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We have theoretically studied the InP based InGaAs/GaAsSb /InAlAs type-II “W” quantum wells

(QWs) using the eight band k.p theory. The trade-off between the emission wavelength and the

magnitude of the transition matrix element was investigated with various structural parameters of the

“W” QWs. For the same emission wavelength, the devices with thinner InGaAs/GaAsSb layers and

a higher Sb content in GaAsSb could provide higher transition strength. The gain spectra and their

peak values at various carrier densities were calculated. We have also found that a more balanced

electron and hole masses in the type-II “W” QWs can benefit the material gain. In our designed

cases, we have seen that the reduced hole effective mass due to a higher Sb content can partially

compensate the gain loss caused by the reduced transition matrix element. Based on the optimized

design, a material gain above 103 cm�1 is readily achievable for a single properly designed “W”

quantum well. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4789634]

I. INTRODUCTION

The optoelectronic devices based on type-II InGaAs/

GaAsSb heterostructures on InP substrates have attracted a

lot of interest recently.1–4 The type-II staggered band align-

ment offers a good way to extend the devices’ operating

wavelength into the mid infrared (mid-IR) region, which is

important for applications such as molecular absorption

spectroscopy, medical care, and free-space optical communi-

cation in atmospheric transparency windows.5,6 Tradition-

ally, semiconductor mid-IR lasers are made on unpopular

and expensive GaSb and InAs substrates. It is, however,

much more desirable to use a substrate like InP, which is

cheaper, has a better thermal conductivity, and a more

mature material processing technology. But because of the

constraint of lattice mismatch, it is difficult to fabricate such

lasers to work at long wavelengths if one uses conventional

type I heterostructures. However, when using type II hetero-

structures, one is able to alleviate some of the constraint by

choosing materials that have closer lattice constant to InP

and achieve longer wavelength emission via electron-hole

recombination across the heterojunction. Although spatial

indirect recombination of type-II heterostructure enables an

optical transition with energy smaller than the bandgaps of

constituent materials, it has a problem of small optical gain

due to diminished electron-hole wavefunction overlap. To

avoid such problem, the “W” type structure was proposed by

adding barrier layers to confine carriers and thereby enhanc-

ing the wave function overlap and the optical momentum

matrix elements.7–10 Both electrically injected and optically

pumped room temperature InP-based mid-IR lasers using

“W” quantum wells (QWs) have been demonstrated with

wavelength up to �2.5 lm.3,4 Room temperature photolumi-

nescence has shown recently that such structure is capable of

light emission with wavelengths beyond 3 lm.11

To aid the design of such complex structure, we have

performed a comprehensive theoretical study of W type

QWs on InP substrates using the eight band k.p theory. Here,

we are not just limited to the matrix element calculations, as

have been done previously,9,11 which only gives information

on the relative emission strength. We have also calculated

the material gain spectra, which relate more closely to real

laser operations.

II. BAND ALIGNMENT OF THE “W” QW STRUCTURE

A typical band alignment of the “W” type QW together

with the electron and hole ground state wavefunctions

is shown in Fig. 1. For layers lattice matched to InP,

In0.53Ga0.47As, and In0.52Al0.48As are used for the wells

and the barriers for electrons. The middle layer is the

GaAs1�xSbx well for the hole confinement. While x¼ 0.49 is

the lattice match condition for GaAs1�xSbx, we assumed that

it can be grown pseudomorphically and used the Sb content

as a varying parameter for device optimization. The structure

gains the name from the “W”-like shape of conduction band

profile. Because of the type-II band alignment, holes are

confined inside the valence band (VB) of GaAsSb QW,

forming heavy hole (HH) and light hole (LH) sub-bands, and

FIG. 1. The band alignment for a typical “W” type QW along with the

ground state electron and hole wavefunctions.

