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The dependences of intersubband transitions on well width and nitrogen 共N兲 content in n-type
In0.23Ga0.77As1−xNx / GaAs quantum wells 共QWs兲 are investigated using a ten-band k · p model. The
absorption peak energy is found to increase first with the well width starting from 2 nm. It becomes
insensitive from about 2.5 to 4.5 nm although the absorption intensity increases and bandwidth
decreases monotonically, and then keeps decreasing with the well width beyond 4.5 nm. The peak
energy is much larger than that of the N-free structure for narrower wells, but the difference
decreases quickly with increasing well width. In the case of wider wells, the absorption peak energy
shows relatively slow monotonic increase with increasing N content up to 3% because of the N-band
and conduction-band coupling. In the nearly lattice-matched GaAsN/AlGaAs QWs the absorption
peak energy shows a redshift with increasing N content from 0% to 0.4% and then increases
gradually. The theoretical results are consistent with the reported experimental data. © 2008
American Institute of Physics. 关DOI: 10.1063/1.2976335兴
I. INTRODUCTION

The InGaAsN alloy has attracted considerable attention
in recent years owing to the unique nitrogen 共N兲-driving
physical properties and possible applications for optoelectronic devices.1–4 It has been found that the incorporation of
a small amount of N into 共In,Ga兲As can cause a significant
decrease in the energy band gap and increase in the electron
effective mass.5,6 These are attributed to the highly localized
nature of perturbations induced by N although the exact
physical mechanism behind them remains the subject of ongoing debates.7–10 With the InxGa1−xAsyN1−y alloys, lasers
emitting at the 1.3 and 1.5 m ranges have been demonstrated, which make optical communication accessible to
GaAs-based devices1–3 and solar cells with internal quantum
efficiencies of ⬎70% have also been successfully
fabricated.4
The dilute N materials can also be used for intersubband
transition 共ISBT兲 based optoelectronics. With increasing N
composition x, the In1−yGayAs1−xNx / 共Al, Ga兲As QWs can allow the photons with much shorter wavelengths to be absorbed through ISBTs compared to the In1−yGayAs/
共Al, Ga兲As structure due to the much larger conduction-band
discontinuity. On the one hand, this blueshifted absorption
enables flexible IR detecting ability without introducing too
much indium 共In兲 in the well or using aluminum 共Al兲 in the
barrier. On the other hand, the introduction of N can compensate the lattice mismatch caused by In. Indeed, a number
of investigations concerning ISBTs in the conduction band
共CB兲 of dilute N-containing QWs have been reported
recently.11–16 For example, Duboz et al.11 reported the observation of ISBTs in n-type InGaAsN/GaAs multiple quantum
wells 共MQWs兲 for the first time. Luna et al.12 demonstrated
double-barrier GaAsN/AlAs/AlGaAs QW infrared photodea兲
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tector operating in the near infrared. Giehler et al.14 studied
the influence of N on the ISBT absorption spectra in
共In,Ga兲AsN/共Al,Ga兲As MQWs and observed an unexpected
redshift of main absorption band with increasing N content
up to 4%. Liu et al.15 measured the ISBTs in a set of
In0.77Ga0.23As0.99N0.01 / GaAs MQWs with narrow well
widths and found that the transition energy was very insensitive to the well width. Compared with the experimental
investigation, only limited theoretical work has been done
for the ISBTs in the dilute N-containing QWs.14–16 The theoretical analyses were mostly based on simplified two-band,
three-band k · p or analytical models based on bandanticrossing 共BAC兲 theory.
In this paper, we report an investigation of the ISBTs in
In1−yGayAs1−xNx / 共Al, Ga兲As QWs using a ten-band k · p
model. The variations of subband dispersions and intersubband absorptions with well width and N content are studied
in detail and the theoretical results of the ISBTs are compared with available experimental data.

