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A B S T R A C T   

GaAsSb based materials have become the promising system for infrared semiconductor lasers and detectors. In 
this article, the strain, energy band structures and photoluminescence (PL) of GaAs0.92Sb0⋅08/Al0.3Ga0.7As 
strained quantum wells (QWs) grown with molecular beam epitaxy are systematically analyzed both theoreti
cally and experimentally. The theoretical results are derived by Kane’s model and k⋅p method, and the optical 
properties of a high-quality GaAs0.92Sb0⋅08/Al0.3Ga0.7As strained QWs sample are thoroughly investigated by 
excitation- and temperature-dependent PL measurements. The theoretical results show the strain has significant 
influence on the band structure of QWs. In experimental part, it is found that the light-hole exciton emission 
coexists with the heavy-hole exciton line in the temperature range of 50 K–300 K. However, the emission of 
localized excitons, which is caused by the nonuniformity of component in the GaAsSb well layer, takes over the 
light-hole exciton emission at lower temperatures (<50 K).   

1. Introduction 

With the advantages of high carriers’ concentration and mobility, 
GaAs based semiconductors have great potential in high performance 
optoelectronic applications [1,2]. In particular, GaAsSb alloy has drawn 
a great attention due to the tunable feature of band gap. Diversified 
quantum structures such as GaAsSb/GaAs single/multiple quantum 
wells (QWs) [3], W-design AlSb/InAs/GaAsSb QWs [4] and GaAsS
b/InGaAs heterostructures [5] have been developed so far. Therefore, 
GaAsSb alloy and relevant quantum structures have been recognized as 
a vital material system for fabricating the infrared semiconductor lasers 
and detectors [6–8]. Furthermore, lattice parameter and band structure 
of GaAsSb based materials could be adjusted by varying antimony 
component. The optical properties also can be adjusted via intentional 
incorporation of lattice-mismatch strain in device. It is predicted that the 
GaAsSb-based strained QWs may take a great advantage in infrared 
detector and laser. 

In fact, the strained quantum well structures have some great 
advantage for semiconductor lasers owing to the improvement in the 

asymmetry of conduction and valence band effective masses, inter
valence band optical absorption and Auger recombination [9–13]. 
Therefore, it is highly desirable to investigate the band structure and 
optical properties of GaAsSb-based strained quantum well structures for 
device applications. In literature, the optical properties of many ІІІ-V 
compound QWs are thoroughly investigated, including GaAs/AlGaAs, 
InGaAs/AlGaAs and InGaAsP [14–18]. However, the information and 
understanding about the band structure and optical properties of the 
GaAsSb-based strained QWs is still limited [19]. In particular, the 
investigation on the strain effect on the band structure and complicated 
carrier transition in GaAsSb strained QWs is also significantly 
insufficient. 

In this article, we calculate the band structures of the GaAsSb/ 
AlGaAs QWs with and without strain by using Kane’s model and k⋅p 
method first, and then conduct an in-depth investigation on the photo
luminescence (PL) properties of the GaAs0.92Sb0⋅08/Al0.3Ga0.7As strained 
MQWs grown on GaAs substrate. It is found that the strain effect shall be 
responsible for the valence-band splitting. The phenomenon of the 
valence-band splitting is verified by the PL measurements. Moreover, 
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the PL behaviors of heavy-hole, light-hole and localized excitons are 
investigated thoroughly. 

2. The calculation of band structure 

In this section, the band structure of GaAs0.92Sb0⋅08/Al0.3Ga0.7As QW 
is calculated based on k⋅p method with and without the strain effects. In 
this way, the effect of strain on the band structure can be clearly 
expressed. For the sake of simplicity, we constructed a model structure 
of GaAs0.92Sb0.08 layer sandwiched between two Al0.3Ga0.7As layers. 
Firstly, Kane’s model is used to define the band-edge parameters in the 
vicinity of center of Brillouin zone. The Schr€odinger equation takes the 
form [20]: 

HunkðrÞ¼
�

H0þ
ℏ2k2

2m0
þ

ℏ
m0

k ⋅ pþHSO

�

unkðrÞ ¼ EnðkÞunkðrÞ; (1)  

where 

H0¼
p2

2m0
þ VðrÞ; (2)  

and 

Hso¼
ℏ

4m2
0c2ΔV � p⋅σ (3) 

