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Abstract—We have investigated the effects of 

inhomogeneous broadening on the three-state of InGaAs/GaAs 

quantum dot (QD) lasers. The Numerical models based on rate 

equations is presented with considering inhomogeneous 

broadening. We have calculated output power and optical gain 

that show differences lasing from the ground state and exited 

state and upper continuum state. The comparison between 

these three energy levels leads to a qualitative understanding 

for origin of the three-state lasing in InGaAs/GaAs QD lasers. 
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I. Introduction 

Quantum dot (QD) lasers are promising for uncooled operation 

due to the 3-D confinement and delta-like density-of-states 

(DOS) of the QD systems. As such, superior laser characteristics 

such as low threshold current, high internal efficiency ηi  have 

been demonstrated [i]–[iii].Semiconductor (QD) lasers also were 

predicted to offer significant advantages over lasers of higher 

dimensionality such as bulk, quantum well and wire in terms of 

spectrum linewidth, modulation bandwidth, temperature 

stability, and higher optical gain due to the delta function like 

discrete density of states, that is known as semi-atom. [iv]–[ix]. 

Experiments and calculations shows high output power can be 

achieved using lower inhomogeneous broadening and number, 

there exist an optimum number of QD layers to achieve the 

highest output power from the device. Here we investigate the 

influence of homogeneous and specially inhomogeneous 

broadening on the static and dynamic properties of QD lasers, 

such as turn on delay and threshold current considering with 

coverage factor. However, it is conceptual in nature and hence 

does not include the practical issue of gain broadening. 

Homogeneous broadening is fundamental while the 

inhomogeneous broadening [x] characterizes all self assembled 

QD structures and is known to have an important impact on both 

static and dynamical properties [x], [xi]. The QDs investigated in 

this work are InGaAs QDs embedded in a waveguide formed by 

GaAs/AlGaAs cladding layers. This kind of QD is the most 

widely investigated QD structure. The effect of inhomogeneous 

broadening and also homogeneous broadening is an important 

indicator in QD lasers, Since affecting on output power and 

optical gain. The model is quite successful in the modeling of 

lasing spectra [xii], [xiii].Note that at high bias condition, lasing 

begins from excited states, therefore, coherent and incoherent 

nonlinearities and different scattering mechanism, especially 

Auger and phonon scattering, govern the lasing action [xiv]. 

The inhomogeneous broadening was incorporated in the model 

developed in [xv]. Lots of studies have been done on the 

simulation of spectral behavior and dynamic characteristics of 

self-assembled QD lasers [xvi]–[xxi]. 

In this article, first we explain about transitions between and 

energy states in laser cavity, then we demonstrate rate 

equations and mathematical relations and their integrated 

together. After that we describe numerical results and 

simulations. Finally we will conclude how inhomogeneous 

broadening affects on InGaAs/GaAs (QD) lasers.  

 

II. Material and Methodology 

In this section, a numerical model is used to study carrier 

dynamics in energy levels of an InGaAs/GaAs QD system. In 

our model, four discrete energy levels, i.e., wetting layer 

(WL), CS, GS, and ES of each group of QD. 

A few similar assumptions are made in the simulation model. 

Firstly, distribution of QDs is random in each layer of the 

device structure. Secondly, there is no correlation among 

different dot layers and thus simplifying the calculation. 

Thirdly, all carriers in each group of QD ensembles have same 

relaxation and recombination rates. Lastly, carrier emission 

from higher dimensional confinement to lower confinement 

does not change with temperature but depends dominantly on 

the probability of carrier population. Besides that, a series of 

longitudinal cavity photon modes are taken into account over 

the inter-band transition energy of QDs to describe the 

interaction between the dots with different resonant energies 

and generated photons. Carrier thermal emission is assumed to 

occur among three energy levels in QD ensemble and also 

between CS and WL. The details of carrier population 

relaxation and reemission dynamics are schematically 

illustrated in Fig. 1 
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Fig.1.Schematic of the energy band diagram that indicates the 

four different energy levels of wetting layer, upper continuum 

state, excited state and ground state of each group of QD 

ensemble with the inclusion of carrier capture and escape 

lifetime from the various states are shown. 