II. THEORETICAL METHOD

In the ten-band scheme, the total wave function of the
subband n in the QW can be written as
10

⌿n共r兲 = 兺 Fn,j共r兲u j共r兲,

共1兲

j=1

where F j共r兲 is the envelope function, u j共r兲 is the periodic
part of the Bloch basis function at the zone center, kt
= 共kx , ky兲 is the two-dimensional in-plane wave vector, and
 = 共x , y兲 is the two-dimensional in-plane space vector.
The Block basic functions for the high-lying N band
共NB兲, the CB, and the heavy hole 共HH兲, light hole 共LH兲, and
spin-orbit split-off 共SO兲 bands we used to derive the Hamiltonian are as follows:
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u1 = NB,␣ = 兩SN ↑典,

H j,j⬘共m,m⬘兲 =

u2 = NB,␤ = 兩SN ↓典,

冕

L/2

−L/2

mⴱ 共z兲关H j,j⬘ + ␦ j,j⬘U共z兲兴m⬘共z兲dz

= 具m兩H j,j⬘ + ␦ j,j⬘U共z兲兩m⬘典.

u3 = CB,␣ = 兩S↑典,

The electronic potential function U共z兲 in Eq. 共11兲 consists of
two parts. One is the QW potential from the band discontinuity between the well and barrier and the other is the straininduced potential change.
The following probability functions are introduced to determine the NB, CB, HH, LH, and SO components in the
QW eigenstates:

u4 = CB,␤ = 兩S↓典,
u5 = HH = − i冑1/2兩共Xv + iY v兲↑典,
u6 = LH,␣ = i冑2/3兩Zv ↑典 − i冑1/6兩共Xv + iY v兲↓典,
u7 = LH,␤ = i冑2/3兩Zv ↓典 + i冑1/6兩共Xv − iY v兲↑典,
u8 = HH,␤ = i冑1/2兩共Xv − iY v兲↓典,
u9 = SOH,␣ = i冑1/3兩Zv ↑典 + i冑1/3兩共Xv + iY v兲↓典,
u10 = SOH,␤ = − i冑1/3兩Zv ↓典 + i冑1/3兩共Xv − iY v兲↑典,

PNB
n =

ⴱ
ⴱ
an,j,m
an,j,m PCB
兺
兺
n = 兺 兺 an,j,man,j,m ,
j=1,2 m
j=3,4 m

PHH
n =

ⴱ
an,j,m
an,j,m,
兺
兺
j=5,8 m

PSO
n =

ⴱ
an,j,m
an,j,m .
兺
兺
j=9,10 m

共2兲

where 兩S典 denotes the s-like CB Bloch state, 兩SN典 denotes the
s-like NB Bloch state, and 兩Xv典, 兩Y v典, and 兩Zv典 denote the
p-like VB Bloch states.
The momentum matrix elements P0 and PN are defined
as
P0 = i具S兩px兩Xv典 = i具S兩py兩Y v典 = i具S兩pz兩Zv典

共9兲

共3兲

PLH
n =

ⴱ
an,j,m
an,j,m ,
兺
兺
j=6,7 m

共10兲

These probability functions are particularly useful in identifying the dominant character in a particular subband. Note
that the following sum rule should hold:

兺i Pin = 1,

共11兲

i = NB,CB,HH,LH,SO.

The momentum matrix element between subband n and n⬘ is
10

and
PN = i具SN兩px兩Xv典 = i具SN兩py兩Y v典 = i具SN兩pz兩Zv典 ,

共4兲

respectively.
The envelope-function Fourier expansion is employed
here to calculate the eigenstates and eigenfunctions in the
QWs.17,18 The expansion takes the form of
Fn,j共r兲 = exp关i共kxx + ky y兲兴 兺 an,j,mm共z兲,

