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In this paper, we present an investigation of type-II ‘W’ quantum wells for the InAs/Ga1−xInxSb/AlSb family,

where ‘W’ denotes the conduction profile of the material. We focus our attention on using the eight-band k ·p model to

calculate the band structures within the framework of finite element method. For the sake of clarity, the simulation in

this paper is simplified and based on only one period—AlSb/InAs/Ga1−xInxSb/InAs/AlSb. The obtained numerical

results include the energy levels and wavefunctions of carriers. We discuss the variations of the electronic properties

by changing several important parameters, such as the thickness of either InAs or Ga1−xInxSb layer and the alloy

composition in Ga1−xInxSb separately. In the last part, in order to compare the eight-band k ·p model, we recalculate

the conduction bands of the ‘W’ structure using the one-band k · p model and then discuss the difference between the

two results, showing that conduction bands are strongly coupled with valence bands in the narrow band gap structure.

The in-plane energy dispersions, which illustrate the suppression of the Auger recombination process, are also obtained.
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1. Introduction

Semiconductor lasers emitting in the 2–5 µm
range have many applications, such as chemical detec-
tion, telecommunications and military counters.[1−3]

There is currently an increasing demand for instru-
ments working in this range. However, research in the
mid-infrared (mid–IR) range has only been conducted
in recent years due to difficulty in preparing the mate-
rials. Nowadays, many promising candidates operat-
ing in this range are well proposed, such as inter-band
band cascade lasers (ICLs), inter-subband cascade
lasers (QCLs), antimonide type-I and type-II quantum
well (QW) lasers, and InAs/GaSb short-period sup-
perlattices (SPSLs).[2−5] Quite recently, ICLs based
on type-II ‘W’ active layers have been demonstrated
to operate at room temperature with a wavelength of
3.75 µm and a continuous wave (cw) power output
as high as 10 mW.[6] By contrast, antimonide type-II
‘W’ lasers based on one stage (non-cascade) remain
the most outstanding among all of these candidates –
although some problems still need to be solved.[7] The
first type-II ‘W’ laser diode was proposed by Meyer et
al.[8] in 1995, which was composed of four-constitute
InAs/Ga1−xInxSb/InAs/Ga1−xAlxSb multiple quan-

tum wells. The so–called ‘W’ structure manifests the
profile of the conduction band (CB), typically with
one hole QW (Ga1−xInxSb) sandwiched between two
electron QWs (InAs). The purpose of this configura-
tion is to form two-dimensional electron and hole pop-
ulations by improving the carrier confinement, and to
enhance the optical coupling, as well as suppressing
the Auger recombination rate.[8] There is no doubt
that Auger recombination has always been a serious
problem in designing semiconductor laser diodes, es-
pecially for long wavelength mid-IR range lasers. The
type-II ‘W’ structure in an active region can effec-
tively eliminate the non-radiative Auger process by
removing the resonance between the energy gap and
the split-off gap, which is usually dominant in many
mid-IR materials. In the previous work, in almost all
of these type-II ‘W’ structures the InAs-GaSb-AlSb
family was used as the active region, and laser diodes
based on a type-II ‘W’ configuration were investigated
both experimentally and theoretically.[6−9]

In the present paper, we use the finite ele-
ment method (FEM) to calculate the energy lev-
els and wavefunction of the type-II ‘W’ structure
within the framework of the eight-band k · p model
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including strain. For simplicity, our simulation is
based on only one period—a structure including five-
constitute AlSb/InAs/Ga1−xInxSb/InAs/AlSb. Fur-
thermore, we investigate the relationship between the
fundamental band gap, which corresponds to wave-
length and layer thickness (including ‘electron’ well
layer and ‘hole’ well layer), and then draw the conclu-
sion that as the thickness of the well layer increases,
the wavelength becomes longer. By varying the alloy
composition in Ga1−xInxSb, we also obtain a reason-
able result that the wavelength becomes longer when
‘In’ composition increases. Finally we recalculate the
conduction bands of the ‘W’ structure using the one-
band k · p model. When compared to former results,
some distinct consequences illustrate that conduction
bands are strongly coupled with valence bands, espe-
cially for narrow band gap structures, which may not
be totally ignored.