 

The model follows the set of rate equations described in [xxii] 

with the additions needed to address the homogeneous and 

inhomogeneous gain broadening. According Fig.1 the rate 

equations in our model are as follows: 
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The parameters of Nw, Nu, Ne, Ng refer to total carrier population 

of wetting layer, carrier population of upper continuum state 

(CS), exited state (ES) and ground state (GS), respectively. Also 

Su, Se, Sg refer to photon density of CS, ES and GS, respectively. 

For above rate equations, optical gain for CS, ES and GS state 

can be wrote as follows: 

 

)12()12(
2

2

2

2




 uuu

u

cv

dr

u
cs PKP

E

P

vmcn

De
g



 




              (8)   

)12()12(
2

2

2

2




 eee
e

cv

dr

e
es PKP

E

P

vmcn

De
g



 




              (9)   

)12()12(
2

2

2

2




 ggg
g

cv

dr

g

gs PKP
E

P

vmcn

De
g



 




            (10)    

 

Pu, Pe, Pg are occupation probability of CS, ES and GS state, 

respectively. 
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Also, we can write the relationship between relaxation times 

and escape times. In equations below wuueugeg TTTT ,,,  are 

relaxation times and  uwgegueu TTTT ,,,  are escape times. 
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Escape times and relaxation times have an exponential relation 

with each other. Relaxation times in experimental model varies 

with equations below: 
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In these equations |Pcv| is absolute transition matrix element,  

is coverage factor, o is non-homogeneous broadening factor, 
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vd  is QD volume, ND is QD volume density, ∈us , ∈es , ∈gs are 

gain compression. Some parameters are mentioned in Table.1. 

 

III. Results and Tables 

In this section, numerical results are presented. Fig.2 is  diagram 

of output power for ground state as a function of bias current for 

three various values of inhomogeneous broadening factor .The 

first value is less than experimental one ,the second is the same 

as real value used in experimental model [xxii]  and the last one 

is  more than experimental value. We have chosen these values 

in this figure and other figures to compare numerical result to 

optimize it better. Simulation shows that threshold intensity to 

start lasing from ground state is very low and it would be 

constant approximately with increasing inhomogeneous 

broadening factor. However, it is clear that with increasing 

inhomogeneous broadening factor we will have less output 

power for GS. So to have a much more output power it is better 

to decrease inhomogeneous broadening factor. As well as, with 

enhancing inhomogeneous broadening factor, output power will 

be saturated in lower current.  

Fig.3 is a diagram of output power for exited state as a function 

of bias current for the three various values of inhomogeneous 

broadening factor. As we have said, values for Fig.2 is the same 

as diagram of output power for ground state as a function of bias 

current for three various values of inhomogeneous broadening 

factor are the same as we used for GS. With considering diagram 

3, whatever Fig.2 is diagram of output power for ground state as 

a function of bias current for three various values of 

inhomogeneous broadening factor is increased, threshold bias 

current to begin lasing is declined for ES. In addition, with 

augmentation inhomogeneous broadening factor output power 

for ES will decrease in saturated values. It means output power 

will be saturated in lower bias current with enhancement of 

inhomogeneous broadening factor with lower output power for 

ES.  

Fig.4 displays output power for CS as a function of bias current 

for three values of inhomogeneous broadening factor. As you 

see, it declares that lasing from CS start from an almost high bias 

current. In other words, it if we want to have lasing from CS, we 

have to increase bias current about 15 (A) with considering 

experimental value of inhomogeneous broadening factor (the 

second one). This is the meaning of three state lasing of 

InGaAs/GaAs QD laser. It has clearly shown we have more 

output power with less inhomogeneous broadening factor, 

however, it is not rational to work with emitting laser from CS 

since its high bias current. Finally it will be saturated like prior 

diagram for GS and ES, but with a high bias current (more than 

25 (A)). Now, here we would like to discuss optical gain and its 

dependence to inhomogeneous broadening factor for each state 

separately to figure out best values to optimize InGaAs/GaAs 

QD laser. At first, consider Fig.5 that is the diagram of optical 

gain for ground state as a function of bias current. It is clear that 

optical gain is low for QD lasers and it is one of characteristics 

of them. It declares that with enhancement of inhomogeneous 

broadening factor optical gain will be saturated in higher 

current. 

