszdl2 (solid
line) and nitrogen-band characterufNszdl2 (dashed line) of the first
electron state in the conduction-band of a 7 nm wide
GaAs0.98N0.02/GaAs quantum well.
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(solid line), and nitrogen stateufNszdl (dashed line) compo-
nents of the ground-state envelope function in a 7 nm
GaN0.02As0.98/GaAs QW structure. As the confinement en-
ergy increases, the reduction inac−skz−d tends both to reduce
the wave function penetration into the barrier, and also to
increase the average effective mass,m−i

* within the well [see
Eq. (13)]. Hence the zone-center effective mass,m−ii

* , tends
to increase with decreasing well width, and also with increas-
ing confinement energy(increasingi) for a fixed well width.
A general expression describing howPi

swd depends on wave
vectorkz and well width 2L is given in Appendix B.

III. CHOICE OF PARAMETERS

A. Band structure

We describe in this section how we choose the material
parameters to describe the conduction- and valence-band dis-
persion in bulk GaNAs and in GaNAs/GaAs QW structures
at ambient pressure, and as a function of hydrostatic pres-
sure. The heavy and light hole subband energies can be cal-
culated by using a simple text-book one-dimensional QW
model assuming that the unstrained valence band edge shifts
as Ev=Ev0+kx in unstrained GaNxAs1−x, whereEv0 is the
valence-band edge of GaAs.

We use a linear variationkx for the dependence of the
absolute chemical valence-band offset(VBO) on N contentx
in GaNxAs1−x. This is the simplest approach and is justified
as the effect ofN on the valence band is rather small com-
pared to the strong red shift of the conduction-band edge atG
and its bowing behavior as a function ofx. This conduction-
band bowing implies that, in a GaNAs/GaAs heterostructure,
the electrons will be confined in the GaNAs layers. Whether
the holes are also located in the GaNAs layers(i.e., the band
alignment is type I) or in the GaAs layers(i.e., type II) is not
a priori clear. Both possible band alignments were reported
in the literature.32–37,39However, the current assembled ex-
perimental evidence strongly favours a type I band alignment
for this heterosystem. The reported VBO’s appear to vary
considerably. The reasons are manifold. Two important
points are(i) no clear distinction is made between the net
VBO (including strain contributions) and the chemical VBO
(corrected for strain contributions). (ii ) Due to the nonlinear-
ity of the GaNxAs1−x band gap the band offset ratio will vary
with N composition x. We have previously estimated a
chemical VBO ratio in the range of 15–30% in
GaN0.018As0.982/GaAs QW structures.32 Krispin et al. re-
ported a net VBO of only 5% for GaN0.03As0.97/GaAs
QW structures determined by capacitance-voltage
measurements.36,37 The value ofk=3.0 eV that we use cor-
responds to a chemical VBO ratio of 30% for a
GaN0.018As0.982/GaAs QW structure. This choice ofk is in
agreement with a type I band alignment. We have found that
variation ofk between 1.5 and 3.0 eV does not affect the key
results of this paper.

We assume a parabolic band dispersion for the heavy and
light holes with effective massesmhh

* =sg1−2g2d−1 and mlh
*

=sg1+2g2d−1 respectively.26 (In practice, the light-hole mass
depends on both strain and hydrostatic pressure; however we

ignore this dependence in our analysis below, because the
experimental photoreflectance data provide information pre-
dominantly on the heavy-hole confined states.) The biaxial
strain in the layer leads to additional shifts of 2avs1
−c12/c11d«xx+§ for the heavy hole and 2avs1−c12/c11d«xx

−fsDso+§d−Î9§2−2§Dso+Dso
2 g /2 for the light-hole band, re-

spectively, where§=baxs1+2c12/c11d«xx, and the valence-
band deformation potentials areav and bax.

40 Hydrostatic
pressure yields an additional shiftsdEv /dpdp. Combining the
eigenenergies of the conduction and valence subbands yields
the transition energies.