共5兲

m

where

m共z兲 =

1

冑L

冋冉

exp i kz + m

冊册

2
z ,
L

共6兲

10

兺 共H j,j⬘ + U共z兲␦ j,j⬘兲F j⬘共r兲 = EF j共r兲,

共7兲

j⬘=1

where U共z兲 is the electronic potential function and H j,j⬘ is the
ten-band k · p Hamiltonian whose details are listed in the
ⴱ
共z兲 and integrating over L,
Appendix, then multiplying by m
one gets
j⬘,m⬘

j, j⬘ = 1, . . . ,10,

where the matrix elements H j,j⬘共m⬘ , m兲 are given by

共8兲

具Fn,ju j兩ev · p兩典具Fn⬘,j⬘u j⬘典,

where p is the momentum operator and ev = xex + yey
+ zez共2x + 2y + z2 = 1兲 is the photon polarization unit vector.
Substituting Eqs. 共2兲 and 共5兲 into Eq. 共12兲, we obtain

冓
兺 冋冓 兺
册
兺 冋冓 兺

10

兺 兺m an,j,mm共z兲u j

M n,n⬘ =

j,j⬘=1

⬇

j,j⬘=1

m

冏
冏

ev · p兩 兺 an⬘,j⬘,m⬘m⬘共z兲u j⬘典
m⬘

an,j,mm共z兲 ev · p兩 兺 an⬘,j⬘,m⬘m⬘共z兲典
m⬘

⫻具u j兩u j⬘典
10

+

j,j⬘=1

m

an,j,mm共z兲兩 兺 an⬘,j⬘,m⬘m⬘共z兲

⫻具u j兩ev · p兩u j⬘典
8

=兺
j=1

冋冓 兺
m

8

H j,j⬘共m,m⬘兲a j⬘,m⬘ = Ea j,m,

兺

j,j⬘=1

共12兲

10

where m is a set of integers and L is the sum of the well and
barrier widths. Substituting Eq. 共5兲 into the coupled differential equations of

兺

M n,n⬘ = 具⌿n兩ev · p兩典具⌿n⬘典 =

+

冋

m⬘

册
冏

an,j,mm共z兲 ev · p兩 兺 an⬘,j,m⬘m⬘共z兲典
m⬘

ⴱ
· an⬘,j⬘,m兲具u j兩ev · p兩u j⬘典
兺 兺m 共an,j,m

j,j⬘=1

冔

册

,

册
共13兲

where the first term on the right of Eq. 共13兲 represents the
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FIG. 1. Calculated absorption peak energy and spectral FWHM as a function of well width for the In0.23Ga0.77As0.99N0.01 / GaAs QW. The solid curves
are calculated results, and the solid squares and circles are the experimental
data from Ref. 15. The dash curve shows the absorption peak energy of
N-free In0.23Ga0.77As/ GaAs QW.

transitions within the same Bloch basis states 共intraband contribution兲, and the second term represents the transitions between 兩S典 and 兩v典 共兩v典 = 兩Xv典, 兩Y v典, or 兩Zv典兲 states 共interband
contribution兲.
With the momentum matrix element of respective ISBT
worked out, the relative optical absorption coefficient can be
calculated by19

␣n,n⬘共ប兲 =

e2 2
兺 兩M n,n⬘兩2共f n − f n⬘兲,
nrc0m20 V kt

共⌫/2兲/关共En⬘ − En − ប兲2 + 共⌫/2兲2兴,

共14兲

where f n and f n⬘ are the Fermi–Dirac distributions for electrons in respective subbands, kt is the in-plane wave vector, ⌫
is an dephasing rate in the Lorentzian line shape to interpret
the homogeneous broadening, e is the electron charge, 0 is
the free-space dielectric constant, nr is the refractive index, V
is the space volume, and  is the photon frequency.
One ideal approach to compute the optical material gain
and absorption properties of the semiconductor quantum systems is the fully microscopic many-body model that yields
excellent agreement with experiments for the QW lasers
which are based on interband transitions.20–22 For the ISBTs
within the CB, the absorption coefficient spectra are usually
calculated by considering the momentum matrix element,
subband energy, Fermi occupation factor, and scattering related line broadening with an effective dephasing rate.19,23–25
In recent years, the microscope theory based on selfconsistent field approach, the Green’s function, or the density
matrix formalism has been developed to study the manybody effects on the intersubband absorptions.26–30 Such effects like Coulomb interaction induced collective excitations
and phase space filling are found to significantly affect the
absorption peak position and shape for the heavily doped
共generally ⬃1019 cm−3 or above兲 QWs. For the QWs with
lower doping concentration, however, the many-body effects
are not significant, and the intersubband absorption is found
to be close to that of the free-carrier case.26,28–30 As we are