Here, the second term in the middle side of equation (1) is the k�p 
interaction, the third term HSO represents the spin-orbit interaction, and 
V(r) of equation (2) is the periodic potential. Considering the valence 
and conduction band interactions, the eight-by-eight interaction matrix 
can be written as follows: 
"

H HSO

H*
SO H

#

; (4)  

H¼Hðk¼ 0Þ þ D; (5)  

where H (k ¼ 0) can be expressed as 

Hðk¼ 0Þ¼

2

6
6
4

Ec iPkx iPky iPkz
� iPkx Ev 0 0
� iPky 0 Ev 0
� iPkz 0 0 Ev

3

7
7
5 (6) 

Here P is the Kane’s parameter. Ec and Ev are eigenvalues at the zone 
center. 

P¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ2

2m0
EP

s

; (7)  

Ec¼Eg; Ev ¼ � ΔSO=3 (8) 

The band gap of unstrained GaAs1-xSbx layer does not follow the 
Vegard’s law, and may be expressed as 

Eg¼ 1:43 � 1:9xþ 1:2x2 (9) 

D in equation (5) refers to the k-dependent contribution for the 
conduction and valence band [21]:  

The fundamental band-structure parameters A1, A2, B1, B2, L1, L2, 
M1, M2, M3, N1, N2, and N3 are defined, which are related to the 
Luttinger-Kohn parameters γ1, γ2 and γ3 [22]. 

A1¼A2 ¼
ℏ2

2m0

�
1

mc
� 1
�

�
P2

Eg
; (11)  

B1¼B2 ¼ 0; (12)  

L1¼ L2 ¼ �
ℏ2

2m0
ðγ1þ 4γ2Þ �

P2

Eg
; (13)  

M1¼M2 ¼ �
ℏ2

2m0
ðγ1 � 2γ2Þ; (14)  

N1¼N2 ¼ �
3ℏ2

m0
γ3 þ

P2

Eg
(15)  

N3¼ 0; (16)  

and HSO accounting for the spin-orbit interaction may be written as 

HSO¼ �
ΔSO

3

2

6
6
4

0 0 0 0
0 0 0 � 1
0 0 0 i
0 1 � i 0

3

7
7
5 (17) 

Next, the strain effects will be taken into account in this eight-by- 
eight Hamiltonian based on the k⋅p method [21]. The four-by-four 
Hamiltonian matrix with strain effect can be written in the following 
form: 

H¼Hðk¼ 0Þ þ Dþ Hstrain (18) 

Since the lattice constant a of GaAs0.92Sb0.08 is larger than 
Al0.3Ga0.7As, the strain in GaAs0.92Sb0.08 layer could be compressive. 
Considering the strain tensor, the GaAsSb layer under biaxial strain in 
the plane of the AlGaAs material could be described as ε||: 

εjj ¼ εxx ¼ εyy ¼
a0 � a

a
; (19)  

where a0 and a are the lattice constants of the AlGaAs barrier layer and 
GaAsSb well layer, respectively. 

The uniaxial strain in the perpendicular growth direction could be 
described as ε?: 

ε? ¼ εzz ¼ � 2
C12

C11
εxx (20) 

Here C11 and C12 are the elastic stiffness constants. All constants 
could be determined by the components of GaAsSb and AlGaAs, which 
are obtained from the lattice constant of GaAs, GaSb and AlAs according 
to Vegard’s law. 

The strain effect can be simply defined as the matrix: 

Hstrain¼

2

6
6
4
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(10)   
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where 

EC S¼ ac
�
εxx þ εyyþ εzz

�
; (22)  

Ev S¼ λ S þ θ S; (23)  

λ S¼D1εzz þ D2
�
εxx þ εyy

�
; (24)  

θ S¼D3εzz þ D4
�
εxx þ εyy

�
(25) 

Here D1, D2, D3 and D4 are defined as the deformation potentials. The 
parameters used in theoretical calculations are obtained from literatures 
[23]. 

Fig. 1 shows the band-edge structure of GaAs0.92Sb0⋅08/Al0.3Ga0.7As 
QW without and with strain based on the above-described model. The 
band gap at the zone center of the GaAs0.92Sb0⋅08/Al0.3Ga0.7As QW 
without and with strain is computed to be 1.2856 eV and 1.3254 eV, 
respectively. It is clear that the valence band is spilt in the strained 
GaAs0.92Sb0⋅08/Al0.3Ga0.7As QW, and the difference of energy between 
heavy hole band and light hole band is 26.7 meV. Since the studied 
GaAsSb/AlGaAs QW has a significant amount of strain, these calculation 
results may be valuable to the explanation of the experimental results 
and functional QW device design. 

