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ABSTRACT 
We report here the electronic properties of GaAs/Ga1-xAlxAs, type I superlattices for x=1, performed in the 

envelope function formalism. We have studied the indirect-direct band gap transition in asymmetric (GaAs)14 

/(AlAs)m superlattices. Our calculations are confirmed by different experimental measurements. We have also 

studied the effect of the valence band offset, the temperature and the barrier thickness on the band structure of 

GaAs (d1=3.95 nm)/AlAs (d2=2.37 nm) superlattice. These results are in good agreement with reflectance 

measurements reported in literature. Finally, in the investigated temperature range, the cut-off wavelength is 716 

nm ≤ λc ≤ 755 nm situates this sample as near infrared detector. 

Keywords - Envelope function formalism, GaAs/Ga1-xAlxAs type I superlattices, III-V semiconductors, Band 

gap energy, Near infrared detector. 

 

I. INTRODUCTION 
Since the earlier works of Esaki and Tsu [1], the 

semiconductor superlattices (SLs) composed of 

alternating thin layers of two different 

semiconductors, have attracted considerable 

attention in both fundamental studies and many 

applications like detectors, medical diagnostics, 

thermography and other fields applications. This is 

due to the fact that, the properties of these artificial 

materials can be different from those of their 

individual alloys. The development of growth 

techniques such as molecular beam epitaxy (MBE), 

has made significant advances in the conception of 

various compound semiconductors nanostructures 

superlattices. Among them, III-V superlattices 

(GaAs/ Ga1-xAlxAs [1-2] - type I), III-V superlattices 

(InAs/GaSb [3] - type II) and II-VI superlattices 

(HgTe/CdTe [4] - type III). 

The realization of (GaAs)n/(AlAs)m 

nanostructures superlattices, where n and m denote, 

respectively, the number of GaAs (well) and AlAs 

(barrier) monolayers in one period, was associated 

with several efforts to determine the electronic band 

structure and other properties of such materials. 

Therefore, different investigations have predicted 

and confirmed the existence of indirect-direct band 

gap transition for a certain range of thicknesses. For 

example, the calculations of Schulman and McGill 

[5], using the tight binding approach, show direct 

gap for symmetric (n=m) superlattices with n ≥ 2. 

Nakayama and Kamimura [6] made calculations, 

with n=m ranged from 1 to 4, using a self consistent 

pseudo-potential method and predicts an indirect gap 

superlattice for the n=1 and a direct gap for the 

others (n ≥ 2). Later, Yamaguchi [7] have used the  

 

 

tight binding method and reported that for n=m=1, 2, 

3, 4, and 5 the superlattices have an indirect band 

gap, while for n=7 to 20 have direct gap. In addition, 

Fujimoto et al. [8] have used the tight binding 

method on a symmetric superlattices with n=m 

ranged from 1 to 15 at room temperature and shows 

the existence of indirect-direct band gap transition at 

n=8. On the other hand, the photoluminescence 

measurements of Ishibashi et al. [9], under 

atmospheric pressure at 300 K, 77 K and 4.2 K on a 

number of symmetric samples (n=m=1 to 24), 

predict a direct band gap for n ≥ 2. But, Guohua Li 

et al. [10] have shown, by photoluminescence 

measurements under atmospheric pressure at both 

300 K and 77 K, that this transition takes place at 

n=m=11. This shows the effect of the superlattice 

period on their electronic band structure. However, 

by comparing the results of these different 

theoretical calculations and experimental 

measurements, maybe we can notice a significant 

confusion. 

In this paper, we report the results of type I; 

GaAs/Ga1-xAlxAs superlattices electronic properties 

with x=1. The transition indirect-direct band gap in 

asymmetric (n≠m) superlattices, as well as the effect 

of temperature and the barrier thickness on the band 

gap energy, performed by the envelope function 

formalism. 

 

II. SUPERLATTICES BAND STRUCTURE 

THEORY 
The calculations of band structure for type I 

superlattices, can be performed by the envelope 

function formalism [4, 11]. Here, we used the 
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valence band offset Λ, between heavy holes bands 

edges of GaAs and AlAs at the center of first 

Brillouin zone (Γ point), Λ=560 meV measured by 

Wolford et al. [12], using the photoluminescence 

measurements. 