FIG. 2. Dispersions of conduction subbands as a function of kt along the
关100兴 and 关110兴 directions in the In0.23Ga0.77As0.99N0.01 / GaAs QWs with
well widths of 共a兲 2.6 nm, 共b兲 3.8 nm, and 共c兲 5.0 nm. The bulk VB edge of
In0.23Ga0.77As is taken as zero energy.

studying the QWs with a doping level of about 1
⫻ 1018 cm−3, the many-body effects on the optical absorption should not be significant.
III. RESULTS AND DISCUSSION
A. Variation of ISBTs with well width

The structures analyzed are In0.23Ga0.77As0.99N0.01 / GaAs
n-type MQWs, which enable us to directly compare the the-
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FIG. 3. Calculated squared optical
transition matrix elements 共TM polarization兲 as a function of kt along the
关110兴 direction for E1 to E2–E5 transitions in the In0.23Ga0.77As0.99N0.01 /
GaAs QWs with well widths of 共a兲 2.6
nm, 共b兲 3.8 nm, and 共c兲 5.0 nm, respectively. “⫻100” indicates that the
curve shown is one hundred times of
the real data.

oretical results with the reported experimental
observations.15 The CB offset ratio between the InGaAsN
well and the GaAs barrier is assumed to be 0.8.31 The GaAs
barrier width is assumed to be 20 nm. The n-doping concentration ND in wells is assumed to be 1 ⫻ 1018 cm−3. In the
calculation the basic III-V material parameters of binary and
ternary compound semiconductors for room temperature
were taken from Refs. 32 and 33. The values of two important N-related parameters in matrix 共1兲, EN0 and ␤, are taken
from Ref. 6. The coupling between NB and VB is regarded
as neglectable.33 The Lorentzian linewidth ⌫ in Eq. 共14兲 is
assumed to be 28 meV.19
Figure 1 shows the calculated transition energy at absorption peak and the spectrum full width at half maximum
共FWHM兲 as a function of well width 共LW兲, which ranged
from 2 to 8 nm. The experimental data from Ref. 15 are also
marked with solid dots and squares. In addition, the calculated
absorption
peak
energies
for
N-free
In0.23Ga0.77As/ GaAs QWs are shown in Fig. 1 with a dash
curve for comparison. In the calculation the transitions from
the ground state 共E1兲 to the first four excited states 共E2–E5兲
for normal-to-plane 共TM兲 polarization are taken into consideration. We can see that the absorption peak of the InGaAsN/
GaAs QW exhibits a blueshift first with increasing well
width from 2 to 3.5 nm. The absorption spectrum FWHM

appears broad due to the superposition of comparable ground
to continuum state transitions. When LW is over 3.5 nm, the
transition energy tends to decrease as the first excited state
共E2兲 begins to move downward quickly. At the same time the
absorption spectrum FWHM becomes narrow as the E1 to
E2 transition becomes dominating.
To look into the ISBT details in the N-containing structures clearly, we plot the calculated energy dispersions of
subbands, the squared optical transition matrix elements, and
the optical absorption spectra of ISBTs in Figs. 2–4, respectively, for well widths of 2.6, 3.8, and 5.0 nm. The squared
optical transition matrix element Qn,n⬘ = 2兩M n,n⬘兩2 / m0 is an
indicator of transition rates between the ground and excited
levels. In Fig. 2 the lowest five conduction subbands 共E1–
E5兲 are shown. It can be seen that the higher excited states
appear as minibands because of the relaxation of quantum
confinement in the QW growth direction. The subbands
move downward gradually with increasing well width and
the minibandwidths also decrease. In the case of a 2.6 nm
wide well, all the excited levels are continuum states due to
the very narrow well width. The bound-to-continuum 共Bto-C兲 transitions from E1 to E2–E5 have comparable rates as
shown in Fig. 3共a兲. The superposition of comparable E1 to
E2–E5 absorptions results in a broad overall absorption spectrum as shown in Fig. 4共a兲. The spectral FWHM is 80.5 meV

