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Abstract 

This is a review paper that is dedicated to assemble and highlight the 
recent theoretical research developed by us mostly published in       
several journals and conference proceedings on the V-VI PbSe/ 

SeSrPb 0.0660.934  quantum well material system in the mid infrared 

region of the spectrum. This material system has the potential to be 
used as a temperature tunable diode laser in various IR spectroscopy 
applications. The paper summarizes the effects of band structure, 
temperature, and internal quantum efficiency on the operation and 
design parameters of the quantum well structures under investigation. 
This study shows the effects on energy levels, emitted wavelengths, 
gain, threshold densities, and threshold currents. It concludes that the 
leakage current density dominates the contribution to total threshold 
current at 300K and it is recommended that more work needs to be 
devoted to experimental and theoretical work on understanding the 
thermionic emission leakage current. Developing ways to reduce this 
current will improve the efficiency of mid-IR laser devices made from 
these IV-VI semiconductor materials. 
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1. Introduction 

An increasing number of different laser technologies can be used to 
access the mid-infrared spectral region (3-10μm). This region is particularly 
important for applications such as gas sensing and spectroscopy, with many 
molecules and chemical compounds having strong absorption lines. 
Currently, quantum cascade (QC) lasers, GaSb-based type II quantum well 
(QW) lasers, and narrow gap IV-VI lead salts diode lasers are the leading 
approaches being pursued to meet gas sensing application needs. Both QC 
and type II QW lasers have been proven successful. 

Among narrow gap semiconductors, IV-VI materials such as PbSe 
suppress Auger non-radiative loss (by more than an order of magnitude over 
the best III-V quantum wells), and have much lighter electron and hole 
masses that lead to further reduction of lasing thresholds. Therefore, the IV-
VI or lead salts quantum well lasers may play a key role in IR spectroscopy 
applications such as breath analysis instruments, air pollution monitoring and 
IR integrated optics and IR telecommunication devices. Recently, these 
lasers which exhibited strong quantum optical effects, have been used to 
fabricate infrared diode lasers with wide single-mode tunability, low waste 
heat generation, and large spectral coverage up to about 10μm. One of the 
IV-VI material system that showed promising growth results is PbSe/ 

SeSrPb 0.0660.934  multiple quantum well (MQW) structure with PbSe as the 

well material, and SeSrPb 0.0660.934  as the barrier material [1-3]. However, 

this material system is part of the lead salts semiconductor group with 
constant energy surfaces that are prolate ellipsoids of revolution and its 
energy bands are highly non-parabolic. The effects of the prolate ellipsoids 
of revolution will be studied using the isotropy of the effective mass and the 
effects of non-parabolicity will be studied using a modified and developed 
energy-wave vector relationship. These effects will be called band structure 
effects. Further investigations will be done on the effects of operating 
temperatures and internal quantum efficiency. 

A theoretical model was developed to study these effects by calculating 
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the first few energy levels, modal gain-current density relation, and threshold 
current-cavity length relation for ,SrPbPbSe 0.0660.934  where the barrier is 

SeSrPb 0.0660.934  with 46.0=Eg eV and effective ,142.0mass 0m=  and the 

well is PbSe with its 28.0=Eg eV and effective 008.0mass m=  at 300 K 

(see equation used below in Section 3). To study the effects of band 
structure, we used a single quantum well (SQW) structure with variable well 
width at room temperature. To calculate the other two effects we used a 
multiple quantum well (MQW) structure at a fixed well width of 7 nm and 
barrier material thickness of 70 nm at four different temperatures: 300 K, 
250 K, 200 K, 150 K, and 77 K. The index of refraction of the well material is 
4.865, and that of the barrier material is 4.38 [3]. 