The general expression of the dispersion 

relation for light particles (electron and light hole) 

subbands of the superlattice is defined by [4]: 

z 1 2 1 1 2 2

2

p

1 1 2 2

1 2

1 1
cos[k (d d )] cos(k d ) cos(k d ) [(ξ )

2 ξ

k 1
(r 2)] sin(k d ) sin(k d ) (1)

4k k r

    

 

 

Where the subscripts 1 and 2 refer to GaAs and 

AlAs, respectively. kz is the wave vectors in the 

direction of growth axis and kp(kx,ky) is the wave 

vector in plane of the superlattice which describes 

the motion of particles perpendicular to kz. In our 

case; 

1

2

k
ξ = r

k
 and 2

1

E ε
r =

E ε Λ



 
 

E is the energy of the light particles in the 

superlattice measured from the top of the Γ8 valence 

band of AlAs bulk, while εi (i =1 or 2) is the 

interaction band gaps E(Γ6) - E(Γ8) in the bulk GaAs 

and AlAs, respectively (Fig.1). 

At given energy, the two–band Kane model [13] 

gives the wave vector (ki
2
+kp

2
) in each host material: 

2 2 2 2

1 1 p 1

2 2 2 2

2 2 p 2

2
P (k +k ) = (E ε Λ) (E Λ)  for GaAs

3

2
P (k +k ) = E (E ε ) for AlAs

3

  












 

The relationship between Kane matrix element 

P and Kane energy Ep is given by the expression 

[14]: 

p2

0

E
P =

2 m
 

 
Fig.1: Illustration of different parameters related to 

the electronic band structure. (E6)i and (E8)i where i=1,2 

are the conduction and the valence bands energies of GaAs 

and AlAs bulks, respectively. 

Where Ep1=28.8 eV and Ep2=21.1 eV are the 

Kane energy of GaAs and AlAs, respectively. 

For a given energy E, the superlattice state 

exists if the right-hand side of the dispersion relation 

lies in the range [-1, 1] that implies –π/d ≤ kz ≤ π/d in 

the first Brillouin zone, where d=d1+d2 is the 

superlattice period. 

The superlattice heavy hole subbands are 

obtained from the same equation (1) with: 
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Where mHH

*1
=0.34m0 is the GaAs heavy hole 

effective mass, evaluated by Molenkamp et al. [15] 

using high-resolution excitation spectra and K.P 

calculations on a set of multiple-quantum-well 

structures. For bulk AlAs, mHH
*2

=0.75m0 were 

measured by the spherically averaged mass 

measurements [16]. 

In this work, we used the energy band gaps of 

AlAs bulk, measured by Monemar [17] with 

photoluminescence excitation spectra at T=300 K, 

respectively, at X and Γ points: ε2(X)=2.153 eV and 

ε2(Γ)=3.03 eV. For GaAs: ε1(X)=1.978 eV [18] and 

ε1(Γ)=1.422 eV as reported by Estrera et al. [19] 

using photoreflectance measurements at room 

temperature. 

The electronic structures and energy gap 

computation consists of solving the previous 

dispersion relations with the reported parameters. 

 

III. RESULTS AND DISCUSSION 
The (GaAs)n/(AlAs)m superlattices studied here 

consists of alternating n monolayers of GaAs and m 

monolayers of AlAs (with one monolayer thickness 

is nearly around 2.83 Å [18]). It is well known that 

for GaAs, the lowest energy level in the conduction 

band is located at Γ point (the center of the first 

Brillouin zone), while it is at X point for AlAs, 

which is lower than X-valley energy of GaAs, due to 

the interface band offsets. In this case, the lowest 

conduction band energy is located at X point (the 

edge of the Brillouin zone), these structures called 

indirect superlattices, defined by Eg(X) indirect band 

gap energy. 