FIG. 4. Calculated optical absorption
coefficient spectra for well widths of
共a兲 2.6 nm, 共b兲 3.8 nm, and 共d兲 5.0 nm,
respectively. The solid curve is the
overall absorption and the dash curves
are the respective intersubband
absorptions.
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FIG. 5. Calculated subbands energies at kt = 0 as a function of well width for the N-containing QW and equivalent N-free QW.

and the absorption peak energy is 146.1 meV. When the well
width increases to 3.8 nm, E2 turns to a quasibound state and
the E1 to E2 transition rate is obviously larger than the others
as shown in Fig. 3共b兲. Consequently, the FWHM of overall
absorption spectrum narrows to about 54.5 meV as shown in
Fig. 4共b兲. The absorption peak energy is 151.1 meV, which is
decided mainly by the E1 to E2 transition. When the well
width increases further to 5.0 nm, E2 goes down quickly to
become a completely bound state as shown in Fig. 2共c兲. The
E1 to E2 transition is dominant and the other transitions have
negligible rates. The overall absorption spectrum becomes
very narrow since it is completely dominated by the E1 to E2
transition as shown in Fig. 4共c兲. The spectral FWHM is only
about 34.1 meV and the transition energy at the absorption
peak decreases to 132.3 meV due to the large lowering of E2
level. The calculated peak absorption coefficients are 392.3,
927.2, and 1171.6 cm−1 for well widths of 2.6, 3.8, and 5.0
nm, respectively. It can be seen that in the case of narrower
well widths 共about 2.5–4.5 nm兲, the absorption peak energy
is relatively insensitive with the increase in well width while
the absorption intensity increases and bandwidth decreases
greatly, which is consistent with the reported experimental
data.15 In wider wells the absorption peak energy keeps decreasing with the increase in well width because of the continuous lowering of E2.

It is interesting to note that the absorption peak energy of
the InGaAsN/GaAs QW is much greater than that of the
equivalent N-free QW in the case of narrower well widths
共about 2–4.5 nm兲, but the difference becomes very small in
wider wells. To understand the reason, we show in Fig. 5 the
energies of subbands E1–E5 at the zone center 共kt = 0兲 as a
function of well width in the N-containing and N-free QWs.
The In0.23Ga0.77As bulk valence-band edge is taken as zero
energy. It can be seen that the coupling of NB and CB in
InGaAsN results in two significant influences on the subband
dispersions. First, the energy level of the ground state E1 in
the InGaAsN/GaAs QW is much lower than that in the
equivalent N-free structure, and the change of E2 from continuum to bound states occurs at a narrower well width
共⬃3.5 nm兲 in the former compared to the case in the latter
共⬃5 nm兲 due to the interaction between NB and CB. Second, the lowering of E1 with increasing well width in the
In0.23Ga0.77As0.99N0.01 well is much quicker than that in the
In0.23Ga0.77As well. This phenomenon also occurs in E2 after
it becomes a bound state. For instance, the reduced energies
of E1 are 113 meV 共from 1264 to 1151 meV兲 and 78 meV
共from 1323 to 1245 meV兲 for the N-containing and N-free
QWs, respectively, when LW increases from 2 to 8 nm. The
reduced energy of bound state E2 is 122 meV 共from 1361 to

FIG. 6. Calculated 共a兲 energies of subbands E1–E3 at
kt = 0 and 共b兲 peak position in the overall ISBT absorption as a function of N content 共NN兲 for the
In0.23Ga0.77As1−xNx / GaAs QW.
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FIG. 7. NB and CB components in E1 and E2 states at kt = 0 as a function of
NN in the In0.23Ga0.77As1−xNx / GaAs QW.

