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Abstract: In this study we studied the effects of internal quantum efficiency on PbSe/Pb0.934Sr0.066 Se multiple 
Quantum well Structure. The calculations were done on the modal gain, threshold current and threshold current 
density of the system. Inclusion of the theoretical internal quantum efficiency increased the threshold current and 
threshold current density values by almost 10 times with no effects on the modal gain values. However, when the 
experimental internal quantum efficiency was included, the above increase was even more. It was included that there 
is a leakage current above the barrier which is needed to account for in any practical application. 
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INTRODUCTION 

 
An attractive aspect of IV-VI lead salts 

semiconductor materials is that they can be grown with 
high crystalline quality on industry standard silicon 
substrates (Lehtinen and Kuusela, 2014; Razeghi et al., 
2013; Yang et al., 2005; Kim et al., 2007). Such a 
growth technology can be readily scaled to enable low 
unit cost production thus making possible the 
commercialization of low cost sensors for the widest 
possible distribution. This study focuses on the physics 
and engineering of IV-VI semiconductor quantum well 
structures composed of PbSe wells and Pb1-xSrxSe 
barrier materials. 

In this study, we use the referenced model from 
Khodr et al. (1998) to study and calculate the effects of 
the internal quantum efficiency on the threshold current 
density Jth. The internal quantum efficiency is 
influenced by Auger recombination and may be readily 
demonstrated by considering the radiative and non 
radiative life times. Also, quantum 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: 
300, 250, 200, 150 and 77 K, respectively. 
 

MATERIALS AND METHODS 
 

The system under investigation is PbSe/Pb0.934 
Sr0.066 Se Multiple Quantum Well (MQW) with PbSe as 
the well material with width of 7 nm and Pb 0.934 Sr0.066 
Se as barrier material with thickness of 70 nm, number 
of wells of 7, index of refraction of the well material is 
4.865 and that of the barrier material is 4.38. 

Within the framework of Fermi's Golden Rule, the 
two major components of gain calculations are the 
electron and whole density of states and the transition 
matrix element describing the interaction between the 
conduction and valence band states. The derivation for 
the analytical gain expression is given by the following 
expression (Khodr et al., 1996, 1998): 
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And the component of the carrier recombination is 
found from the spontaneous emission rate: 
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From this, the current density is calculated by the 
following equation: 
 

  oospRewJ  )(
               (3)  

 
where, 
e  : The charge of the electron 
mo : The electron free mass 
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  : The internal quantum efficiency 
c  : The speed of light 
w  : The well width  
nr, w : The index of refraction at the lasing 

frequency ωo  

o  
: The permittivity of free space, 

2

, avgnQWM
  
: The transmission matrix element  

red  
: The reduced density of states,  

)(, ovcf    : The Fermi-Dirac distribution functions,  

H(x)  : The Heaviside function that is equal to 
unity when x>0 and is zero when x<0 and  

n   : The energy difference between the bottom 

of the n-subband in the conduction band 
and the n-subband in the valence band.  

 
The excitation method that is of importance in this 

study is injection of carriers into the active region by 
passing current through the device. An increase in the 
pumping current leads to an increase in the density of 
injected carriers in the active region and with it, an 
increase in the quasi-Fermi levels. 

In laser oscillators, the concern is with the modal 
gain rather with the maximum gain. The modal gain is 
defined as the gain experienced by the traveling laser 
mode. It is obtained by multiplying the maximum gain 
values given by Eq. (1) by the confinement factor. The 
optical confinement factor depicts the overlap of the 
optically guided wave with the quantum well. In order 
for laser oscillation to occur, the modal gain )(mod g

at the lasing photon energy   must equal the total 
losses αtotal 

given by the following equation: 
 

21

1
ln

2

1

RRLsfc
QW
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(4) 

 
where, 

QW
o  : The confinement factor for the particular 

structure 

fc  : The free carrier absorption  

s   
: The scattering loss due to waveguide 

imperfections  
 

The temperature dependence of αtotal is contained in 
the first two terms. The loss due to radiation from the 
ends of the laser is given by the third term in Eq. 4, 
where L is the laser cavity length and R1, R2 are the end 
facet reflectivity’ s. 

The current needed to compensate for the total loss 
αlotal is called the threshold current (Ith) and is calculated 
by the usual formula: 
 

widthLJAreaJI ththth                            (5) 

 
Assuming the cavity width has a constant value of 

20 μ m and the mirror reflectivities fixed at R1 = 0.4 and 

R2 = 0.4, the threshold current density (Jth) corresponds 
to the modal gain value that satisfies the oscillation 
condition Eq. (4) and can be obtained from the modal 
gain-current density plots. 