The relevant material parameters of GaAs and GaN are
given in Table I. If the values for both binaries are given, a
linear interpolation was used for determining the value for
GaNxAs1−x. The N related parameters specific to the model
are given in Table II. They have been adjusted to obtain best
agreement with the experimentally determined interband
transitions, and are close to those predicted by tight-binding
supercell calculations.12–14

We choose the parameters to describe the change in band
structure with hydrostatic pressure as follows. The rate at
which the band gap changes under hydrostatic pressure
sdEg/dpd=sdEc/dpd−sdEv /dpd is a direct observable in the
experiment, whereas, the individual rates for the conduction-
band edge and the valence-band edge cannot be easily ac-
cessed by experiment. Theory relatessdEg/dpd and the de-
formation potential ag=ac−av via sdEg/dpd=−3ag/ sc11

+2c12d. Using the parameters given in Table I yields
sdEg/dpd=106 meV/GPa for GaAs, which is close to our
observed value of 116 meV/GPa. In the calculation we have

TABLE I. Relevant material parameters of the binary com-
pounds GaAs and GaNsT=300 Kd.

GaAsa GaNb

a0sÅd 5.6533 4.50

Eg (eV) 1.424

EP (eV) 25.7

mc
* 0.0665

c11 (GPa) 122.1 293

c12 (GPa) 56.6 159

ac (eV) −7.17 −6.71

av (eV) 1.16 0.69

bax (eV) −2.0 −2.0

Dso (eV) 0.341

g1,g2,g3 6.98, 2.06, 2.93

aReference 56.
bReference 57.

TABLE II. N related model parameterssT=300 Kd.

N level CB host VB host

EN0 (eV) 1.65 Ec0 (eV) 1.424 Ev0 (eV) 0.00

g (eV) 3.00 a (eV) 1.55 k (eV) 3.00

coupling parameter:b=2.45seVd
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chosensdEc/dpd and sdEv /dpd such that their difference
equals 116 meV/GPa and their ratio equalsac/av as given in
Table I. This yields values ofac=−7.83 eV and av
=1.27 eV. For the shift of theN related level we used
sdEN/dpd=25 meV/GPa, comparable to the observed pres-
sure dependence of isolatedN resonant levels in GaAs.41,42

This leads to a value of the nitrogen level deformation po-
tential of aN<av+0.21sac−avd=−0.644−0.220x eV.

Finally, we acknowledge that the parameter fit presented
here is not unique. Photoreflectance and photoluminescence
excitation data have played a key role in determining the
band offset ratio in conventional semiconductor alloys, such
as GaAs/AlGaAs.38 For such alloys, most of the key band
structure parameters are known accurately from measure-
ments on the bulk materials, and there is only one parameter,
the valence-band offsetskd, which can be varied when fitting
to the measured interband transition energies. This is not the
case for dilute nitride alloys, where there still remains uncer-
tainty in each of the parametersa, b, g andk in Table II. As
a consequence, it is possible to varyk over a relatively wide
range(at least 1.5 eV,k,3.0 eV), and by making minor
adjustments toa, b, andg still obtain a good fit to all of the
experimental data presented in the following section. This
does not negate the model presented here, but means that
further work is still required to identify the best choice for
the assumed variation of valence band offset with composi-
tion.

B. Two-band effective mass value

The conduction band effective massmc
* needed for the

two-band Hamiltonian of Eq.(1) can be determined by direct
diagonalization of the ten-bandk ·p Hamiltonian. The effec-
tive mass at the conduction-band edge is anisotropic in the
ten-band model for bulk GaNxAs1−x strained pseudomorphi-
cally to the GaAs lattice constant. Extending previous eight-
bandk ·p analysis19 to the ten-band model, it can be shown
that the bulk band edge massm−'

* alongkz (perpendicular to
the plane of the substrate) is given by

1

m−'
* = uac−u2Fs+ EPS fz

E− − Elh
+

1 − fz

E− − Eso
DG s20d

while the mass in the growth plane,m−uu
* , is given by

1

m−uu
* = uac−u2Fs+

EP

2
S 1

E− − Ehh
+

1 − fz

E− − Elh
+

fz

E− − Eso
DG

s21d

whereEP is the energy related to the Kane interband transi-
tion matrix element P0=−is" /m0dksupxuxl with EP

=2m0P0
2/"2; Ehh, Elh, and Eso are the strained heavy-hole,

light-hole and spin-orbit split-off band-edge energies, ands
is a small parameter:

s=
1

mc
* −

EP

3
S 2

Eg
+

1

Eg + Dso
D s22d

describing the influence of remote bands on the conduction-
band edge effective mass. The parameterfz is a measure of

the fractionalpz-like character of the light-hole band. It is
equal to 2/3 in an unstrained layer; and varies with shear
strain as30,31

fz =
1

2S1 +
Dso/3 − 3§

Î9§2 − 2§Dso+ Dso
2 D . s23d

We can then define the unperturbed conduction-band edge
dispersion in the lower right-hand term of Eq.(1) by