We illustrate in the Fig.2, the calculated band 

gap energy at Γ point Eg(Γ) and X point Eg(X), as a 

function of AlAs thicknesses (in monolayers n), at 

room temperature for asymmetric (GaAs)14/(A1As)m 

superlattices with fixed GaAs layer number n=14. 
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Fig.2: The calculated band gap energy of asymmetric 

(GaAs)14/(AlAs)m superlattices. 

 

As we can see for n=14 and 2 ≤ m ≤ 16 the band 

gap Eg(Γ), which is corresponding to the difference 

between the bottom of the conduction band and the 

top of the valence band at Γ-valley, is lower than 

Eg(X). In this case, for any barrier thickness, the 

superlattice has direct band gap.  

These results are in agreement with the 

photoluminescence experiments of Litovchenko et 

al. [19] on non symmetric GaAs/AlAs superlattices, 

for which the ratio of well to barrier thickness is at 

least 2, have shown to exhibit a direct band gap. 

We will study a sample with d1(GaAs)=39.5 Å 

and d2(AlAs)=23.7 Å corresponding to 

(GaAs)14/(AlAs)8 direct band gap superlattice. 

Consequently, d1/d2=1.66 and d=d1+d2=63.2 Å is the 

period of the superlattice. 

In the Fig.3 we illustrate the energy E of the 

conduction (Ei), first light-hole (h1) and the heavy-

hole (HHi) subbands as a function of d2 at room 

temperature for d1=1.66 d2. The case of this sample 

(d2=23.7 Å) is indicated by the vertical dashed line. 
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Fig.3: Energy position of the conduction and valence 

subbands at 300 K in both the center  (kz=0) and the limit 

(kz= /d) of the first Brillouin zone as a function of AlAs 

barrier thickness d2. 

 

The calculated band gap energy, from the 

bottom of the first conduction subband (E1) to the 

top of the first valence subband (HH1) at T=300 K is 

Eg(Γ)=E1 - HH1=1.643 eV. This result is in good 

agreement with the reported one by Humlek et al. 

[20]; Eg=1.647 eV, using reflectance measurements 

at T=298 K, without indicating the value of the 

valence band offset. According to our calculation, 

we assume that Λ=560 meV of such sample. 

As presented in Fig.4, the band gap energy 

Eg(Γ) increases with the valence band offset  and 

presents a maximum near Λ=390 meV with 

Eg=1.653 eV for T=300 K, then it decreases when 

the valence band offset increases. 
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Fig.4: The band gap Eg(Γ) at the center Γ, as function 

of valence band offset Λ. 

 

We show in the Fig.5, the calculated band gap 

energy Eg (blue stars) of this superlattice, as a 

function of temperature, in a range of 4 K to 300 K. 

The calculated band gaps decreased from 1,732 eV 

to 1,643 eV for 4 K and 300 K, respectively. These 

results are in good agreement with the reflectance 

measurements (green solid circles) of Humlek et al. 

[20]. 
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Fig.5: The temperature dependence of the band gap 

energy Eg(Γ). In the figure, blue stars illustrate our 

calculated data and the solid green circles represent the 



D. Barkissy et al. Int. Journal of Engineering Research and Applications                      www.ijera.com 

ISSN : 2248-9622, Vol. 4, Issue 12( Part 6), December 2014, pp.110-115 

 www.ijera.com                                                                                                                              113 | P a g e  

reflectance measurements of Humlek et al.[20] for 

comparison. 

 

We can see that at low temperature Eg changes 

hardly and decreases as the temperature is increased. 

This behavior can be attributed to the increased 

thermal energy which let the amplitude of atomic 

vibrations increases. Then, the interatomic spacing 

increases and the potential seen by the electrons 

decreases, leading to a smaller band gap [21]. 

We should note here that the effect of 

temperature on the band gap energy of type I SLs is 

different from that of type III studied in previous 

work [22], where Eg of HgTe/CdTe SLs increases 

with temperature. 