2. Theory

Discussed below is the eight-band k · p theory,
which is based on the Kane theory, using the follow-
ing set of basis functions:

(|S ↑〉 , |X ↑〉 , |Y ↑〉 , |Z ↑〉 ,
|S ↓〉 , |X ↓〉 , |Y ↓〉 , |Z ↓〉 , )T (1)

and taking the block matrix form as follows:[10,11]

H =


 G (K) Γ

−Γ̄ Ḡ (K)


 , (2)

where G and Γ are both 4× 4 matrices, with the ma-
trix G being composed of four parts, i.e., G1, G2, Gst,
which denote a potential energy, a kinetic energy and
a strain dependent part, respectively, and GSO, which
describes spin orbit splitting, and with the matrix Γ

also describing the spin orbit splitting; the overbar
denotes the complex conjugation.

G = G1 + G2 + GSO + Gst, (3)

where the four terms on the right-hand side are de-
scribed in the appendix. We investigate the type-II
‘W’ quantum well band structure. The bulk 8×8 ma-
trix can be converted into eight coupled differential
equations by replacing kz with − i ∂

∂z . According to
the theory in Refs. [12] and [13], we replace the sym-
metrized matrix with an unsymmetrized matrix. The
diagonal terms are treated as Qk2

i = k̂iQk̂i, where Q is
a Kane parameter, while the upper triangular matrix
elements are no longer Qkikj →

(
k̂iQk̂j + k̂jQk̂i

)
/2,

but described as N ′kikj → k̂iN+k̂j + k̂jN−k̂i. Mean-
while, the lower triangular matrix elements Qkikj →(
k̂jQk̂i + k̂iQk̂j

)
/2 are also replaced with N ′kikj →

k̂jN+k̂i + k̂iN−k̂j , where N− = M − ~2/2m0 and
N+ = N ′ − N−. Within the effective-mass approx-
imation, the Schrödinger equation is given as

ĤΨ (z) = EΨ (z) . (4)

In our calculation, φ(z) and ϕ(z) represent the wave-
fuction and the envelop function, respectively, and ex-
pressed, respectively, as

φ(z) = u1 |S ↑〉+ u2 |X ↑〉+ u3 |Y ↑〉
+u4 |Z ↑〉+ u5 |S ↓〉+ u6 |X ↓〉
+u7 |Y ↓〉+ u8 |Z ↓〉 , (5)

and

ϕ(z) =
8∑

i=1

|ui (z)|2. (6)

table 1 below shows the definitions of the parameters
we used.

Table 1. Definitions of parameters.

E0 fundamental band gap

Ev valence band edge

Ep optical matrix parameter

∆ spin orbit splitting energy

me
∗ electron effective mass in conduction band

γ1, γ2, γ3 three Luttinger parameters

ac hydrostatic conduction band deformation potential

av hydrostatic valence band deformation potential

bv uniaxial ([100] direction) valence band deformation potential

dv uniaxial ([111] direction) valence band deformation potential
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3. Results and discussion

In our simulation, the parameters are taken
from Ref. [14]. The numerical results involve some
spurious solutions. As we know, spurious solu-
tions can be effectively eliminated by reducing Ep

appropriately,[15,16] so we choose Ep (Table 2) a bit
lower than that given in Ref. [14]. The first type-
II ‘W’ structure devised by Meyer is composed of
multiple quantum wells. By comparison, we use
AlSb as the barrier layer in place of Ga1−xAlxSb and
firstly we focus on the investigation of the one-period
model, which consists of a five-constitute symmetrized
structure—AlSb/InAs/Ga1−xInxSb/InAs/AlSb. The
basic structure parameters defined in this paper are:
AlSb (4 nm)/InAs (2 nm)/Ga0.7In0.3Sb (3 nm)/InAs
(2 nm)/AlSb (4 nm). In our calculation with the
FEM,[17] band structures can be obtained.

Table 2. Comparison of Ep between Ref. [14] and

this paper.

InAs GaSb AlSb InSb

Ep/eV in Ref. [14] 21 27 18.7 23.3

Ep/eV in this paper 19 25 18.3 20

Figure 1 shows the calculated energy levels and
wavefunctions, along with conduction and valence
band profiles, for the type-II ‘W’ structure.

Fig. 1. Band profiles and probability density distributions

of conduction bands and valence bands for the type-II ‘W’

quantum well, which are calculated using the eight-band

k · p model (solid lines). In addition, conduction band

structures are recalculated using a one-band k · p model

(dashed lines).