 

 

Parameter Value 

Transition energy from 

GS, Eg 

1050 mev 

Transition energy from ES, 

Ee 

1090 mev 

Transition energy from 

CS, Eu 

1140 mev 

Active region length, Lca 1000 µm 

Reflectivity of mirrors R1=R2=0.3 

Degeneracy of GS, Dg 1 

Degeneracy of ES, De 3 

Degeneracy of CS, Du 10 

Total optical confinement 

factor, ᴦ 

0.1 

Spontaneous emission 

coupling factor, β 

10
-7

 

Velocity group, Vg 8.571 × 10
7
 

m/s 

Carrier injection rate, ηi 0.9 

Spontaneous 

recombination time, Tsp 

500 ps 

Initial relaxation time from 

CS to GS, Tugo 

2 ps 

Initial relaxation time from 

Es to GS, Tego 

6 ps 

Initial relaxation time from 

CS to ES, Tueo 

2 ps 

                        

                         Table.1.Constant values used in simulations 

 

 

 
                   

    Fig.2.Output power for ground state as a function of bias                       

current for various inhomogeneous broadening values 
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  Fig.3.Output power for exited state as a function of bias current 

for various inhomogeneous broadening values 

As you see optical gain will saturate with the same value for all 

these three values of inhomogeneous broadening factor. 

In Fig.6 we have calculated the same numerical values for 

excited state. Just like the same one for ground state, optical gain 

is not so high and it would be saturated at a parallel quantity for 

all three values of inhomogeneous broadening factor. At first 

with increasing bias current than zero, there is a negative optical 

gain, but with increasing more it will become positive that means 

lasing has started efficiently. More with increasing bias current it 

saturation will appear at the same value for all three amount of 

inhomogeneous broadening factor. It is shown clearly current 

should be so more for ES in comparison with the same diagram 

for GS. 

 Fig.7 is a diagram of optical gain for lasing from CS as function 

of bias current. It is significantly that with comparison between 

this diagram and Fig.6, we can quickly figure out bias current for 

CS is much more higher than ES and we cannot have positive 

gain for CS in a low amount of current. In addition, it is visible 

in CS with increasing inhomogeneous broadening factor optical 

gain will be saturated in lower current. It means that saturation 

and inhomogeneous broadening factor have a contrary behaviour 

with each other. However, like two last diagrams for GS and ES, 

optical gain would have a one value after saturation for all three 

inhomogeneous broadening factor values. 

 
   Fig.4.Output power for upper continuum state as a function of 

bias   current for various inhomogeneous broadening values 

 

 
Fig.5.Optical gain for ground state as a function of bias 

current for various inhomogeneous broadening values 

 

 
Fig.6.Optical gain for exited state as a function of bias current 

for various inhomogeneous broadening values 

 
Fig.7.Optical gain for upper continuum state as a function of 

bias current for various inhomogeneous broadening values 

 

 
Fig.8.Photon density for ground state as a function of time for 

various inhomogeneous broadening values 
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Finally, we have investigated photon density for ground state as 

a function of time in Fig.8.This useful figure demonstrates that 

with intensification of inhomogeneous broadening values for 

InGaAs/GaAs (QD) lasers the result will be less photon density 

in saturation state for GS. Furthermore, turn on delay as an 

important significant is pointed in figure 8, we can recognize that 

with increasing inhomogeneous broadening factor, turn on delay 

will increase too. This is significant to decline turn on delay, 

with comparison less and more values of inhomogeneous 

broadening 

 with one is used in real model , for optimizing we is better to 

decrease inhomogeneous broadening factor to have less turn on 

delay. 

IV. Conclusion 

With the computed results, we have found that intrinsically, with 

increasing inhomogeneous broadening factor, output power for 

ground state will decrease with a constant threshold current for 

any value, but threshold current to start lasing for exited state 

will increase. Due to inhomogeneous broadening certain 

deductions of QDs do not participate in laser transition and will 

add to parasitic remix. Also with increasing inhomogeneous 

broadening saturated gain decreases. 
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