1239 meV兲 in the N-containing QW when LW increases from
3.5 to 8 nm, but is only 39 meV 共from 1361 to 1322 meV兲 in
the N-free QW when LW increases from 5 to 8 nm. Consequently, the absorption peak energy in the former can be
about 50–80 meV larger than that in the latter for narrower
well widths 共LW ⬍ 4.5 nm兲 since E1 is pushed down evidently due to the interaction of NB and CB. In the wider
wells, the N-related effect makes E2 go downward quickly
and so the E1 → E2 transition energy decreases remarkably,
which diminishes the difference in absorption peak positions
of the equivalent N-containing and N-free QWs.
B. Variation of ISBTs with N content

In this section, the dependence of ISBTs on N content
共NN兲 will be addressed based on the ten-band k · p model.
Figure 6 shows the calculated energies of subbands E1–E3 at
the zone center 共kt = 0兲 and the absorption peak energy in
overall absorption spectrum as a function of NN up to 3% for
the In0.23Ga0.77As1−xNx / GaAs QWs with 6 nm well width. In
this structure both E1 and E2 are bound states and the E1
→ E2 transition dominates in the overall intersubband ab-

J. Appl. Phys. 104, 053119 共2008兲

sorption. Therefore, the theoretical absorption peak energy is
very close to the energy separation between E1 and E2. It is
interesting to find that in the In0.23Ga0.77As1−xNx / GaAs structure the E1 and E2 energy levels go down with comparable
rates as NN increases, resulting in a relatively small variation
of the absorption peak energy. When NN varies from 0 to 3%,
the absorption peak energy only increases from 90 to 130
meV although the 3% N content has increased the well depth
by about 200 meV. This is unlike the well known phenomenon in common N-free 共In,Ga兲As/共Al,Ga兲As QWs in which
the absorption peak energy increases quickly with the well
depth. The cause is that the interaction between NB and CB
has comparable repulsion effects on the ground and bound
excited states. Figure 7 shows the NB and CB components in
the E1 and E2 states at kt = 0 as a function of NN calculated
using Eq. 共10兲 in order to examine the intermixing of NB and
CB wave functions in the electron states. It can be seen that
NB
the NB component in E1 共PE1
兲 increases quickly to 14.6%
with increasing NN to 1%, and further to 23.9% at NN = 3%.
NB
The NB component in E2 共PE2
兲 goes up to 17.1% with increasing NN to 1.0%, and then reaches 28.3% at NN = 3%. It
is clearly shown that the admixing of NB wave function in
E1 and E2 states intensifies with the increase in NN, and the
NB admixing in E2 is slightly stronger than that in E1 which
indicates that the higher energy subband is more interacted
with NB.
Actually this phenomenon should appear more obvious
in nearly lattice-matched GaAsN/AlGaAs QWs in which Ininduced large compressive strains are absent. Figure 8 shows
the calculated subband energies at kt = 0 and the absorption
peak energy as a function of NN for a
GaAs1−xNx / Al0.35Ga0.65As structure with 6 nm well width
and 20 nm barrier width. The CB offset ratio between the
well and the barrier is assumed to be 0.65.34 We can see that
the absorption peak energy shows relatively small variations
共within 144–171 meV兲 with the increase in NN by up to 3%,
although the N incorporation has induced bandgap narrowing
with a ratio of approximate 100 meV per 1% N in this structure. Furthermore, it can be seen that the absorption peak
energy exhibits a moderate redshift with increasing NN from
0 to 0.4% and then begins to increase gradually with increasing NN over 0.5%. This is because the lowering of E2 is