2. Band Structure Effects 

From basic quantum physics, by solving the Schrödinger-like equation 
for the finite well case one can exactly determine the quantized energy levels 
and their corresponding wave functions using the following well known 

equations where ∗
wm  and ∗

bm  are the effective masses inside and outside the 

well, respectively: 

 ( ) ( ) ,2tan kkwmm wb κ=∗∗  (1) 

and 

 ( ) ( ) .2cot kkwmm wb κ−=∗∗  (2) 

The equations can be solved numerically for electrons in the conduction band 
and holes in the valence band. The wave vectors k and κ are parallel to the 
growth direction of the well (z-direction). 

2.1. Isotropy of the effective mass 

Lead salts are direct energy gap semiconductors with constant energy 
surfaces that are prolate ellipsoids of revolution characterized by the 

longitudinal and transverse effective masses ∗
lm  and ,∗tm  respectively. The 
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major axes of the ellipsoids are in the [111] directions. Therefore, to 

determine ∗
wm  to use in the above two equations, it is necessary to find and 

use a relationship that relates it with the longitudinal and transverse effective 
masses. Because the conduction and valence bands at the L points are near 
mirror images of each other, the electron and hole effective masses are nearly 
equal. Furthermore, the bands are strongly non-parabolic [4]. These 
semiconductors have the face centered cubic crystal structure with (100) 
cleavage planes, and tend to grow best in the [100] orientation, although they 
can also be grown in the [111] orientation. In this work, the growth direction 
is considered in the [100]. 

The energy-wave vector relation of the conduction and valence bands of 
lead salt semiconductors in the two band approximation of Kane is given by 
[4]: 

 ,4
1

2
1 22222

lltt kpkpEgEgE ++±−=  (3) 

where the + sign is for the conduction band and – sign is for the valence 
band. The zero energy level is taken at the bottom of the conduction band. 
The band gap is Eg, tk  and lk  are the transverse and longitudinal components 

of the wave vector, and 2
tp  and 2

lp  represent the transverse and longitudinal 

momentum matrix elements taken between the valence and conduction band 

states and are related to the effective masses ∗
lm  and ∗

tm  by the following 

relation: 

 .
2 ,

2
2
, ∗
=

lt
lt

m
Egp  (4) 

This is a direct proportionality relationship between the Eg and the effective 
masses for a certain material. Thus, to a first approximation, the variations of 
the effective masses with composition ( )x  and temperature ( )T  are due to 

the variation of the band gap with composition ( )x  and temperature ( ).T  

The energy dispersion relation in the z-direction, ( ),kEz  using Kane’s 
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model is similar to equation (3) and is given by: 

 ,4
1

2
1 222 kpEgEgE zz +±−=  (5) 

where .
2

2
2

∗=
w

z
m
Egp  The energy dispersion for lead salts in the z-direction 

can thus be found by equating equation (3) and equation (4). This results in 
the following relation: 

 .
222

∗∗∗
+=

t

t

l

l

w m
k

m
k

m
k  (6) 

The wave vectors tk  and lk  can be written in terms of k as: 

,cos θ= kkl  

,sin θ= kkt  (7) 

where the angle θ is between the ellipsoidal major axis and the well growth 
direction, also the z-direction. Substituting equation (7) in equation (6) yields 
a relation between the effective mass in the well and the longitudinal and 
transverse effective masses: 

 ( ) ( ) .sincos1 22

∗∗∗
θ+θ=
tlw mmm

 (8) 

The value of the mobility effective mass at the band extrema, ∗
wm  is 

calculated from the respective carrier longitudinal mass ,∗lm  transverse mass 

,∗tm  and the angle θ. To determine this angle for a quantum well in the [100] 

direction, the dot product is taken between the [100] direction and the [111] 
ellipsoid direction: 

[ ][ ] .cos31111100 θ==  

Hence 
3

1cos =θ  and .
3

2sin =θ  
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Substituting in equation (8) gives the effective mass in the [100] 
direction as [4, 5]: 

 .112
3
11

100
∗∗∗∗

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+=

mmmm ltw
 (9) 

This value for the effective mass is in the direction of the well, not in the 
direction of the ellipsoid major axis [111]. To determine this angle for a 
quantum well in the [11-1] direction, the dot product is taken between the 
[11-1] direction and the [111] ellipsoid direction: 

[ ][ ] .cos31111111 θ==−  

Hence 3
1cos =θ  and .3

22sin =θ  

Substituting in equation (8) gives the effective mass in the [ ]111  

direction as: 

 .118
9
11

111
∗∗∗∗

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+=

mmmm ltw
 (10) 

This value for the effective mass is in the direction of the well, not in the 
direction of the ellipsoid major axis [111]. 