The influence of Auger recombination on the 
quantum efficiency may be readily demonstrated by 
considering the radiative lifetime r and Auger lifetime 
a. The radiative recombination rate Rr varies with 
injected carrier density as: 

 
Rr = Bn2                 (5) 

 
where, 
 

n  p 
 
The radiative lifetime is given by: 
 

r = n/Rr = 1/Bn                (6) 
  
where, 
B : The radiative constant 
 

The nonradioactive Auger recombination rate Ra 
varies as: 
 

Ra = Cn3                                                                (7) 
 
where, 
C: The Auger coefficient. The Auger lifetime becomes: 

 
a = 1/Cn2                                                              (8) 

 
The overall lifetime is: 
  

 = ar/(a+r)               (9) 
 
And the quantum efficiency is: 
 

 = 1/(1+r/a)              (10) 
 
Substitute for r and a from Eq. (6) and (8): 
 

 = 1/(1+Cn/B)               (11) 
 

The temperature dependence of  is contained in 
B, C and n.  

For PbSe, the radiative B coefficient is 10-10 cm3/s 
and Auger coefficient C is 8×10-28 cm6/s (Hanna et al., 
2005). 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 70K and 
then drops to a value about 1×10-8 cm6/s (Hanna et al., 
2005). The  remaining  temperature-dependent quantity  
is the carrier density at threshold nth. The values of nth 
at the five temperatures of interest in this study are 
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calculated and accounted for in the software program, 
hence the theoretical internal quantum efficiency values 
were obtained using Eq. (11). On the other hand, the 
experimental values of nth at the five temperatures of 
interest in this study were obtained from Fig. 1 (Findlay 
et al., 1998), hence the experimental internal quantum 
efficiency values were obtained using Eq. (11). 

The temperature dependence of the gain is first 
introduced by taking the quantum efficiency  = 1 at all 
temperatures. Then we included and calculated the 
effects of internal losses and quantum efficiency on the 
behavior of the modal gain, threshold current and 
threshold current density of the system.  
 

RESULTS AND DISCUSSION 
 

The behavior of the modal gain vs. current density 
values assuming  = 1 at five different temperatures: 
77, 150, 200, 250 and 300 K, respectively is shown in 
Fig. 1. The effects of quantum efficiency can be seen in 
Fig. 2 and as shown in this figure, the current density 
increases almost 10 times with no effect on the modal 
gain values. From these figures one notice that the 
transparency current J0 (intercept at gain = 0) increases 
with increasing temperature. Moreover, the slope of the 
gain versus current density plot decreases with 
increasing temperature. These two quantities are 
important in calculating the characteristic temperature 
T0 for the system. 

The calculated threshold current values are shown 
in Fig. 3 assuming  = 1 and Fig. 4 with quantum 
efficiency values included. Inclusion of the quantum 
efficiency increases the threshold current value by 
almost 10 folds. Also, we included the experimental 
quantum efficiency obtained from Findlay et al. (1998). 
From these figures, one notices that the threshold 
current curves have a minimum threshold current value 
at a critical cavity length. The region above the critical 
thickness value corresponds to the low modal gain 
regime (or low losses regime). However, the region 
below the critical cavity length value corresponds to the 
high modal gain regime (or high losses regime). The 
threshold current value for the experimental quantum 
efficiency is much higher than that value for the 
theoretical quantum efficiency due to leakage current 
over the barrier. 

The threshold current density curves for  = 1 and 
  1 are shown in Fig. 5 and 6, respectively. As seen 
in these figures, these values increase with temperature 
increase at any fixed cavity length. Also, it can be 
noticed that the threshold current density values drops 
fast at small cavities and remains constant after some 
critical cavity length around 100 m. The effects of 
quantum efficiency are clear in that it increases the 
threshold current density values. We included the 
experimental quantum efficiency values to calculate the 
current   density   values   at  300K  and  the  results  are  

 
 

Fig. 1: The modal gainassuming unity quantum efficiency 
 

 
 

Fig. 2: The modal gain values including the effect of quantum 
efficiency 

 

 
 

Fig. 3: Threshold current assuming unity quantum efficiency 
 
shown in Fig. 6. From this figure one notices that the 
threshold current density values using the experimental 
quantum efficiency values are higher than the 
theoretically assumed ones. Similar to threshold 
current, this indicates that there is an addition factor 
affecting  the  current  density value and it could be due  
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Fig. 4: Threshold current values including the theoretical and 
experimental quantum efficiency 

 

 
 

Fig. 5: Threshold current density assuming unity quantum 
efficiency 

 

 
 

Fig. 6: Threshold current density including the theoretical and 
experimental quantum efficiency 

 
to leakage current over the barrier. Leakage current 
calculations will be addressed in future publications. 

CONCLUSION 
  

The effects of temperature and quantum efficiency 
on  the  threshold  current  density and threshold current  
values of PbSe/Pb0.934 Sr0.066 Se multiple Quantum well 
Structure were calculated. Inclusion of quantum 
efficiency increased the threshold current values by 
almost 10 times. Also, it was noticed that the threshold 
current density values dropped fast at small cavities and 
remained constant after some critical cavity length 
around 100 m. When experimental quantum efficiency 
values were used, the threshold current values were 
higher than those found using the theoretical quantum 
efficiency values. This indicates that there is an 
additional factor affecting the current density values 
and it could be due to leakage current over the barrier, 
which we will account for in future work. 
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