In addition our calculated results obey to the 

Varshni empirical expression, which associate the 

band gap energy of SL with temperature [23]: 
2

g 0K

T
E (T) E

T+β
α   

Where Eg(T) is the band gap energy at the 

temperature T, E0K is the energy gap at absolute 

zero, α and β are empirical fitting parameters. So, by 

the fitting procedure of the superlattice band gap 

dependence on temperature (Fig.5), we find out the 

following values: E0K=1.7328 eV, α=0,00058 eV/K 

and β=281 K. 

As shown in Fig.6, the calculated band gap 

energy Eg as a function of barrier thickness d2 at 

T=300 K tends to decrease with increasing barrier 

width. When d2 increases from around 14 to 24 Å, 

our theoretical results shown by blue solid circles, 

decrease from 1.840 eV to 1.642 eV, in agreement 

with the Kronig-Penney model calculations made by 

Humlek et al. [20] at T=298 K. For shorter 

thicknesses (d2 < 14 Å), we can see that, the findings 

results diverge and the difference becomes about 

196 meV at 6 Å. 
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Fig.6: The calculated band gap versus the barrier 

thickness. In the figure our results (blue solid circles) and 

the calculated data with Kronig-Penney (KP) model (solid 

green squares), read from a graph of Ref.[20] for 

comparison. 

 

However, it is well known that the Kronig-

Penney models do not consider the interface effects; 

which consist of coupling between conduction and 

valence bands of different bulks due to the 

superlattice potential. The KP model can provide 

good results for type I superlattices composed of 

wide band gap semi-conductors, but not adequate for 

type II and type III SLs, such as InAs/GaSb [24] and 

HgTe/CdTe [21], in which there is an extensive 

bands mixing. On the other hand, the decreasing in 

the band gap energy with increasing barrier 

thickness can be explained by the fact that the 

number of atoms in the crystallite grows which 

affects the bands formed by the merger of nearest 

energy levels. Consequently, the number of 

overlapping orbitals between adjacent atoms 

increases. As result, the valence and conduction 

bands separation starts to narrow, resulting in a 

reduction of the band gap [25]. 

The calculated band gap energy Eg and the cut-

off wavelength c, as a function of d2, are shown in 

Fig.7. 

We calculated the detection cut-off wavelength 

c using the expression: 
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Fig.7: The band gap Eg and cut-off wavelength c, at 

the center , as a function of the barrier AlAs thickness at 

room temperature. 

 

From Fig.7, we can see that, the band gap 

energy Eg(Γ) decreases when AlAs thickness 

increases. Therefore, when d2 increases from 6 Å to 

42,7 Å the fundamental band gap energy decreases 

from 2,158 eV to 1.525 eV. 

The corresponding cut-off wavelength increases 

with d2, from 575 nm to 814 nm at 300 K, which is 

located in the near infrared region [26]. 

Finally, in the investigated temperature range of 

4 K to 300 K, the cut-off wavelength of the 

concerned superlattice GaAs (d1=39.5 Å)/AlAs 

(d2=23.7 Å) is: 716 nm < c < 755 nm situates this 

sample as near infrared detector. 
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IV. CONCLUSION 
In this paper, we have reported the electronic 

properties of a two-dimensional GaAs/AlAs 

superlattice at room temperature. In our case, 

d1=39.5 Å and d2=23.7 Å. The envelope function 

formalism, used here, predicts that the value of 

fundamental band gap energy at 300 K is 1.643 eV. 

Beside this, we have studied the effect of the valence 

band offset, the barrier thickness and the temperature 

on the band gap energy of the SL. We found that Eg 

decreases with the previous factors. Those results are 

in agreement with the experimental measurements of 

Humlek et al. According to our calculations Λ= 560 

meV. 

We have also studied the indirect-direct 

transition in asymmetric (GaAs)14/(AlAs)m SLs with 

m ranged from 2 to 16. We observed that 

(GaAs)14/(AlAs)m are always a direct band gap SLs 

in the motioned range. Those results were confirmed 

by different experimental measurements. 

Finally, for the investigated GaAs/AlAs 

superlattice in a range of 4 K to 300 K the 

corresponding cut-off wavelength is 716 nm < c < 

755 nm situates this sample as near infrared detector. 
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