Ecskd = Ec +
"2

2m0uac−u2S kz
2

m−'
* +

ki
2

m−i
* D s24d

with m−'
* andm−i

* given by Eqs.(20) and(21), anduac−u2 by
Eq. (14). This ensures the same(anisotropic) band edge mass
in the two-band as in the ten-band model. We use Eq.(24)
throughout this paper to define the two-band conduction-
band edge effective mass, and so to ensure a fair comparison
of the two-band and ten-band models. We include in Sec.
IV B an analytical expression which gives an accurate fit of
m−'

* andm−i
* in Eq. (24) at room temperature.

IV. COMPARISON OF THEORY AND EXPERIMENT

A. Transition energies

We have tested the models presented in Sec. II by com-
paring calculated and experimental values of the transition
energies of 21 GaNxAs1−x/GaAs QW’s with well widths be-
tween 2 and 25 nm and 0.01,x,0.04 grown by molecular-
beam epitaxy(MBE) as well as by metal-organic vapor-
phase epitaxy(MOVPE). The samples were studied by
photomodulated reflectance(PR) spectroscopy at 300 K and
under hydrostatic pressures up to 2.0 GPa. Experimental de-
tails as well as the extraction of the transition energies by
fitting the spectra are described in detail elsewhere.24,25,32

Typical data are presented in Figs. 4(a) and 4(b), which
show a series of PR spectra obtained under hydrostatic pres-
sure at 300 K of two GaN0.018As0.982/GaAs QW’s of width 8

FIG. 4. (Color online) Series of photomodulated reflectance
spectra of a 8 nm and a 4 nm GaN0.018As0.982/GaAs QW obtained
under hydrostatic pressure at 300 K. The solid curves are fits to the
experimental data(open circles). The straight lines are a guide to
the eye and indicate the pressure shifts of theeihhi QW transitions
and the GaAs barrier.
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and 4 nm, respectively. In the first series of spectra in Fig.
4(a) three signals can be clearly detected at all pressures; a
fourth one can be discerned in the spectra for pressures ex-
ceeding 0.7 GPa. The signal at the highest energy originates
from the GaAs barrier. The signals energetically below the
barrier signal correspond to interband transitions between
confined QW states. They are assigned to the three allowed
transitionseihhi between theith heavy-hole andith electron
QW subbands. No signals arising from interband transitions
eilhi between light-hole subbands and electron subbands can
be discerned in the spectra of this sample. However, this is
typical of GaNAs/GaAs QW’s when the corresponding tran-
sition energies are larger than that ofe1hh1. Thee1lh1 tran-
sition is observed only in the PR spectra if this transition is
lowest in energy. This is the case for wider quantum wells
where band shifts due to tensile strain in the GaNAs layer
dominate quantum confinement effects for the lowest-energy
transitions.24,32

In the second series of spectra in Fig. 4(b) two signals can
be clearly seen at ambient pressure: the GaAs signal at
1.42 eV and the QW transitione1hh1 at approximately
1.25 eV. Both signals are shifting to higher energies with
increasing pressure. The line shape of the GaAs barrier sig-
nal is changing dramatically in the pressure range between
0.15 and 0.29 GPa. This is due to an interference between
the GaAs barrier signal and the signal of thee2hh2 QW
transition. We calculate that the second electron state be-
comes confined in the QW in this pressure range, due to the
increasing interaction between the nitrogen resonant state
and the conduction-band edge as the value ofEN-Ec de-
creases with pressure. From a pressure of 0.5 GPa up to
1.1 GPa, thee2hh2 signal can be seen as a weak feature on
the low-energy side of the GaAs signal in the corresponding
PR spectra.

The PR spectra in Fig. 4(a) were fitted with three oscilla-
tors for pressures of less than 0.7 GPa and with four oscilla-
tors above 0.7 GPa. The PR spectra in Fig. 4(b) were fitted
with two oscillators for pressures below 0.15 GPa and with
three oscillators above 0.15 GPa. In both cases the fits agree
very well with the measured PR data. The pressure depen-
dence of theeihhi transitions is much smaller than that of the
GaAs barrier and even decreases with increasingi for the
8 nm GaN0.018As0.982/GaAs QW. The latter is strong experi-
mental evidence that the electron effective mass varies for
the different conduction-band subbands.