3. Experimental details 

A sample of strained GaAs0.92Sb0⋅08/Al0.3Ga0.7As MQWs was grown 
on semi-insulating (001)-oriented GaAs substrate with MBE, which is 
composed of a 100 nm thick GaAs buffer layer and 5 periods of 
GaAs0.92Sb0⋅08/Al0.3Ga0.7As MQWs with 10 nm GaAs0.92Sb0.08 quantum 
well layer and 30 nm Al0.3Ga0.7As barrier layers. The thickness and 
crystal quality of the sample is examined by high-resolution X-ray 
diffraction with Cu-Ka radiation (HRXRD, Bruker D8 DAVINCI). The 
morphology and structure of the MQWs was measured by transmission 
electron microscopy (TEM, JEOL: JEM-2010F). Temperature-dependent 
PL measurements were performed between 10 and 300 K on a closed- 
cycle helium cryostat. The PL signals are dispersed by using a HORIBA 
iHR 550 monochromator, and detected by a Peltier cooled InGaAs de
tector. Standard lock-in amplifier technique was employed to enhance 
the signal-to-the noise ratio. The excitation source was a continuous- 
wave semiconductor laser diode with the emission wavelength of 655 
nm, and the excitation density could be adjusted from 0.25 to 250 mW/ 
cm2. 

4. Results and discussions 

Fig. 2 shows the experiment and simulation results with ω-2θ scans 
along GaAs (004) direction of the sample. In addition to the GaAs (004) 
diffraction peak from the GaAs substrate, up to six orders of satellite 
peaks related to the GaAs0.92Sb0⋅08/Al0.3Ga0.7As MQWs are clearly 
observed, which implies a high crystalline quality. Compared with the 
simulation patterns, the experimental GaAs (004) diffraction peak shows 
a low degree shift, indicating the existence of residual strain in the 
MQWs structure of sample. 

The PL spectra of the sample at 300 K and 10 K are displayed in 
Fig. 3. It is obvious that the room-temperature spectrum is asymmetric 
with a high energy tail. The emission peak could be decomposed into 
two components P1 and P2 located at 1.325 and 1.352 eV, respectively. 
The origins of the two emission peaks will be discussed later. In sharp 
contrast to the room-temperature PL, the 10 K PL spectrum shows a low 
energy tail. This result suggests the different emission channels 
appeared at low temperature. The 10 K PL spectrum could also be 
decomposed into two parts, namely P1 and P3, located at 1.411 and 
1.401 eV, respectively, as shown in the inset of Fig. 3. 

According to the literature [24], the band alignment of GaAsSb/Al
GaAs quantum well shall be type I energy lineup. The lattice-constant 
mismatch between GaAsSb and AlGaAs evidenced by the HRXRD data 
can lead to a strain. As discussed earlier, the strain can lift up the 

Fig. 1. Calculated band structures of GaAsSb/AlGaAs QW (a) without and (b) 
with strain. 

Fig. 2. Experimental (upper) and simulated (lower) XRD patterns of the 
GaAsSb/AlGaAs QWs grown with MBE. Inset sketches the TEM image of the 
MQWs sample. 

Fig. 3. Room temperature (300 K) PL spectrum (symbols) of the MQWs sample. 
The inset presents the low temperature (10 K) PL spectrum. 
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degeneracy of valence band in GaAsSb. The band-edge energy which is 
obtained from the PL measurement shall thus include the strain effect. If 
P1 and P2 peaks in the 300 K PL spectrum are assigned to be the 
luminescent transitions of heavy- and light-hole subbands in 
Al0.3Ga0.7As/GaAs0.92Sb0.08 QWs sample, the energy separation be
tween the split heavy- and light-hole subbands is about 27 meV, which is 

in good agreement with the theoretical value (e.g. 26.7 meV). Such good 
agreement between experiment and theory, in turn, makes us confident 
for the assignments of P1 and P2 luminescence peaks. As discussed 
below, excitation-dependent PL spectra are analyzed for further inves
tigation of the origins of these peaks. 

