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1. Introduction        

        The fluctuations in QD parameters lead to an inhomogeneously broadened gain spectrum 

[1]. Inhomogeneous line broadening and its effect on the threshold current of a QD laser were 

analyzed by [1, 2]. As well as on other parameters, the dependence of the threshold current 

density on the root mean square of QD size fluctuations was calculated by [3,4]. In actual QD 

structures, there are also excited-states. In an ideal scenario, there should be one electron and one 

hole energy levels in a QD. The effect of excited-states on the threshold current density of a QD 

laser was studied [5]; a small overlap integral for transitions in QDs was shown to be a possible 

reason for a low single-layer modal gain limiting the ground-state lasing in short-cavity devices 

[6]. In Refs.[3,7,8] the charge neutrality violation in QDs and its effect on the laser 

characteristics were studies. It was shown that the electron and hole level occupancies in a QD 

can differ from each other, and the difference can be comparable to the occupancies themselves.  

The internal loss was shown to considerably narrow the region of tolerable structure parameters 

in which the lasing is attainable. The calculations suggested that the internal loss is likely to be 

another major limiting factor for lasing in short-cavity QD structures [9,10]. The carrier-density 

dependent internal loss acts as an additional source of the temperature-dependence of the 

threshold current. Multiple mode generation can be due to longitudinal Spatial Hole Burning 

(SHB), which is caused by non- uniformity of the stimulated recombination along the cavity 

[11,12,13]. Non-uniformity of stimulated recombination can lead to non-uniform carrier 
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Abstract 

In this work, we study the characteristic temperature of a quantum dot laser (QDL) in 

presence of internal optical loss and quantum efficiency. The control parameters (the constant 

component of internal loss coefficient, effective cross section, carrier excitation energies from 

a QD to the optical confinement layer (OCL), and the root mean square (RMS) of relative 

QD-size fluctuations) are used for achieving free carrier density in the OCL and threshold 

current density and its component.  
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distributions.In QW or bulk-active-region lasers, non-uniform carrier distributions are effectively 

smoothed out by the diffusion. 

In a QD laser, smoothing out non-uniform carrier distribution requires also the thermal escape of 

carriers from QDs to the optical confinement layer. It is the thermal escape to be the limiting 

factor [14]. Therefore, SHB is more strongly pronounced in QD lasers as compared to bulk or 

QW lasers. On the structure parameters, Ref.[14] using a linear approximation to calculate the 

multimode generation threshold and studied the dependence of this threshold. It was found that a 

decrease in the QD size dispersion considerably increases the relative multimode generation 

threshold [8]. 

 

2. Free-Carrier Densities     

     One can use the rate equations model to calculate the threshold current densities and output 

powers of longitudinal modes. The steady state rate equations for carriers confined in QDs, free 

carriers in the optical confinement layer, and photons. The threshold current density ,  should 

remain unchanged with temperature and the characteristic temperature should be infinitely high 

(in ideal QD laser) [15,16]. This would be the case if the overall injection current went into QDs, 

and the recombination current in QDs would be temperature-independent. In actual QD lasers, 

carriers are first injected from the cladding layers into the Optical Confinement Layer (OCL) 

(which includes the wetting layer), and then captured into QDs. The presence of carriers in the 

OCL results in recombination therein. Hence the recombination processes both in QDs and in the 

OCL are control in  and its  T-dependence [1,3]:  

 

 
 

where  is characteristic temperature of QD laser,  and  are defined similarly to  but 

for  and  respectively.  and   are the components of  ( ) associated with 

the recombination in QDs and in OCL respectively. Those components are given as [1,3,17]:  

 

 
 

 
 

where   are the confined-electron / hole level occupancies in QDs at the lasing threshold 

respectively,   are the free-electron / hole densities in the OCL at the lasing threshold 

respectively,  is the surface density of QDs, 𝜏D is the spontaneous radiative recombination 

time in  

QDs, 𝓏o is the OCL thickness and ℛ is the radiative constant for the OCL material. 

      The carrier distribution below and at the lasing threshold is described by the equilibrium 

statistics (relatively high T).Thus, the T-dependence of free-carrier densities( ), have acts as 

the major source of such dependence of  [14,2,3] ,  depend exponentially on T; 
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Where are the electron/ hole effective masses in the OCL respectively, T is the 

temperature measured in units of energy,  are the electron / hole excitation energies from a 

QD to the OCL (see Fig.1).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T-dependence of the confined carrier level occupancies in QDs,  can contributed different 

factors, thus causing the temperature-dependence of the recombination current density in QDs ( 

 ) and making  finite [19,20].  

 

3. QD  Confined Carrier Occupancies   

 

Figure 1: (a) Schematic structure and (b) energy band diagram of a QD [18]. 
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As in other injection lasers, such a cavity loss can strongly affect the temperature stability of 

QD lasers [21], the effect of carrier-density-dependent internal optical loss in the OCL on the 

temperature dependence of  [10,17]. To study the effect which is based on Ref.[9], where  

has been calculated in the presence of the carrier-density-dependent internal loss. Neutrality, the 

charge is assumed hereto neatly clarify the effect of internal loss (in QDs  and in the 

OCL  ) [22]. 