Figure 5 compares the experimentally determined transi-
tion energies of a series of GaNxAs1−x/GaAs QW’s of differ-
ent width with those calculated using the ten-bandk ·p
model and the analytical model of Eq.(10). The MBE grown
samples(open circles) had a compositionx=0.016s±0.001d,
while the MOVPE samples (solid circles) had x
=0.018s±0.001d. The theoretical fit was carried out using our
material parameters forx=0.017. The agreement between
experiment and the ten-bandk ·p calculation is very good
throughout the series for all allowed transitionseihhi. The
analytical model using the material parameters deduced from
the ten-bandk ·p Hamiltonian gives excellent agreement
with the full calculation and with experiment up to thee3hh3
transition. The differences between the models increase for
higher QW transitions. This is to be expected: we have al-

ready seen in Fig. 1 how the two-band Hamiltonian of Eq.
(1) underestimates the conduction-band nonparabolicity of
GaNAs and hence overestimates slightly the confinement en-
ergy of the higher-lying conduction states,ei si .3d.

Figure 6 compares the measured hydrostatic pressure de-
pendence of the transition energies in a 9 nm
GaN0.013As0.987/GaAs, a 8 nm GaN0.018As0.982/GaAs, and a
7 nm GaN0.024As0.976/GaAs QW with those calculated in the
framework of the ten-bandk ·p model and the analytical
model. Again the agreement between experiment and both
theories is very good. A similar quality of fit is obtained for
all other samples using the material parameters given in
Tables I and II. Using these parameters, we estimate(keep-
ing terms linear inx) that the nitrogen levelENsxd, and the
conduction-band of the host materialEcsxd, vary with x as

ENsxd < 1.65 − 0.141x, s25d

Ecsxd < 1.424 − 0.264x, s26d

while the conduction-band offset DEc=EcsGaAsd
−E−sGaNxAs1−xd varies withx as

DEcsxd < − 0.113 + 0.202x + Î0.013 + 6.016x s27d

the heavy-hole band offsetDEhhsxd varies as

DEhhsxd < 2.490x s28d

and the light-hole offsetDElhsxd as

DElhsxd < 4.064x s29d

as illustrated in Fig. 7. We note that because the conduction-
band offsetDEcsxd has a strong nonlinear variation withx,
the band offset ratiosDEc:DEhh andDEc:DElh vary strongly
with x, with the calculated value ofDEc:DEhhsDEc:DElhd
decreasing from 91:9(87:13) for finite x approaching 0 to
80:20 (70:30) at x=0.04, respectively.

FIG. 5. (Color online) Comparison of transition energies in
GaN0.018As0.982/GaAs QW’s of different width extracted from pho-
tomodulated reflectance spectra with those calculated using the ten-
band k ·p model (dashed lines) and the analytical model(solid
lines). Ambient pressure andT=300 K.
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B. Electron effective masses

The dashed lines in Fig. 8 show the calculated variation of
m−'

* and m−uu
* , respectively, as a function ofx in bulk

GaNxAs1−x grown pseudomorphically on GaAs, obtained
from the ten-bandk ·p model. The room temperature
strained electron effective mass is well fitted by an expres-
sion of the form

m−
* sxd < 0.0665f1 − qx− rDEcsxdg, s30d

where q=2.8382s1.3154d and r =0.7773s0.7672d eV−1 for
m−'

* sm−i
* d, as illustrated by the solid triangles in Fig. 8.

Figure 9 shows the calculated variation of the in-plane
band-edge effective massm−ii

* as a function of QW width for
two different nitrogen concentrations,x=0.01 and 0.02 and
two temperatures,T=4 K and T=300 K, calculated by nu-
merical differentiation of the band dispersion for the full ten-
band model(dashed lines) and the two-band Hamiltonian of
Eq. (1) (open circles), and also by direct application of the
analytical two-band model of Eq.(18) (solid line). For the
two-band model, we used the values ofmcw

* = uac−u23m−'
*

when calculating the confined state energies using Eq.(10),
while we used Eq.(18) when calculating the in-plane mass
m−ii

* of the ith subband in a GaNAs/GaAs QW structure. The
overall agreement between the three models is good for the
ground state in-plane effective mass; but the two-band nu-

FIG. 6. (Color online) Comparison of the hy-
drostatic pressure dependence of the transit-
ion energies of 9 nm GaN0.0133As0.9887/GaAs,
8 nm GaN0.018As0.982/GaAs, and 7 nm
GaN0.024As0.976/GaAs QWs extracted from pho-
tomodulated reflectance spectra with those calcu-
lated in the framework of the ten-bandk ·p model
(dashed lines) and the analytical model(solid
lines) all at T=300 K.