Fig. 4(a) displays the excitation-dependent PL spectra of the sample 
measured at 300 K, in which the peaks of P1 and P2 are seen clearly. The 
PL intensities of peak P1 and P2 versus the excitation density are 
depicted in Fig. 4(b). The trend of integrated PL intensity I of emission 
with the excitation density I0 could be represented by Ref. [25]. 

I¼ ηIα
0 (26) 

Value of the power index α may indicate the radiative recombination 
mechanism. For the excitonic recombination, 1<α < 2, while for the 
direct band gap emission, α � 2 [26]. The solid lines in Fig. 4(b) stand for 
the best fitting curves with equation (26) and the values of parameter α 
are 1.73 and 1.77 for P1 and P2. Obviously, these values support the 
assignment of excitonic recombination. Fig. 4(c) shows the 
excitation-dependent PL spectra of the sample at 10 K. It is worth to note 
that an excitation-dependent blueshift is observed. Considering the type 
I band alignment of GaAsSb/AlGaAs quantum well, we attributed this 
blueshift to the band-filling effect of localized states in the GaAsSb well 
layer [27–29]. In Fig. 4(d), the integrated PL intensities of P1 and P3 are 
plotted, and the values of parameter α are determined to be 1.12 and 
1.01 for P1 and P3, respectively. The obtained α value also suggests that 
P1 and P3 peaks shall be ascribed to the excitonic recombination. In 
order to further look at the origins of P1, P2 and P3, 

Fig. 4. (a) Excitation-density dependent PL spectra of the sample measured at 300 K; (b) Integrated PL intensities of P1 and P2 at 300 K; (c) Excitation-density 
dependent PL spectra of the sample at 10 K; (d) Integrated PL intensities of P1 and P3 at 10 K. 

Fig. 5. (a) Temperature dependent PL spectra of the MQWs sample from 10 K 
to 300 K. (b) Temperature dependent peak position of P1, P2 and P3. Solid lines 
are the fitting curves. 
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temperature-dependent PL spectra are investigated. 
Fig. 5(a) presents temperature-dependent PL spectra of the sample. It 

is interesting to note that the spectra display a low energy tail in the low 
temperature range of 10–40 K. However, the low energy tail disappeared 
when the temperatures higher than 50 K. The transition of asymmetrical 
PL line shape also suggests that the emission should have different 
recombination mechanisms. For example, P3 is thermally quenched at 
50 K, while P2 becomes observable. Note that P1 always keeps its 
dominant role in the PL spectra in the interested temperature range. To 
understand the evolution mechanisms of these PL peaks, temperature 
dependent peak energies are examined below. 

The peak emission energies of P1, P2 and P3 obtained from Fig. 5(a) 
are plotted in Fig. 5(b). The solid lines represent the theoretical curves 
with the equation [30]. 

EgðTÞ¼Egð0Þ � S < hω >

�

coth
< hω >

2kT
� 1
�

; (27)  

where Eg (0) is the band gap of the sample at 0 K, S describes the 
dimensionless electron-phonon coupling constant, and <hω> repre
sents an average phonon energy involved within radiative recombina
tion process. The values of <hω> are obtained to be 21.38 meV and 
24.83 meV for P1 and P2, respectively. The values of Eg(0) calculated to 
be 1.425 meV for P2, is larger than the bandgap of GaAs0.92Sb0.08, which 
is attribute to the quantum confinement. It is noted that reasonably good 
agreement between experiment and model is achieved, indicating that 
temperature dependence of P1 and P2 peak position complies with that 
of the band gap. As for the existence of localized excitons in the low 
temperature range, it can be well understood in terms of the non- 
uniformity of components in GaAsSb layer [27]. 

5. Conclusion 

In conclusion, the strain effect in GaAs0.92Sb0⋅08/Al0.3Ga0.7As MQWs 
sample is analyzed by band structure calculation, XRD and PL mea
surement. The experimental XRD data and simulation results show clear 
evidence of the existence of compressive strain in the MQWs sample. At 
room temperature, the energy deviation between the heavy-hole and 
light-hole emission peaks in the measured PL spectrum is in good 
agreement with the calculation result when a strain is taken into ac
count. Excitation- and temperature-dependent PL spectra give important 
information on the nature of emission peaks in the studied 
GaAs0.92Sb0⋅08/Al0.3Ga0.7As strained MQWs sample. The results and new 
understanding presented in this study could be helpful for the design and 
fabrication of GaAsSb based optoelectronic and photonic devices. 
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