2.2. Non-parabolicity of the energy bands 

The dispersion relation for lead salts in the z-direction can be written as 
[5]: 

 ,
24

1
2
1 2

2
2 k

m
EgEgEgE
w

z ∗
+±−=  (11) 

where the value of ∗
wm  is given in equation (8). 

An approximate dispersion relationship in the z-direction ( )0=⊥k  near 

the band edge can be obtained from equation (11) by expanding the square 

root in a binomial series, to 2k  order. The resultant dispersion equation is 
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given as: 

 ,
2

22

∗
=

w
z

m
kE  (12) 

for the valence and conduction bands. This E-k relationship represents 
parabolic bands in the z-direction near the band edge. However, away from 
the band edge the bands are strongly non-parabolic. The dispersion relation 
for non-parabolic bands in the z-direction ( )0=⊥k  can be found by keeping 

higher order terms in the expansion, i.e., 4k  terms. The resultant dispersion 
relation for non-parabolic bands is given by: 

 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

∗∗
2

222

2
1

2
k

Egmm
kE

ww
z  (13) 

for the valence and conduction bands. The zero energy is taken at the 
extrema of the corresponding band. The conditions to solve for the energy 
levels are related to the band structure of the material. For parabolic bands, 
∗
wm  is independent of energy. Substituting for this effective mass value in 

equations (1) and (2), the discrete energy levels can be found for parabolic 
bands. 

However, to include the non-parabolicity effects on the parabolic energy 
levels, the energy-dependent effective mass approach was used and it 

requires the knowledge of ( ).ε∗
wm  Using equation (11) and the following 

equation: 

( ) ( ) ,
2

kkE
kEm

z
zw ∂∂

=∗  

the energy-dependent effective mass is found to be: 

 ( ) ( ).21 EgEmEm zwzw += ∗∗  (14) 

Since the main purpose of this study is analysis more than determining 
precise and accurate data, it was accepted to consider that the effects of the 
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barrier material are less important because of the small value of the electron 
wave function in the barrier. 

The conduction band energy levels calculation on the SQW structure of 
the same assuming parabolic and non-parabolic bands are shown in Figure 1. 
As shown in the figure, the energy levels including the effects of non- 
parabolicity are lower than those excluding the effects of non-parabolicity 
and this difference is higher for small well width values and decreases as the 
well width is increased. Moreover, this effect is higher for higher quantized 
energy levels. The emitted wavelength values at 300 K for the system are 
show in Figure 2 where the effects of band non-parabolicity are included and 
compared to those excluding the effects of band non-parabolicity. One 
notices that the emitted wavelength values are higher including non-
parabolicity and this difference is higher for smaller well widths and 
decreases as the well width increases. Since non-parabolicity affects the 
energy levels, then we expect this effect to extend to other system parameters 
calculations such as confinement factors, gain-current density relations, and 
threshold currents. For more details, see [6]. 

 

Figure 1. The effects of non-parabolicity (solid line) on the conduction band 
energy levels at 300 K. 
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Figure 2. The effects of non-parabolicity (solid line) on the emitted 
wavelengths at 300 K. 

Therefore to minimize the effects of non-parabolicity, we recommend a 
wider well width (above 20 nm) and this depends on the system parameters 
under investigation. Since we are interested in including the effects of 
parabolicity in our calculations below, we choose the well width to be 7 nm 
for no particular reason except that the effects of non-parabolicity is obvious. 
Also, these calculations are done only on the first energy levels transitions 
between the conduction and valence bands. 