FIG. 7. (Color online) Calculated variation of the conduction,
DEc, heavy-holeDEhh and light-holeDElh band offsets as well as
nitrogen resonant levelEN and conduction-band edge of host mate-
rial Ec, as a function ofN composition,x, for a GaNxAs1−x layer
grown pseudomorphically on GaAs. Solid lines present band offsets
obtained numerically using parameters from Tables I and II, while
the open triangles are obtained using the analytical expressions of
Eqs. (25)–(29). Inset: dashed lines present the band offset ratios
DEhh/DEg andDElh /DEg.

FIG. 8. (Color online) Calculated variation of the perpendicular
and in-plane bulk conduction-band edge masses as a function of
nitrogen concentration at low and room temperature. Dashed lines:
obtained numerically using the ten-bandk ·p Hamiltonian; solid
triangles: the room temperature mass values obtained using Eq.(30)
in the two-band BAC model.
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merical and analytical results start to underestimate the re-
sults of the full calculation for the higher confined levels.
The minor discrepancies observed between the analytical and
numerical two-band results arise because the numerical re-
sults are not fully converged, even when we include 201
plane waves to calculate the dispersion in a structure with
total period 40 nm. All three models display similar trends as
a function of well width: in wide wells, the effective mass
approaches the bulk strained layer parallel mass of Fig. 8.
Because of the strong conduction-band nonparabolicity in
GaNAs, the 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. The peak in-plane
mass occurs in relatively narrow wellss2L=2–4 nmd for the
ground state and in slightly wider wellss5–8 nmd for the
first excited state, with the calculated mass decreasing to-
wards the GaAs value in narrower wells, due to wave func-
tion penetration into the barrier.

Our calculated variation of the band dispersion along the
growth direction is consistent with the analysis of previous
PR measurements at 300 K, where Wuet al. estimated a

value of about 0.11m0 for the effective mass of
GaNxAs1−x/GaAs QW’s with 1.2%,x,2.8% and well
width of less than 10 nm.21 The room temperature band-edge
masses calculated using the ten-bandk ·p Hamiltonian have
provided a successful description of the gain characteristics
in GaInNAs lasers,23,44–46,52while the two-band BAC model
has also provided a successful description of the electron
mass away from the band edge.22 Although our calculated
values for the in-plane mass show significant enhancement
compared to GaAs, they generally underestimate the values
obtained from low-temperature measurements which probe
directly the conduction band-edge mass. Haiet al.34,47 deter-
mined mass values of 0.12m0 and 0.19m0 at 4 K by optically
detected cyclotron resonance on 7 nm GaNxAs1−x/GaAs
QW’s with x=1.2% and 2.0%, respectively. Högersthalet al.
determined a value of 0.15m0 for an epitaxial GaN0.016As0.984
layer at 5 K by magnetophotoluminescence.48 In a similar
experiment with lowN concentrationsxø0.5%d, the same
authors observe a small increase in effective mass to 0.074
for x as low as 0.043%, rising to a value of about 0.13 for
x.0.1%.49

FIG. 9. (Color online) Calcu-
lated variation of in-plane effec-
tive mass of the CB ground and
first excited QW states as a func-
tion of QW width 2L for x=1%
and x=2% at low and room tem-
perature. Dashed line: ten-band
k ·p Hamiltonian; open circles:
numerical solution of two-band
BAC model; solid line: analytical
solution obtained using Eq.(18).
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There are several possible causes for the discrepancy be-
tween our calculated room temperature masses and the ex-
perimental values. First, the mass values we calculate at
300 K are smaller than those determined at low-
temperatures; with decreasing temperature the conduction-
band edge approaches theN level and thus level repulsion
effects increase, leading to an increasing effective electron
mass. Also the value of effective mass derived from cyclo-
tron resonance measurements34,44 cannot be compared di-
rectly with the in-plane effective mass defined here. Previous
analysis has shown how strong nonparabolicity introduces
differences between the two values.28,29,50 However neither
of these factors appears sufficient to explain the observed
mass values. We suggest that the most likely cause of the
observed discrepancy is related to the presence of a small
number ofN related cluster states, which lie close in energy
to the conduction-band minimum.51 These cluster states are
omitted in the two-level BAC model of Eq.(1). Although
there are comparatively few cluster states, tight-binding cal-
culations we have undertaken indicate that those cluster
states which are close in energy to the conduction-band mini-
mum can hybridize with theE− state.55 This hybridization
may then reduce the conduction-bandG character,uac−u2 at
the band edge, thereby contributing to the experimentally
observed increase in effective mass.

