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Abstract– The objective of this research is to design and 

simulate two new structures of semiconductor quantum 

well cascade lasers. These structures are constructed of 

three quantum wells within their active regions, based on 

AlGaAs/GaAs materials. These structures are simulated 

in continuous wave (cw) mode and at room temperature. 

The first structure is a conventional type of cascade 

quantum well lasers and its output emitted power is 150 

mW at the emission wavelength of 9.5 µm. In the second 

structure, the output power increased from 150 mW of the 

first structure to 210 mW at the same emission wavelength 

of 9.5 µm by three ways as follows: i) modifying the 

thicknesses of quantum wells and barriers, ii) varying 

mole fraction throughout the active regions, iii) reshaping 

the wells and conduction band in the active regions. The 

width, ridge cavity length and period numbers of both 

these lasers are 25um, 4 mm and 24 respectively.  These 

two structures have a similar waveguide and cladding 

layers. 
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I.    INTRODUCTION 

uantum cascade lasers (QCLs) are semiconductor 

quantum well lasers that based on intersubband 

transitions and carrier tunneling through the thin layers 

of nanometer thicknesses. Light amplification in these lasers 

by intersubband emission proposed by Suris and Kasarinove      

in 1971. 

Then, after several years cascade quantum well lasers 

known by Jermo Faist in 1994 for first time. The first cascade 

quantum well laser fabricated based on InGaAs and InP 

materials. Thereafter, for first time in 1998 these lasers 

fabricated based on GaAs and AlGaAs. This invention 

developed the cascade quantum well laser performance in a 

vast range [1]. Semiconductor cascade quantum well lasers 

are consisted of several periods of quantum well and barrier 

layers of nanometer thicknesses [2]. In each period, some  

 

layers are as the active region and light emission occurs in 

this region. Each active layer can be consisted of one or 

several quantum wells. The other layers, which are between 

active regions, inject carriers into the active regions, where 

these layers called injector regions [3]. In these lasers, the 

emission wavelength depends on the thickness of quantum 

wells and barriers. Accordingly, this class of lasers can cover 

a broad range of emission wavelengths for different 

applications, where this is the most significant feature of 

these lasers. Quantum cascade lasers can emit wavelengths 

between 2.75 um to 250 um in both continuous wave mode 

and pulse mode at different temperatures [4]. 

Quantum cascade lasers with emission wavelength 3.8 to 

9.5, have the best performance in continues wave mode and at 

room temperature. 

These are accessible and significant lasers at present time 

[5]. Because of their vast range of emission wavelengths 

these lasers have different applications in military, medical, 

industrial, medical imaging, space optical communications 

and trace gas sensing fields [3], [4], [5]. In this research, we 

designed and simulated two quantum cascade lasers with 

enough large optical power at wavelength of 9.5 um in 

continuous wave mode and at room temperature.  

II.    EXPERIMENTS 

A) Design of a Conventional GaAs QCL Structure and its 

Simulation Results 

In this research, we have designed two GaAs injector based 

quantum cascade lasers that have a very simple structure with 

compare to most injector based lasers.  These structures have 

only one GaAs well and two AlGaAs barriers as their injector 

regions and three GaAs quantum wells in there active regions.  

We elaborated the thickness of wells and barriers to have an 

emission wavelength of 9.5 µm and a large enough power. 

We designed the first structure based on Al0.33Ga0.67As/GaAs. 
Fig. 1 shows the whole structure of this laser. According to 

this figure, it has 24 period of active and injector regions that 

has sandwiched between two GaAs waveguides and cladding 

layers of 1um and 3.75um thicknesses respectively. This 

structure has a 25 um width and 4 mm ridge cavity length. 
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Fig. 1: Total structure of conventional Al0.33Ga0.67As/ GaAs QC laser 

 

 
 

Fig. 2: The structure of active and injector regions per in one period of 

conventional Al0.33Ga0.67As/GaAs laser 

 
 

Waveguide and cladding layers are Si highly doped to 

n=19 10
19

cm
-1 

and n=18 10
18 

cm
-1

 respectively. This laser 

has a GaAs substrate layer with 5 um thickness which is 

highly Si doped to n=19 10
19

cm
-1

.
 
This layer is connected to 

cathode. 