It will be shown below that it is unpractical to experiment with this SQW 
system due to high losses, and a modification to the design of the system is 
needed where multiple quantum well lasers (MQW) structure with number of 
wells 5=wN  is proposed instead. The MQW structure constitute a periodic 

array of potential wells or SQWs. If a MQW structure is used instead of the 
SQW, each single energy level splits into a number of different energy 
levels. The difference between the top energy level and the bottom energy 
level in a single subband is referred to as the energy broadening ( ).EΔ  The 

degree of energy broadening ( )EΔ  depends on the barrier height and 
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thickness. The coupling is important for obtaining a uniform carrier 
distribution in the MQW structure. However, strong coupling leads to the 
reduction in the two-dimensional character of the well through smearing of 
the configuration of the density of states. In order to obtain good uniformity 
of carrier concentration and maintain the two-dimensional properties of the 
well, the following relations are required [7, 8]: 

 ,inr E τ<<Δ<<τ  (15) 

where rτ  is the carrier recombination time at lasing and inτ  is the intraband 

relaxation time. Inserting an approximate value for s104-3 9−×≈τr  and 

,s103.2 12−×≈τin  a value of meV1≤ΔE  is sufficient to fulfill the above 

condition [9]. 

The calculations of the energy broadening ΔE can be done using the 
simple one-dimensional Kronig-Penny equation which was derived in the 
envelope wave function approximation, using the Kane model to describe the 
band structure within each well and barrier [10]. In this reference, Bastard 
and Brum have shown that for 0=⊥k  in the parabolic band approximation, 

the equation yielding the values of ΔE takes the simple Kronig-Penny form: 

( ) BkwBkwkA κ+κξ−ξ= coshcossinhsin12
1cos  

with 

 ,2, 22
nwwb mkmkm ε=κ=ξ ∗∗∗  and ( ) .2 2

0
2

nb Vm ε−=κ ∗  (16) 

To calculate the values of ΔE for non-parabolic bands, the energy-
dependent effective mass approach can be directly applied to the above 

equation by replacing the well effective mass ∗
wm  by the energy-dependent 

effective mass ( )zw Em∗  given above. Throughout this work, thinner or higher 

energy levels are not considered. Therefore, the energy-dependent effective 
mass approach was used without loss of accuracy. 
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3. Operating Temperature Effects 

The energy gap and effective masses of SeSrPb1 xx−  system dependence 

on temperature according to these relations [3]: 

( ) ( )22 495.6093.3430.031.1608.3150.0, xxxxTxEg +−+−+=  

T310−∗ (eV)  (for )K3500,276.00 ≤<≤≤ Tx  (17) 

and the empirical equation for the effective mass in the [111] growth 
direction: 

 00407.03031.00 +∗= Egmmw   (for ).eV2.12.0 ≤≤ Eg  (18) 

Using these two equations at 298 K and ,066.0=x  one can calculate the 

barrier SeSrPb 066.0934.0  energy gap to be 0.46 eV and effective mass to be 

0.142 .0m  Also, at 298 K and ,0.0=x  one can calculate the well energy gap 

to be 0.28 eV and effective mass to be 0.08 .0m  Based on this data, the offset 

energy or the barrier potential for this system is 0.09 eV. 

Figure 3 shows the first energy level emitted wavelength as a function of 
well width with temperature as a parameter. At a fixed temperature, 
increasing the well width will shift the energy levels to the band edge and 
hence the emitted wavelength will increase. These emitted wavelengths as a 
function of temperatures are plotted in Figure 4 and best fitted to the second 
degree polynomial for the 7 nm well as shown: 

 ,7235.30325.00531.0 2 ++=λ TT  (19) 

with the square of correlation factor .9973.02 =R  As we decrease the 
temperature from 300 K at a fixed well width, the emitted wavelength 
increases. Similar relationships can be found for any well width thickness 
with slight differences to the polynomial constants. One notices that the 
range the tenability range increases with increased well width and for the 
20 nm well it is from 4.3 nm-6.3 nm. Also, a single well width was not found 
to cover the whole mid-infrared region from 3-10 nm. So, the well width 
choice depends on the mid infrared wavelengths of interest, keeping in mind 
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the noticeable effects of non-parabolicity as can be seen for the 1 nm well 
width in Figure 4. 