0021-8979/2013/113(4)/043112/5/$30.00 VC 2013 American Institute of Physics113, 043112-1

JOURNAL OF APPLIED PHYSICS 113, 043112 (2013)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

140.113.38.11 On: Thu, 01 May 2014 01:05:00

http://dx.doi.org/10.1063/1.4789634
http://dx.doi.org/10.1063/1.4789634
http://dx.doi.org/10.1063/1.4789634
http://dx.doi.org/10.1063/1.4789634
http://dx.doi.org/10.1063/1.4789634
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4789634&domain=pdf&date_stamp=2013-01-29


electrons are confined in the two coupled InGaAs QWs,

which have the split symmetric (C1) and the anti-symmetric

(C2) states. The fundamental C1-HH1 optical transition has

a smaller effective band gap energy not limited by the

bandgaps of the constituent layers and therefore gives a lon-

ger emission wavelength. The barrier layers provide quan-

tum confinement for the electrons and increase the electron-

hole wavefunction overlap, which leads to enhanced momen-

tum matrix elements for optical device operation. Two

dimensional densities of states for both carries are preserved

in the “W” structure.

It is known that the conduction band (CB) edge of

InGaAs lowers as the indium mole fraction increases, while

the VB edge of GaAsSb goes up with the antimony mole frac-

tion. Either way leads to a decreased energy difference

(denoted as d in Fig. 1) between the CB edge of InGaAs and

the VB edge of GaAsSb and hence helps to extend the emis-

sion wavelength. Fig. 2 shows the relative position of the band

edges of the materials used in the “W” QW. The Sb mole frac-

tion in GaAs1�xSbx is varied from 0 to 1. The top horizontal

axis indicates the biaxial strain in the GaAsSb layer, which is

assumed to be pseudomorphically grown with the same in-

plane lattice constant as InP. The band lineup for the lattice-

matched case (GaAs0.51Sb0.49) is made consistent with the

experimentally determined value reported in the literature.12

The amount of shift in the band edge of pseudomorphic

GaAsSb layer is calculated based on “model solid” theory.

The deformation potential values are taken from Ref. 13. The

energy difference (d) shrinks as the Sb fraction, x, increases. It

is only about 0.25 eV when x is 0.8. This energy corresponds

to a very respectable 4.96 lm mid-IR light emission (without

adding the electron and hole quantized energies). It should

also be mentioned that as the Sb content in GaAsSb increases

above the lattice matched condition, the compressive strain in

the layer also causes the hole effective mass in the well to

decrease. This creates a more favorable electron/hole effective

mass balance, which can lead to a reduction in the lasing trans-

parency carrier density.

III. THE CALCULATION RESULTS AND DISCUSSION

In this work, the influences of the three most important

structural parameters of the W shape QW on the emission

wavelength, optical transition, matrix element, and the mate-

rial gain were investigated. They were (1) the thickness of

the In0.53Ga0.47As layer, which was varied from 2 nm to

7 nm, (2) the GaAsSb layer thickness, varied from 2 nm to

5 nm, and (3) the Sb mole fraction of GaAsSb, which was

changed from 0.5 to 0.9. Other parameters used (at 300 K) in

the calculations were taken from Ref. 13 and listed in Table

I. We did not vary the indium content in the InGaAs electron

confining layer. Although a higher In content could extend

the emission wavelength, the reduced bandgap in this layer

would result in a lower electron effective mass. This would

create a more unbalanced electron/hole effective masses in

our system and hurt the transparency condition and the mate-

rial gain. So for the purpose of extending the emission wave-

length, we chose, in stead, to vary the Sb content in the hole

quantum well, where a higher Sb content would reduced the

hole effective mass because of a higher compressive strain.

This results a more balanced electron/hole effective mass

and creates a more favorable situation for the transparency

condition and the material gain. The basic framework of the

eight band k.p method and the material gain calculation fol-

lowed those described in Refs. 14 and 15. The layers were

assumed to be grown on the (001) surface. The material gain

calculation incorporated the Lorenzian line broadening func-

tion and can be expressed by the form

gð�hxÞ ¼ pe2

nrce0m2
0x

1

Lz

X
g;r

X
n;m

ð
jê � Pgr

nmj
2

� C=ð2pÞ
½Een

hmðktÞ � �hx�2 þ ðC=2Þ2
� ðf gn � f rmÞ ktdkt

2p
;

with the following parameter notations:nr :refraction index;

m0 : free electron mass; e0 : permittivity in free space; c :light

velocity; Lz : QW thickness; jê � Pgr
nmj

2
: squared momentum

matrix element, ê is the electric field polarization vector;

FIG. 2. Band edge energy positions (Ec and Ev) of In0.53Ga0.47As and

In0.52Ga0.48As, which are lattice matched to InP, and the GaAs1�xSbx pseu-

domorphic layer with Sb fraction varied from 0 to 1. The biaxial strain is

indicated on the top horizon axis.