V. DISCUSSION AND CONCLUSIONS

A ten-bandk ·p Hamiltonian has previously been used to
describe successfully the variation of ground state and
excited-state confinement energy in Ga(In)NAs QW’s as a
function of QW width, N composition and hydrostatic
pressure.23,53 It has also been used to design the layer struc-
ture in GaInNAs/GaNAs/GaAs heterostructures. The calcu-
lated gain spectrum of 1.3mm GaInNAs QW lasers was in
excellent agreement with the measured gain spectrum,48,49

thus allowing the model to be used to predict that the gain
characteristics of 1.3mm GaInNAs QW lasers will be com-
parable to or exceed those of InP-based 1.3mm lasers.45,46

Theoretical analysis based on the tight-binding method has
justified this ten-bandk ·p model for bulk GaNAs but has not
yet provided a rigorous derivation of how to apply the model
to heterostructures, including the choice of appropriate
boundary conditions across the heterointerface. We have ap-
plied the model here assuming a sharp interface between the
GaNAs well and GaAs barrier. This assumption needs more
careful consideration in a dilute alloy; only one in 50 As
atoms is replaced byN in a 2% alloy. Nevertheless the ap-
plication of our method to analyze PR data on a wide range
of samples shows that the assumption of a sharp interface
works well (even in 2 nm GaNAs layers), although it is clear
that the true boundaries will not be so sharply defined. The
strong disordering introduced byN will also weakenk selec-
tion in the alloy, so that the concepts of band dispersion and
effective mass are not as well defined as in a conventional
alloy.54 Nevertheless our theoretical description of the zone-
center confined state energies, and their pressure dependence
across a wide range of samples shows that the dispersion
calculated using either the ten-band or the two-band model is

a useful concept along the growth direction in GaNAs/GaAs
heterostructures. The calculated values ofm−uu

* are enhanced
compared to GaAs but still lower than those measured at low
temperatures. Previous analysis has however confirmed the
usefulness of the method for describing, e.g., the effective
mass away from the band edge and also the gain character-
istics of GaInNAs QW’s. Further work is still required to
underpin and fully justify the theoretical model but neverthe-
less the results presented here provide a useful approach to
the design, modeling and physical investigations of
Ga(In)NAs/GaAs heterostructures.

In summary, we have given an analytical model and a set
of material parameters for predicting the transition energies
and in-plane effective masses of the electron subbands of any
GaNxAs1−x/GaAs QW with well width between 2 and 25 nm
and N compositionx of 1–4%. This model can be readily
modified to describe any GaInNAs-based QW’s. Such mod-
els will be useful for the analysis and optimization of GaIn-
NAs laser structures.
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APPENDIX A

The 434 determinant which must be satisfied for allowed
even solutions of Eq.(1) is given as

1
aN− aN+cothskz+Ld − 1 0

ac− ac+cothskz+Ld 0 − 1

− aN−kz−tanskz−Ld aN+kz+ kz+ 0

− ac−bwkz−tanskz−Ld ac+bwkz+ 0 bbkz−

2
sA1d

while the corresponding secular equation is

aN+ac−fbwkz−tanskz−Ld − bbkz−gskz+ + kz+d

− aN−ac+fkz−tanskz−Ld − kz+gsbwkz+ + bbkz−d = 0,

sA2d

where we have let cothskz+Ld→1 asa→0, and where

ac+ = −
aVNc

bwsEN − Ed + asEc − Ed
aN+ → 0 sA3d

if a→0. Equation(A2) then reduces to

bwkz−tanskz−Ld − bbkz− = 0, sA4d

which is identical to Eq.(10) in the main text.

APPENDIX B

In the frame of the BAC model, the probability of finding
an electron from theith confined state to be in the well,Pi

swd,
is given by
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Pi
swd =

sins2kz−Ld/2kz− + L

uac−u2cos2skz−Ld/kz− + sins2kz−Ld/2kz− + L
sB1d

for even states and

Pi
swd =

− sins2kz−Ld/2kz− + L

uac−u2sin2skz−Ld/kz− − sins2kz−Ld/2kz− + L
sB2d

for odd states, wherekz− is defined in Eq.(11) of the main
text.
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