It is well known that a broken gap alignment
causes electrons and holes to separate from each other

spatially—electrons are confined mainly in InAs lay-
ers while holes in the Ga1−xInxSb layer, and the
wavefunction overlap governs interband optical cou-
pling, which directly contributes to the performance
of lasers. In our calculation, the wavefunction over-
lap integral accounts for 18.8%, which is not optimal.
This is because the parameters we used for the struc-
ture are non-optimal and need modifying.

According to the fundamental band gap and λ =
1.24
Eg

, we are able to obtain the wavelengths which
are shown in Fig. 2(a). The calculated wavelength
is 3.77 µm. For comparison, we change the thick-
nesses of InAs and Ga1−xInxSb separately and recal-
culate the wavelength. Figure 2(a) shows the wave-
lengths for different thicknesses. It is obvious that the
wavelength becomes longer as the thickness of InAs
(Ga1−xInxSb) layer increases. We also note that any
change in the InAs layer will have an effect on elec-
tron wavefunctions, while variation in the Ga1−xInxSb
layer greatly affects hole wavefunctions. Figure 2(b)
exhibits our simultaneously calculated corresponding
wavefuction overlap integrals, which show that the
increasing thickness is accompanied by a diminish-
ing overlap. Figure 3 displays the influence of the
Ga1−xInxSb alloy composition on wavelength, which
shows an increasing trend with the ‘In’ content in-
creasing. The Ga1−xInxSb layer is compressively
strained, which can help to obtain our preferable wave-
length. We stop increasing the ‘In’ content when it
reaches 0.4 in the limit of highly compressive strain.

Fig. 2. Calculated wavelengths (a) and the wavefunc-

tion overlap integrals (b) through the adjustment of InAs

layer and Ga0.7In0.3Sb layer thicknesses, respectively.

InAs layer thickness is fixed at 2 nm (square) while the

Ga0.7In0.3Sb thickness is variable, and Ga0.7In0.3Sb layer

thickness is fixed at 3 nm (triangle) when the InAs thick-

ness is variable.
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Fig. 3. Calculated wavelengths through the adjustment

of the alloy composition in Ga1−xInxSb.

Both the eight-band model and the one-band k ·p
model have been widely used in the calculation of elec-
tronic band structures of materials. In comparison
with eight band k·p theory, the one-band k·p model is
simple because it focuses just on the conduction band
while ignoring the perturbation from valence bands.
Nevertheless, it is generally accepted that the one-
band k ·p model is still a good approximation in some
cases. However, when people deal with some narrow
band-gap structures, they might meet some obstacles.
In order to reveal the difference between the two mod-
els in type-II ‘W’ QWs, we recalculate the ‘W’ struc-
ture using the one-band k ·p model. The dashed lines
in Fig. 1 show the energy levels and the wavefunctions
of conduction bands obtained by the one-band k · p
model, while valence bands are not involved. Com-
paring these results with the numerical results using
the eight-band k · p model, the differences are clearly
demonstrated in Fig. 1. The higher the energy level,
the larger the separation between the corresponding
energy levels calculated by the one-band model and
the eight-band k · p model. Furthermore, note that
E1S is a bit higher and the coupling of electrons be-
tween two InAs wells is larger. As expected, this con-
sequence could be predicted and briefly attributed to
the narrow band-gap, where conduction bands are per-
turbed strongly by valence bands.

Within the framework of one-band k · p theory,
electronic (conduction band) wavefunction is com-
posed of u1 and u5, which denote ‘spin-up’ and ‘spin-
down’ states, respectively. However, from what we ob-
tained in the eight-band k · p model, we disassemble
the wavefunction and note that u2 (u6), u3 (u7)and u4

(u8) each have a considerable influence on u1 (u5), es-
pecially for u4 (u8), which means that the conduction

bands are strongly coupled with the valence bands and
approximately correspond to a larger effective mass in
the one-band model. In addition, this directly leads
to the anisotropic conduction bands shown in Fig. 4
and the different results mentioned above.

Fig. 4. Energy dispersion curves for conduction bands

(a) and valence bands (b) along in-plane [11] and [10] di-

rections. The dashed lines denote the resonant energies

which equal 2Eg and −Eg, respectively.