  

Such as free-carrier absorption in the OCL and scattering at rough surfaces and imperfections 

in the waveguide [9], several mechanisms can contribute to the internal loss. All these 

mechanisms can be conveniently grouped into two categories – one dependent on the carrier 

density in the OCL and the other independent. The expression for the saturation (maximum) 

value of the modal gain  is [1] 

 

 
 

where  is the QD-size distribution function (  for the Gaussian distribution), λ is the 

wavelength of the main mode in vacuum,  is the group index of the dispersive OCL material, 

which is assumed to be the same for all modes, Γ is the optical confinement factor in the QD 

layer,  is the mean size of QDs and   is the inhomogeneous line broadening [18,23,1],  

 

 
 

where α is RMS of relative QD-size fluctuations,  are the electron /hole quantized energy 

levels in a mean-sized QD (measured from the corresponding band edges), 

 
The lasing threshold condition (equality of the gain to the loss) can be written as [7] 

 

 
 

Where    is the mirror loss, 

 

 
 

Where ℓ is the cavity length and r is the facet reflectivity.  is the overall internal loss 

coefficient which can be written as the sum of two components, one constant ( ) and the other 

increasing with the OCL carrier density ( ) [9,10,17,24] 
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Where  is the effective cross section for the internal absorption loss processes.  

 

The level occupancy is immediately obtained from Eq.(10) to be independent of temperature, in 

the absence of the carrier-density-dependent internal loss ( = 0 ) [23], 

 

 
  

The carrier-density-dependent internal loss couples
 
  and  and, as seen from Eq.(10), 

makes  and  also temperature dependent, in view of the temperature dependence of . 

Thus,  becomes finite. The expression for  is easily found from Eqs.(4) and (10), which 

was derived in Ref.[9] 

 

 
Where 

 

 
 

4.  Free-carrier densities in the OCL   

The free electron densities in the optical confinement layer have effects on the dynamics of 

QD laser. Returning back to the Eq.(4) and related equations it is so clear the effect of free-

electron densities in the OCL since Eq.(2) shows the dependence of threshold current component 

of QD on free-electron densities in the OCL, once more the effect of free-electron densities in the 

OCL is obvious on dynamics and power output of QD laser. To sum up the overall behavior 

effect of free-electron densities in the OCL with temperature for the same specific parameters 

mentioned:  ,  , and  as shown in Fig.2. 
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The striate line indicates  the absence of the carrier-density-dependent internal loss ( ). 

The vertical dotted line marks the certain temperature in the presence of the carrier density 

dependent internal loss. The other parameters [9,17]: kc=3 cm
−1

, sm=150 A
o
, zo=0.28 μm,  

Sd = 6.11×10
10

 cm
−2

, α=0.05, ℛ=20.×10
−30

 cm
3
s

−1
, 𝜏D=1. ns, Mloss=7 cm−1, ℓ=1.628 mm, r=0.32, 

and Γ =0.1.  
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5. Threshold Current Density     
A physical mechanism is proposed to explain why the sharp increase in the threshold current 

density at high temperatures is accompanied only by a relatively weak increase in its radiative 

component [25].The radiative component of the threshold current density is stable to temperature 

relatively even when the threshold carrier density is increasing with temperature. This increasing 

carrier density, combined with the dominance of Auger recombination at T > 200K  

o
 [26] then 

gives rise to the strong temperature sensitivity of the threshold current density around room 

temperature in un-doped QD lasers. 

As we have mentioned above the threshold current density is an important parameter in 

affecting the dynamics of semiconductor laser in general and QD laser in special since both in its 

two components  and  affect the  which represents that limits for the possible use of QD 

laser. 

 

The threshold current density affects the dynamics of QD lasers. Fig.3 examples of the 

obtained results for the radiation of threshold current density and its components,  and  

with temperature for the same different parameters used in the previous section. 
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7. Conclusion        
We studied limiting characteristics of a GaInAsP/InP QD laser with wavelength of 1.55 μm, 

that have been calculated as functions of temperature. The carrier-density-dependent internal loss 

in the OCL considerably reduces temperature. The internal loss in the optical confinement layer 

dependencies of different limits of QD laser characteristics has been studied. For a wide range of 

the structure parameters, the internal loss component is shown to play a main role in that effect, 

that increase with the OCL carrier density. 
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 درجة على والإعتماد ، النسبية QD حجم لتقلبّات OCL ،  RMS إلى QD من الناقل إثارة طاقات
 QDL في الحرارة

 

 عيسى براهيمإ شاكر                    مشاري الحسين عبد جاسب                    حسن محمد رائد

 جامعة البصرة - كلية التربية - قسم الفيزياء

 

 الخلاصة

 
 والكفاءة الداخلية البصرية الخسارة وجود مع( QDL) الكمّية النقطة لليزر المميزة الحرارة درجة ندرس العمل، ذاه في      
 a مين ناقيل إثيارة طاقيات الفعّيال، العرضيي المقطع الداخلي، الخسارة لمعامل الثابت المركبة{ السيطرة بارامترات أن. الكمّية

QD  البصيييرية الحجيييز طبقييية إلييي (OCL)،  المتوسيييط الجيييذر بيييعومر (RMS )بحجييي  النسيييبية التقلّبيييات مييين QD { التيييي 
 .ومكوّنها العتبة تيار وكثافة OCL في الحرة الناقل كثافة لتحقيق أستخدمت

 