TABLE I. The parameters of the constituent materials in the “W” QW used

for the k.p calculations.

T¼ 300 K In0.52Al0.48As In0.53Ga0.47As GaAsxSb1�x

Eg (eV) 1.45 0.74 0.812� 0.723xþ 1.43x2

Ev (eV) 0 0.19 0.678þ 0.29x� 1.06x2

Ec (eV) 1.45 0.93 1.49� 0.433xþ 0.37x2

D (eV) 0.30 0.33 0.76� 1.019xþ 0.6x2

g1(Luttinger) 12.20 13.88 14.5� 7.52x

g2(Luttinger) 4.81 5.47 3� 0.94x

g3(Luttinger) 5.47 6.25 6 – 307x

Ep (eV) 21.31 24.93 27þ 1.8x

a (Å) 5.87 5.87 6.096� 0.443x

C11 (Gpa) 1033.1 1015.3 884.2þ 336.8x

C12 (Gpa) 278.1 505.9 402.6þ 163.4x

ac (eV) �5.35 �3.63 �7.5þ 5.5x

av (eV) �1.71 �3.90 �0.8� 6.37x

b (eV) �2.04 �1.50 �2þ 0.84x

d (eV) �3.50 �4.16 �4.7� 0.1x

043112-2 C. H. Pan and C. P. Lee J. Appl. Phys. 113, 043112 (2013)
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Een
hm : electron - hole transition energy; �hx : photon energy;

g, r : :spin notation; n, m : conduction, valence subbands; kt :

parallel wave vector; C : linewidth of Lorenzian broadening;

f : Fermi – Dirac distribution.

The emission wavelength of fundamental optical transi-

tion (C1 to HH1) and the corresponding squared momentum

matrix element at room temperature were first calculated.

Fig. 3(a) shows the 3D contour plot of the corresponding

squared momentum matrix elements for the three chosen

wavelengths of 2 lm, 2.5 lm, and 3 lm, where the x, y, and

z axes are, in turn, values of the InGaAs layer width,

GaAsSb layer width, and Sb mole fraction in GaAsSb. It is

displayed in grayscale, where the brightness increases with

the magnitude. The maximum and minimum values in the

plot are 1.24 m0eV and 0.17 m0eV, respectively.

As shown in Fig. 3(a), the emission wavelength can be

tuned in the range between 2 and 3 lm by varying the three

parameters mentioned above. However, as the wavelength is

increased, the wave function overlap decreases resulting in a

smaller matrix element. A gradual increase in darkness in

the plot is clearly seen as the wavelength is changed from

2 lm to 3 lm. So there is a trade-off between the long wave-

length emission and the optical matrix element. It is an

intrinsic feature for the “W” type QWs and the reason lies

in the separately confined electrons and holes. A thicker

InGaAs or GaAsSb layer leads to a smaller electron or hole

quantized energy and hence a longer emission wavelength.

However, it also makes the electron and hole wave functions

more concentrated in the separated individual layers with

less overlap. A similar trade-off exists when the Sb content

in the GaAsSb layer is varied. The wavelength can be

extended longer with a higher Sb content due to the reduced

energy separation, d, between the electron and the hole

states. The raised conduction band edge, however, blocks the

electron wave function penetration into the GaAsSb layer

causing a reduction of the electron-hole wave function

overlap.

As shown in Fig. 3, there are many possibilities in

choosing the layer parameters to achieve the same emission

wavelength. However, a different combination of the three

parameters has a different strength in the transition matrix

element. To show the detail of the calculated result, we plot-

ted only the squared momentum matrix element at 2.5 lm

FIG. 3. (a) The 3D contour plots of corresponding squared momentum ma-

trix elements at three wavelengths: 2, 2.5, 3 lm, and (b) only at the 2.5 lm,

based on the eight band k.p calculations of the “W” structure with variable

parameters in three axes: InGaAs width along x axis, GaAsSb width along y

axis, and Sb mole fraction along z axis.