 
Figure 3. First energy levels emitted wavelength as a function of well width 
with temperature as a parameter. 

 
Figure 4. The emitted wavelength widths as a function of temperature. The 
polynomial equation is for the 7 nm well width. 
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In laser oscillators, the concern is with the modal gain rather with the 
maximum gain. The modal gain is obtained by multiplying the maximum 
gain values by the confinement factor. Plotting the confinement factor as a 
function of well width in Figure 5 for the first energy level of this structure at 
five different temperatures shows that the confinement factor increases with 
temperature at a fixed well width and this is due to the effects of temperature 
on the emitted wavelength as seen from Figure 4. The behavior of the modal 
gain vs. current density values at five different temperatures: 300 K, 250 K, 
200 K, 150 K, and 77 K are shown in Figure 6. From this figure, one notices 
that decreasing the temperature will slightly increase the model gain values 
and decrease the transparency current 0J  (intercept at gain = 0). Moreover, 

the slope of the gain versus current density plot increases with decreasing 
temperatures. These two quantities are important in calculating the 
characteristic temperature for the system. 

 
Figure 5. The effects of temperature on the confinement factor as a function 
of well width. 

The threshold current density thJ  that corresponds to the modal gain 

value that satisfies the oscillation condition can be obtained from the modal 
gain-current density plots. For our system, the threshold current calculations 
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are performed assuming the width has a constant value of 20μm, the cavity 
length L as an independent variable and the mirror reflectivities fixed at 

4.01 =R  and .4.02 =R  The estimate total loss totalα  for the system under 

investigation at cavity length of 600μm was found to be approximately 46 
(1/cm) [11], which is higher than the modal gain values shown in Figure 6 
for the SQW. Therefore, using the MQW structure with higher modal gain 
was proposed for what at follows, taking into consideration to limit the 
spread in the first energy levels to 100 meV, as explained above. 

 
Figure 6. Modal gain calculations as a function of current density at four 
different temperatures. 

The calculated threshold current as a function of cavity length at the five 
different temperatures have a minimum threshold current value at a critical 
cavity length as shown in Figure 7. As seen in Figure 7, the threshold current 
values increase with temperature increase at any fixed cavity length. This 
behavior is seen in thin quantum well lasers. The region above the critical 
thickness value corresponds to the low modal gain regime (or low losses 
regime) where .LIth ∝  However, the region below the critical cavity length 

value corresponds to the high modal gain regime (or high losses regime) 
where the modal gain increases more slowly with J than at lower values of 
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.modg  From Figure 8, it can be noticed that the threshold current density 

drops fast at small cavities and remains constant after some critical cavity 
length around 100μm. 

 
Figure 7. Threshold current values including the theoretical and 
experimental quantum efficiency for MQW structure with .5=wN  

 
Figure 8. Threshold current density values including the theoretical and 
experimental quantum efficiency for MQW structure with .5=wN  
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The small threshold current values obtained depends on the cavity design 
parameters and could be due to the assumption made that the internal 
quantum efficiency is one. In other words, we neglected the non-radiative 
contributions to the current that come from the thermal leakage of the carriers 
over the confining potential barriers and from Auger recombination. These 
calculations are addressed next. 