FIG. 8. Calculated 共a兲 energies of subbands E1–E3 at
kt = 0 and 共b兲 peak position in the overall ISBT absorption as a function of NN for the GaAs1−xNx /
Al0.35Ga0.65As QW.
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GaAs1−xNx / Al0.35Ga0.65As structure has a larger well depth
and has no compressive strain in the well, and therefore the
lowering of E2 state in it with the increase in N content is
less hindered. This is the reason why a redshift of absorption
peak energy can show in the latter.
IV. CONCLUSIONS

FIG. 9. NB and CB components in E1 and E2 states at kt = 0 as a function of
NN for the GaAs1−xNx / Al0.35Ga0.65As QW.

slightly quicker than that of E1 with increasing NN as shown
in Fig. 8共a兲. The largest redshift occurs at NN ⬇ 0.4%
− 0.5% and the corresponding absorption peak locates at 144
meV. The absorption peak energies with increasing NN up to
2.1% are smaller than that 共160 meV兲 for NN = 0. The theoretical results are consistent with the measured absorption
band redshifts in GaAsN/AlGaAs QWs reported in Ref. 14.
The calculated NB and CB components in the E1 and E2
states at kt = 0 as a function of NN are shown in Fig. 9. Compared with the In0.23Ga0.77As1−xNx / GaAs structure, the
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APPENDIX: TEN-BAND K · P HALMILTONIAN

The ten-band k · p Hamiltonian, which takes the coupling
of NB, CB, HH, LH, and SO into account, is given below:

0
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3
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In summary, the variations of ISBT and absorption intensity with well width and N content in InGaAsN/GaAs
QWs are analyzed in detail using the ten-band k · p model. It
is found that the absorption peak energy is insensitive to the
well width within 2.5–4.5 nm while the absorption intensity
increases and the bandwidth decreases greatly with the increase in well width. The absorption peak energy is much
larger than that of the N-free structure in narrower wells, but
the difference becomes small quickly in wider wells. In the
case of wider wells where the transition from E1 to the
bound E2 state dominates, the absorption peak energy shows
relatively small variations with increasing N content of up to
3% because the NB and CB coupling affects the conduction
subbands comparably. The theoretical results show that the
dilute N-related physics has made some significant changes
to the ISBT properties, which are consistent with reported
experiment data. Our work indicates that the BAC-based tenband k · p model can describe well the ISBT properties in
dilute N-containing QWs.
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where
N = EN0 + ␣Nk2 ,

冋

1
ប 2k 2 1 E P 2
+
ⴱ −
2m0 me
3 Eg Eg + ⌬

F = Ak2 +

B 2
共k − 3kz2兲,
2

H = − Dkz共kx − iky兲,
ប 2␥ 1
,
2m0

B=−

k+ = 共kx + iky兲/冑2,
p = 共ប/m0兲P0,

冊册

冉

C = EG +

A=−

G = Ak2 −

I=−
ប 2␥ 2
,
m0

冑3
2

,

B 2
共k − 3kz2兲,
2

B共k2x − k2y 兲 + iDkxky ,

D = − 冑3

ប 2␥ 3
,
m0

k− = 共kx − iky兲/冑2,

pN = 共ប/m0兲PN ,

and
VNC = ␤冑x,
where EN0 and EG are the energies of NB and CB, respectively, ⌬ is the spin-orbit splitting energy, kx and ky are the
wave vectors in the plane, kz is the wave vector along the
QW growth direction, ␥1, ␥2, and ␥3 are the modified Luttinger parameters, ␤ is the interaction factor between NB and
CB, and x is the N content. The down triangular block in the
Hamiltonian matrix is not shown since it is Hermitian. The
strain Hamiltonian Hs can be derived by the following substitution because of the same underlying symmetry: A → av,
B → b, D → d, k␣k␤ → ␣␤ 共␣ , ␤ = x , y , z兲, and ប2k2 / 2m0 ↔ ac
for CB, where ␣␤ is the strain tensor, b and d are the shear
deformation potentials, av is the hydrostatic valence-band
deformation potential, and ac is the conduction-band deformation potential.
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