Figure 4 shows the in-plane dispersions of both
the electron and hole subband states. It is clear that
the electron dispersions are approximately parabolic
but still anisotropic, which is different from the result
obtained by the one-band model, where the conduc-
tion bands are isotropic. Due to the compressively
strained structure, the heavy hole effective mass near
the Γ point tends to be smaller, which shows a similar
trend to the results given by other reports.[9,18,19] In
comparison with Fig. 3 in Ref. [9], where the structure
consists of a InAs/Ga0.75In0.25Sb superlattice multiple
quantum well (MQW), it can be seen that the Auger
recombination process is effectively eliminated in the
‘W’ structure due to it lacking the resonant energies
for transitions in the final states, where the calculated
fundamental band gap Eg (E1S − H1) in the type-II
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‘W’ structure is 0.328 eV and the resonate energies
which equal 2Eg and −Eg, respectively, are also spot-
ted; it is also shown that the multiplicity of the valence
bands contributes to an imbalance of the density of
states between the conduction bands and the valence
bands in superlattice MQW.[9] In the ‘W’ structure,
however, the density of the states is more balanced,
which means that the electron effective mass and hole
effective mass are more balanced, thereby benefiting
the improvement of the performance of laser diode.

4. Conclusion

We have presented an eight-band k · p model
for the calculation of the electronic structure of
type-II ‘W’ quantum well, which is based on
InAs/Ga1−xInxSb/AlSb family. Considerable effects
of InAs and Ga1−xInxSb thickness on electronic prop-
erties have been demonstrated: an upward trend of
wavelength and a downward trend of wavefunction
overlap occur concurrently by increasing thickness.
It has also illustrated that because of the spatial

separation between electrons and holes, the varia-
tional InAs layer has a significant effect on electron
wavefunction, while little influence on hole wavefunc-
tion. Meanwhile, by varying the alloy composition
of Ga1−xInxSb, the wavelength becomes longer with
‘In’ content increasing. Then we compare the calcu-
lated results from the one-band k ·p model with those
from the eight-band k ·p model, and some differences
are found in the number of conduction bands in the
well, the energy level as well as the shape of the wave-
function. It appears that ignoring the perturbation of
valence bands in narrow band structures is not a good
approximation. Nevertheless, the one - band k · p

model is simple and can provide the qualitative in-
struction. Finally, the calculated energy dispersion
curves prove that the type-II ‘W’ structure can effec-
tively suppress the Auger recombination process.

Appendix

The relevant terms in the eight-band k · p model
are expressed in the following forms:

G1 =




Ec iPkx iPky iPkz

− iPkx E′
v 0 0

− iPky 0 E′
v 0

− iPkz 0 0 E′
v




, (A1)

G2 =




A′k2 Bkykz Bkxkz Bkxky

Bkykz L′k2
x + M

(
k2

y + k2
z

)
N ′kxky N ′kxkz

Bkxkz N ′kxky L′k2
y + M

(
k2

x + k2
z

)
N ′kykz

Bkxky N ′kxkz N ′kykz L′k2
z + M

(
k2

x + k2
y

)




, (A2)

GSO =
∆
3




0 0 0 0

0 0 − i 0

0 i 0 0

0 0 0 0




, (A3)

Gst =




ac (εxx + εyy + εzz) b′εyz − iPεxjk
j b′εzx − iPεyjk

j b′εxy − iPεzjk
j

b′εyz + iPεxjk
j {lεxx + m (εyy + εzz)} nεxy nεxz

b′εzx + iPεyjk
j nεxy {lεyy + m (εxx + εzz)} nεyz

b′εxy + iPεzjk
j nεxz nεyz {lεzz + m (εxx + εyy)}




, (A4)

Γ =
∆
3




0 0 0 0

0 0 0 1

0 0 0 − i

0 −1 i 0




, (A5)
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Ec = Ev + E0 − eVp, (A6)

E′
v = Ev − ∆

3
− eVp, (A7)

A′ =
~2

2m0

(
m0

m∗
e

− Ep

E0

E0 + 2∆/3
E0 + ∆

)
, (A8)

P =

√
~2

2m0
Ep, (A9)

L′ =
P 2

E0
− ~2

2m0
(γ1 + 4γ2) , (A10)

M = − ~2

2m0
(γ1 − 2γ2) , (A11)

N ′ =
P 2

E0
− 3~2

m0
γ3, (A12)

l = 2bv + av, (A13)

m = av − bv, (A14)

n =
√

3dv, (A15)

Ep =
3E0 (E0 + ∆)

∆

(
γ1 − m0

m∗
SO

)
, (A16)
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