Internal quantum efficiency effects 

The internal quantum efficiency is influenced by Auger recombination 
and may be readily demonstrated by considering the radiative rτ  and non- 

radiative or Auger lifetimes .aτ  Also, the internal quantum efficiency, along 

with the gain and internal losses, depends on the growth temperature. Hence, 
these calculations were done at five different temperatures of interest in this 
work: 300 K, 250 K, 200 K, 150 K, and 77 K for the MQW structure with 
number of wells .5=wN  

The radiative recombination rate rR  varies with injected carrier density 
as 
 ,2BnRr =  (20) 

where .pn ≅  The radiative lifetime is given by 

 ,1 BnRn rr ==τ  (21) 

where B is the radiative constant. The non-radiative Auger recombination 
rate aR  varies as 

 ,3CnRa =  (22) 

where C is the Auger coefficient. The Auger lifetime becomes 

 .1 2Cna =τ  (23) 

The overall lifetime is 

 ( ),rara τ+τττ=τ  (24) 

and the internal quantum efficiency is 

 ( ).11 ar ττ+=η  (25) 
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Substituting for rτ  and aτ  from equations (21) and (23), we have 

 ( ).11 BCn+=η  (26) 

The internal quantum efficiency η depends on temperature through B, C, and 
n. 

For PbSe, the radiative B coefficient is scm10 310−  and Auger 

coefficient C is scm108 628−×  [12]. Because the temperature dependence 

of B is believed to be small, B will be taken as constant with temperature. As 
for Auger coefficient C the value given is approximately constant between 

300 and 70 K, and then drops to a value about scm101 68−×  [12]. The 

remaining temperature-dependent quantity is the carrier density at threshold 
.thn  The theoretical values of thn  at the five temperatures of interest in this 

work are calculated and accounted for in the software program, hence the 
theoretical internal quantum efficiency values were obtained using equation 
26. On the other hand, the experimental values of thn  at the five temperatures 

of interest in this work were obtained from [13], hence the experimental 
internal quantum efficiency values were obtained using equation (26). 

3.1. Effects on threshold current and threshold current density 

Considering a unity internal quantum efficiency, the threshold current 
values and threshold current density values were obtained and shown in 
Figure 9 and Figure 10, respectively. Inclusion of the theoretical and 
experimental internal quantum efficiency increased the threshold current 
values by almost 10 fold and hence the threshold current density ones as 
compared to those shown in Figure 7 and Figure 8. Even more, the effects of 
including the experimental internal quantum efficiency values on the 
threshold current and threshold current density values are higher than those 
values obtained using the theoretically internal quantum efficiency ones. This 
clearly indicates that there is an additional factor affecting the current density 
value and it can be due to leakage current over the barrier. 
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Figure 9. Threshold current assuming unity quantum efficiency. 

 

Figure 10. Threshold current density assuming unity quantum efficiency. 

To estimate the leakage current over the barrier, we studied the 
relationship between the threshold current density as a function of 
temperature where cavity length was used as a parameter. The data are 
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shown in Figure 11 for a cavity length of 600 micrometers where the lower 
curve represents the ideal system with unity quantum efficiency and the 
upper curve represents the system including the theoretically calculated 
quantum efficiency values. 

 
Figure 11. Threshold current density as a function of temperature where the 
lower curve was obtained assuming 1=η  and the upper curve was obtained 

using the theoretical quantum efficiency values. 

3.2. Effects on characteristic temperature 

Inclusion of Auger recombination in addition to the temperature 
dependence of the gain in the calculations of thJ  results in a temperature 

variation as ( ),exp 0TT  where 0T  is the characteristic temperature from 77 K 

to 300 K. The characteristic temperature was studied as a function of cavity 
length and the data were best fitted to a second degree polynomial in three 
temperature ranges ,K150K77 << T  K300K150 << T  and << TK77  

300 K. 

From the lower curve of Figure 11, 0T  was found to be equal to 78 K 

(correlation coefficient )12 =R  for the K150K77 0 ≤≤ T  range and 138 K 
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( )9983.02 =R  for the K300K150 0 ≤≤ T  range. Including the effects of 

quantum efficiency 0T  value dropped to 48 K ( )12 =R  for the ≤≤ 0K77 T  

150 K range and to 101 K ( )9948.02 =R  for the K300K150 0 ≤≤ T  range. 

Not shown in Figure 11 we best fitted the data to straight line in the range 

K300K77 0 ≤≤ T  and found 0T  to be equal to 105 K ( )9791.02 =R  and 

64 K ( )9829.02 =R  for 1=η  and ,1≠η  respectively. 

As shown in Figure 12, the experimental internal quantum efficiency 
values were included and we best fitted the data to calculate 0T  in the ≤K77  