The thickness of top GaAs layer which is contacted to anode 

layer and is highly Si doped to n=19 10
19

cm
-1

,
 
is 1 um. The 

thickness of nanometer quantum well and barrier layers 

within one period are shown in Fig. 2, where it has only 8 

layers. The colored layers of injector region in Fig. 2 are 

doped to n=2 10
11

 cm
-1

. By solving Schrödinger equation in 

quantum wells, we have adjusted subbands for emission 

wavelength of 9.5 µm. Fig. 3 shows the conduction band and 

subband energies in the first period of this laser. An electric 

field 80 kv/cm is applied to make the first radioactive 

transition between two wells of the active regions in this 

structure. 

 
 
Fig. 3: Conduction band diagram for first period of Al0.33Ga0.67As/GaAs QC 

laser, the layer thicknesses in nm is beginning with Al0.33Ga0.67As injector 

barrier from left to right are 0.3, 3.5, 3.2, 1, 0.2, 0.4, 0.3, 0.4. The numbers in 
bolds correspond to GaAs wells and normal numbers correspond to 

Al0.33Ga0.67As. The underlined numbers doped Si doped to n=2 1011 cm-1 

 
  

As Fig. 3 shows, the difference between subbands  

EC1=1497 mev and EC2=1367 mev, (   ) is about 130 mev. 

When electrons stimulated to EC1 and population inversion 

occurs in this subband, a motive photon with about 130 mev 

energy, releases those electrons which populated in this 

subband. Thus, by tunneling through the barrier with 

thickness of 3.2 nm, electrons drop to EC2 and photon 

emission will occur. According to relation (1) in ref [7] the 

output optical wavelength of this laser will be about 9.5 um. 

In this relation h is planck’s constant, c is light rate and 

        is a motive photon energy. 

  

λ   
  

             
  (  

  

       
 )                       (1) 

 

Then electrons tunnel through the barrier with thickness of 

0.2 nm to go to EC3. The lifetime of electrons that transport 

between EC2 and EC3 is less than the lifetime of electrons that 

transport between EC1 and EC2. Therefore, electron 

transporting between EC1 and EC2 leads to phonon emission. 

By tunneling through the injector barrier with thickness of 0.3 

nm, electrons can go to the injector region and relax to reach 

the next period. In the next period, the same action as that of 

the previous period happens and photon emission occurs. We 

have simulated this structure in continuous wave mode          

and at 300 K. 

Fig. 4, shows this laser has a photon density of 1.8 10
10 

cm
-1

 at 9.5 um wavelength. As you can see in Fig. 5, this laser 

has a maximum output power of about 146 mw.  The Current-

Voltage characteristic at 300 K is shown in Fig. 6. Thereafter 

to increase the output power in wavelength of 9.5 um, we 

improved this structure by using of three different materials 

and reshaping wells in active regions. The improved structure 

introduced in next section. 
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Fig. 4: The Photon Density-Wavelength characteristic of Al0.33Ga0.67As QC 

laser in continuous wave mode and at 300k 

 

 

 
 

Fig. 5: The Output optical power-Current density characteristic of 

Al0.33Ga0.67As QC laser in continuous wave mode and at 300k 
 

 

 

 
 

Fig. 6: The Current –Voltage characteristic of Al0.33Ga0.67As QC laser in 

continuous wave mode and at 300k 

III.    DESIGN AND SIMULATION OF IMPROVED 

STRUCTURE 

 

The second QC laser structure consists of Al0.45Ga0.55As 

barriers, GaAs and Al0.21Ga0.79As wells. This structure has 24 

periods of active and injector regions that sandwiched 

between waveguide and cladding layers. The whole structure 

of this laser is similar to the previous structure and is shown 

in Fig. 7. However the thickness of quantum wells and 

barriers in each period are different as shown in Fig. 8. 

As you can see in this figure, this structure has only 7 layers 

per each period. The layer thicknesses are adjusted to emit an 

optical wavelength of 9.5 um. The colored layers of injector 

regions in Fig. 8 are Si doped to n=2 10
11

 cm
-1

. The 

conduction band of the first period and subband energies in 

quantum wells are shown in Fig. 9. As you can see in this 

figure, conduction band in active region have reshaped 

because of we used an Al0.21Ga0.79As well in active region 

which has a more energy level than GaAs. 