FIG. 4. The energy dispersion of the “W” QW consisting of In0.53Ga0.47As/GaAs1�xSbx/In0.53Ga0.47As (4/3/4 nm) sandwiched between In0.52Al0.48As barrier

layers for the three cases with different Sb fraction: (a) xsb¼ 0.5, (b) xsb¼ 0.7, and (c) xsb¼ 0.9, where C1 and C2 refer to the symmetric and the anti-symmetric

conduction subbands, HH1 and HH2 refer to the first and the second confined heavy hole subbands, and LH1 refers to the first confined light hole subband.

043112-3 C. H. Pan and C. P. Lee J. Appl. Phys. 113, 043112 (2013)
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wavelength in Fig. 3(b). One can see that a larger matrix ele-

ment is generally obtained with a higher Sb mole fraction

and thinner InGaAs/GaAsSb layers, which is also the same

for other given emission wavelengths. Given such design

flexibility, one has to be careful, however, when using a high

Sb content in the GaAsSb layer because the material quality

may degrade. We used In0.52Al0.48As as the barrier material

in our “W” structure, which has a higher conduction band

offset as compared to the (Ga)InP layer used in Ref. 9 and

the GaAsSb layer used in Ref. 11. Our structure has a better

electron confinement and a higher energy level when the

same InGaAs width is used in the structure.

Energy dispersion for three cases of “W” quantum wells

was calculated. The thicknesses of InAlAs/InGaAs/GaAs1�x

Sbx/InGaAs/InAlAs were fixed at 92/4/3/4/92 nm, but three

Sb mole fractions of 0.5, 0.7, and 0.9 were used for the

GaAsSb layer. The total boundary width used was 205 nm,

which is large enough to ensure the wavefunction of the “W”

well diminishes at the boundary. The results of the calculated

E-k relation are shown in Figs. 4(a)–4(c) for the three cases.

The two CB sub-bands, C1 and C2, corresponding to the

symmetrical and anti-symmetrical states of the two coupled

electron QWs and the HH1, LH1, and HH2 sub-bands in the

VB are shown. The values of the effective band gap (C1-

HH1), the energy separations of C1-C2 and HH1-LH1, the

effective masses of C1 electrons, and HH1 heavy holes at

the zone center are listed together in Table II for the three

cases.

As seen in Table II, the effective band gap decreases

from 597.1 meV to 461.3 meV as the Sb fraction increases

from 0.5 to 0.9, which is caused by the raised valence band

edge of the GaAsSb pseudomorphic layer. The increased va-

lence band offset at the InGaAs/GaAsSb junction also leads

to the increase of hole subband energy separation. The

D(HH1-LH1) values increases from 123.7 to 235.3 meV.

However, the conduction subband splitting D(C1-C2)

decreases from 35.2 to 7.0 meV. The reason comes from the

raised conduction band edge of GaAsSb pseudomorphic

layer causing the two InGaAs electron QWs less coupled to

each other. The higher the Sb fraction, the more compres-

sively strained is within the GaAsSb layer. This shapes the

energy dispersion and leads to the reduction of the HH1

effective mass from 0.105m0 to 0.093m0 as presented in

Table II.

The optical transition mainly takes place between C1

and HH1, because holes are mostly populated in the HH1

band due to the large HH1-LH1 energy separation. The tran-

sition between HH1 and C2 is forbidden due to different par-

ities in the envelop wave functions. Figs. 5(a)–5(c) show the

squared matrix elements of the C1-HH1 transition for the

three cases. It can be seen that the C1-HH1 transition con-

tributes only to the TE polarization (E field parallel to the

layers) near the zone center. The matrix element decreases

as the in-plane wave vector moves away from the zone cen-

ter. The TM component of the matrix elements rises at

around the midway in the Brillouin zone where the HH1 and

LH1 bands are mixed. Comparing the three cases, it is

obvious that the matrix element reduces as the Sb mole frac-

tion is increased.