K3000 ≤T  for cavity length of 600μm. The characteristic temperature value 

0T  was found to be equal to 51.5 K ( ).9586.02 =R  This value is different 

from the values found earlier from Figure 11 for the same temperature range 
and cavity length. However, it is very close to 0T  value of 48 K found in the 

low temperature range K150K77 0 ≤≤ T  for the upper curve of Figure 11 

that included the theoretically calculated quantum efficiencies. Therefore, it 
is concluded that there is an additional thermionic current density term that is 
related to the leakage current above the barrier. We estimated these 
additional values of the threshold current density at temperatures of interest 
as shown in Figure 13. As seen from the figure, the leakage current density 

values increases with temperature from a value of 246 2cmA  at 200 K, 25% 

of the total threshold current density, to a value of 5423 2cmA  at 300 K, 

which is 68% of the total threshold current. 

 

 

 

 

 



Effects of Band Structure, Temperature, and Quantum Efficiency … 1471 

 
Figure 12. Threshold current density as a function of temperature where the 
curve was obtained using the experimental internal quantum efficiency 
values. 

 
Figure 13. The estimated threshold current values due to thermionic effects 
and leakage above the barrier. The characteristic temperature was found to be 
47.8 K. 
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4. Summary and Conclusion 

In this study, we investigated three effects on a IV-V lead salts promising 
material system, namely SeSrPbPbSe 0.0660.934  quantum well laser, in the 

mid infra-red region of the spectrum. The first effect was referred to as the 
band structure effect which took into consideration the isotropy of the 
effective mass and the non-parabolicity of the energy bands. The second and 
third effects were referred to as the temperature and internal quantum 
efficiency, respectively.  

The isotropy of the effective masses calculations included the 
longitudinal and transverse effective masses in both the [100] and [111] 
growth directions. To study the effects of the band non-parabolicity we used 
the energy-dependent effective math approach. The study showed that the 
band structure effects on the energy level and hence on the emitted 
wavelengths are more pronounced for small well width structures and 
diminishes as the well width increased. An acceptable well width values to 
eliminate the effects of band structure were suggested to be at a minimum of 
20 nm. In this study, we choose to use a 7 nm well width to be able to include 
these effects in the remaining of this study. 

The effects of temperatures were conducted at four value: 300 K, 250 K, 
200 K, 150 K, and 77 K at different well widths. It was shown that the laser 
output wavelength can be tuned using temperature at a fixed well width and 
this tunability range is wider for wider well widths and shift deep into the 
mid-infrared region. As temperature is increased to room temperature, the 
emitted wavelength decreases. Therefore to obtain a wavelength deep into 
the infra-red region the well width has to be wide and the operating 
temperature has to be low. Also, we were unable to find one well width that 
can cover the whole mid-infrared region from 3-10 nm, hence multiple lasers 
have to be designed to meet the required wavelength region of interest. 

Finally, the effects of internal quantum efficiency were studied by first 
considering a unity internal quantum efficiency, then we included the 
theoretical and experimental ones. Inclusion of quantum efficiency increased 
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the threshold current values by almost 10 fold and hence the threshold 
current density. This clearly indicated that there is an additional factor 
affecting the current density value and it can be due to leakage current over 
the barrier. Indeed, after studying the characteristic temperature variation 
with the internal quantum efficiency, it is concluded that there is an 
additional thermionic current density term that is related to the leakage 
current above the barrier. The leakage current density values increased with 

temperature from a value of 246 2cmA  at 200 K, 25% of the total threshold 

current density, to a value of 5423 2cmA  at 300 K, which is 68% of the total 

threshold current density. It is recommended here that more work needs to be 
devoted to experimental and theoretical work on understanding the 
thermionic emission leakage current. Developing ways to reduce this current 
will improve the efficiency of mid-IR laser devices made from these IV-VI 
semiconductor materials. 
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