 

 
 

Fig. 7. Total improved QC laser structure 

 
 

 
 

Fig. 8: One period of active and injector regions in improved structure 
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Fig. 9: Conduction band energy diagram at the first period of Al0.21Ga0.79As/ 

Al0.45Ga0.55As/ GaAs QC laser, the layer thicknesses in nm is beginning with 

Al0.45Ga0.55As barrier, from left to right are: 1.5, 1.7, 1.1, 1.5, 2.1, 3, 3.3. The 
numbers in bolds correspond to GaAs well, normal numbers correspond to 

Al0.45Ga0.55As barriers and bold italic number corresponds to Al0.21Ga0.79As 

well. The underlined numbers are Si doped to n=2 1011 cm-1 

 

 

 

 
 

Fig. 10: A cross section of simulated active and injector nanometer layers in 

Al0.21Ga0.79As/ Al0.45Ga0.55As/ GaAs improved QC laser 

 

IV.    RESULTS AND DISCUSSION 

According to Fig. 9 reshaping the conduction band of 

improved structure in section II leads to eliminate the barrier 

which is between EC1 and EC2 in the structure in section I. So, 

there is not any barrier in electrons direction from subband 

EC1 to EC2 subband in improved structure. Thus, electrons drop 

without any tunneling through their transport process from 

EC1 to EC2. Tunneling electrons across the barriers causes 

interfaces between electrons and barrier lattice atoms. These 

interactions contribute to phonon emission and absorption 

losses. Thus, in this structure by eliminating the barrier 

between EC1 and EC2 losses decreased and as a result, lifetime 

of electrons (   ) will increase. According to equation (2) and 

(3), increase of (   ) leads to increase of effective lifetime of 

electrons (    ) and differential gain (   ) [8].  

 

          
  

   
                                         (2) 

    
    

       
                                                 (3) 

Now, according to relation (4) increase of      will result in 

increase of optical output power in this laser [9]. 

    
    

       

  

  

  

     
                     (4) 

   In this relation    is the number of periods,     is the 

motive photon energy,    is the mirror losses factor and    

is the waveguide losses factor. Thus the second structure has a 

higher output optical power than structure in section I. We 

simulated improved structure in continues wave mode and at 

300k. Some of simulated periods of this laser have shown in 

Fig. 10. As shown in Fig. 9, an electric field 59 kv/cm has 

been applied to this laser to emit the first photon. According 

to Fig. 9, photon emission occurs between EC1=1550 and EC2 

=1420 subbands. The energy difference between these two 

subbans, (   ) is 130 mev. According to relation (1), by 

using motivation photon energy with 130 mev energy, this 

laser will emit an output optical wavelength of 9.5 um too. 

Fig. 10, shows this laser has a 2.4 10
10

 cm
-1

 photon density at 

9.5 um wavelength. As Fig. 12 shows, this laser has a 

maximum output power of 210 mw at 300 k. I-V 

characteristic of this laser is shown in Fig. 13. Thus, in the 

wavelength of 9.5 um and at a lower electric field the 

improved structure has about 65 mw output optical power 

more than conventional one. 

 

 

 
 

Fig. 11: Calculated output wavelength-photon density characteristic of 
Al0.21Ga0.79As/ GaAs Al0.45Ga0.55As QC laser in continuous wave mode and at 

300 k 



INTERNATIONAL JOURNAL OF MULTIDISCIPLINARY SCIENCES AND ENGINEERING, VOL. 8, NO. 4, JUNE 2017 

[ISSN: 2045-7057]                                                                       www.ijmse.org                                                                                      22 

 
 

Fig. 12: Calculated output optical power-current density characteristic of 

Al0.21Ga0.79As/ GaAs/Al0.45Ga0.55As QC laser in continuous wave mode and at 

300 k 
 

 

 
 

Fig. 13: Calculated current-voltage characteristic of 
Al0.21Ga0.79As/GaAs/Al0.45Ga0.55As QC laser in continuous wave mode and at 

300 k 

 

V.    CONCLUSION 

In this work, by elaborating the layer thicknesses and 

subband energies, we designed two QC lasers. These 

structures designed for operating at room temperature and 

continues wave mode. The number of layers per each period 

is less with compare to most QC lasers. Therefore in these 

structures the electron interactions and scatterings decrease 

and it leads to reduce absorption losses and increase output 

power.  In addition by using of three different mole fractions 

in active regions, we reshaped conduction band and we could 

eliminate the barrier which is between two wells in active 

regions of conventional structure. Therefore, in structure II 

the losses of electron transport and photon emission which are 

because of electron tunneling through this eliminated barrier 

will decrease and it leads to increase optical output power of 

structure II in a considerable value.  
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