Fig. 6 shows the results of TE material gain as a function

of transition energy for the three cases. 2D carrier densities

of 1� 1012, 2� 1012, and 3� 1012 cm�2 were used in the

calculation. Fig. 7 shows the peak gain as a function of 2D

carrier density. Here, we have used a line broadening factor,

C, of 20 meV and a “W” QW thickness, Lz, of 11 nm in the

calculations. As displayed in the gain spectra shown in

Fig. 6, the gain increases and the spectrum broadens as more

carriers are injected into the well. Except for the case with

xSb¼ 0.9, the peak gain of the other two (xSb¼ 0.5, 0.7) can

all go beyond 103 cm�1 with a 2D carrier density of

3� 1012 cm�2. For InP-based type-I compressively strained

InGaAs/InGaAsP QWs in near-IR 1.5 lm lasers, lower 2D

carrier density values around 1.2–1.6� 1012 cm�2 are

needed to get gain values over 103 cm�1, which is mainly

due to the better wave function overlap than “W” type

QWs.16,17 However, such optical gain and carrier density for

“W” type QWs are in general sufficient to satisfy the require-

ments for the operation of mid-IR lasers. It should be men-

tioned that the calculation presented above was for only one

TABLE II. The extracted values of the effective band gap, the energy differ-

ences of C1-C2 and HH1-LH1, and the C1 electron/HH1 hole effective

masses at zone center for the three cases.

Sb fraction 0.50 0.70 0.90

Effective Eg (meV) 597.1 515.8 461.3

DC1–C2 (meV) 35.2 14.7 7.0

DHH1-LH1 (meV) 123.7 183.6 235.3

Effective me for C1 (m0) 0.062 0.069 0.073

Effective mh for HH1(m0) �0.105 �0.098 �0.093

FIG. 5. The squared momentum matrix element of the C1-HH1 transition for the three cases: (a) xsb¼ 0.5, (b) xsb¼ 0.7, and (c) xsb¼ 0.9.

043112-4 C. H. Pan and C. P. Lee J. Appl. Phys. 113, 043112 (2013)
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“W” QW. If needed (such when xSb¼ 0.9), multiple QWs

can be used to boost the gain.

Looking at Figs. 7 and 5 carefully, we notice that the

reduction in gain as the Sb mole fraction is increased (espe-

cially from xSb¼ 0.5 to 0.7) is not in proportion to the reduc-

tion in the magnitude of the matrix element. When the 2D

carrier density is below �1.7� 1012 cm�2, the peak gain for

the case with xSb¼ 0.7 is even superior to that of the

xSb¼ 0.5 case. This is due to the reduced HH1 effective

mass caused by the increased compressive strain (�1.5%) in

the GaAsSb layer when a higher Sb mole fraction is used.

The more balanced electron/hole effective masses cause the

transparency carrier density to drop and the gain to rise. So

the benefit of a more balanced electron/hole effective masses

can partial compensate the gain loss caused by the reduced

matrix element caused by the higher Sb content.

IV. CONCLUSIONS

We have theoretically investigated the InP based

InGaAs/GaAsSb “W” type QWs for mid-IR lasers. Calcula-

tions are based on the eight band k.p theory and proceed by

the basis expansion of the envelope function. The trade-off

between the emission wavelength and the momentum matrix

element is studied in the 2 lm to 3 lm range. At a given

wavelength, the design with thinner InGaAs and GaAsSb

layers and a higher Sb content in GaAsSb is more desirable

because of a larger matrix element. Besides the emission

wavelength and the matrix element, the strain in the GaAsSb

layer also plays an important role in the determination of the

material gain. The enhanced compressive strain in the

GaAsSb layer when a high Sb content is used can reduced

the transparency carrier density and increase the gain. With a

proper design, the material gain of a single “W” QW is

able to get above 103 cm�1 with a 2D carrier density of

3� 1012 cm�2. The results presented in this work shows that

the InP based “W” type QWs are suitable for mid-IR lasers

and it provides a guideline for the design of such complex

structure.
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