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Abstract: In this work, the performance characteristics of an InGaN-based 420nm oxide 
confined multiple quantum well (MQW) blue-violet laser has been evaluated through various 

computations. Also the difference between the performance analysis of the designed laser 

with oxide confinement layer and without oxide confinement layer has been observed. The 

material gain of In0.1227Ga0.8773N/Al0.08Ga0.92N MQW edge emitting laser (EEL) has been 

theoretically obtained. The peak material gain obtained from the analysis has been used to 

study the performance of the designed laser. The threshold current has been reduced from 

10.2mA to 3.4mA by using the oxide confinement layer. The injection current which is almost 

13 times the threshold current has been chosen for both the designed laser with and without 

oxide confinement layer. The resonant frequency is 16.2GHz and modulation bandwidth 

28.2GHz for the designed laser without oxide confinement layer at an injection current 

130mA. The same value of resonant frequency and modulation bandwidth has been achieved 
for the designed laser with oxide confinement layer at an injection current of only 45mA. The 

maximum output power of the designed oxide confined laser is obtained as 73.4mW. The 

designed laser with oxide confinement layer has been established to give better performance. 

 

Keywords: Blue-Violet Laser, Resonance Frequency, Modulation Bandwidth, Threshold 

Current, Oxide Confinement Layer. 

 
1 INTRODUCTION 

Semiconductor laser diodes with blue beams are typically based on gallium (III) nitride (GaN, 
violet color) or indium gallium nitride (often true blue in color, but also able to produce other 

colors). Both blue and violet lasers can also be constructed using frequency-doubling of 

infrared laser wavelengths from diode lasers or diode-pumped lasers. 

Semiconductor laser diodes have applications in the field of optoelectronic data storage, 

printing, high density medical applications, spectroscopy etc. due to their small size, low 

power dissipation and high quantum efficiency. The laser diode can be designed for different 

emission wavelengths based on applications. Different types of low cost full color projection 

systems and high resolution laser color printers could be designed by moving towards shorter 

wavelength semiconductor laser diodes. The density and at the same time resolution can be 

enhanced by a diminution in emission wavelength of the semiconductor laser diode. Infra-red 

semiconductor laser diodes which are being reasonable prices are being broadly used.  

Indium gallium nitride (InGaN, InxGa1-xN) is a semiconductor material made of a mix of 

gallium nitride (GaN) and indium nitride (InN). It is a ternary group III/group V direct band 

gap semiconductor. The indium-rich regions have a lower band gap than the surrounding 

material and create regions of reduced potential energy for charge carriers. Its band gap can 
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be tuned by varying the amount of indium in the alloy. The ratio of In/Ga is usually between 

0.02/0.98 and 0.3/0.7 (Aldrige et al. 2011). GaN is a defect-rich material with typical 

dislocation densities exceeding 108 cm−2 (Choi et al. 2004). Light emission from InGaN 

layers grown on such GaN buffers used in blue and green laser diodes (Eliseev 1999). InGaN 
quantum wells are efficient light emitters in green, blue, white and ultraviolet light-emitting 

diodes and diode lasers (Chen et al. 2010), (Chang et al. 2007), (Skierbiszewski et al. 2005). 

The best semiconductor for blue-violet lasers is gallium nitride (GaN) crystals, which are 

much harder to manufacture, requiring higher pressures and temperatures. The active layer of 
the Nichia devices was formed from InGaN quantum wells. The new invention enabled the 

development of small, convenient and low-priced blue-violet, ultraviolet UV lasers and 

opened the way for applications such as high-density HD DVD data storage and Blue-ray 

discs. The shorter wavelength allows it to read discs containing much more information 

(Bergh 2004).  

In this work, the difference between the performance characteristics of a 420nm designed 

laser with oxide confinement layer and without oxide confinement layer is presented with the 

aim of obtaining high performance characteristics for the designed oxide confined laser. 

 

2 DEVICE STRUCTURE 
 

In this work, an EEL whose active region contains three QWs of In0.1227Ga0.8773N, separated 

by Al0.08Ga0.92N barriers are chosen for simulation with a view to obtain 420nm operation. 

The cavity of the EEL consisting of two cladding layers of Al0.16Ga0.84N. The cladding and 

active layer materials are separated by two separate confinement heterostructure (SCH) layers 

of Al0.08Ga0.92N. 

 

For achieving high performance, the In, Ga and N concentrations of the InGaN QW material 

is chosen by computing the concentration values using Vegard’s law (Coldren et al. 1995) . 

Values of a required number of parameters are obtained from different published sources 

(Piprek et al. 2000). 

 

The band gap energy of InGaN is given by-  

 
Eg(InxGa1-xN) [eV]= Eg(InN)x +Eg(GaN)(1-x) – bx(1-x)                 (1) 

 where b is the bowing parameter.  
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Fig. 1: The designed structure of a 420nm In0.1227Ga0.8773N/ Al0.08Ga0.92N MQW Oxide Confined Blue-
Violet Laser 

The structure of a blue-violet laser, presented in Figure 1, consists of active region, barriers, 

SCH layers and oxide confinement layers. The active region of a blue-violet laser contains 3 

QWs of In0.1227Ga0.8773N (band gap energy, Egw=2.8232eV; refractive index, n=2.6183) of 

5nm each and 2 barriers of Al0.08Ga0.92N (band gap energy, Egb=3.5767eV; refractive index, 

n=2.4723) of 7nm each. The electron effective mass (me) is 0.18443mo and the hole effective 

mass (mh) is 0.29356mo of the QW material, where mo is the mass of electron. The total 

thickness of the active region is 29nm considering 3 QWs and 2 barriers; the width is 2μm 
(without oxide confinement layer) and the length is 780μm. 

The active region of the laser is sandwiched by two separate confinement heterostructure 

(SCH) layers of Al0.08Ga0.92N (Egb=3.5767eV, n=2.4723) of 55nm each. The total thickness of 

the cavity including SCH is calculated as 139nm. After adding the 1μm oxide confinement 

layer of Al2O3, the new width of the active region is 0.67μm. The p-type and n-type cladding 

layers of Al0.16Ga0.84N (Egclad=3.7458eV, n=2.4379) are of 1.1μm each. The confinement 

factor is calculated as Γ=0.2086. The n-GaN substrate of 3μm is connected with the lower n-

contact and the upper p-contact is connected with the p-cladding layer as shown in Figure 1.  

 

 

 

 

Fig. 2: Cross Sectional View of a 420nm In0.1227Ga0.8773N/ Al0.08Ga0.92N MQW Oxide Confined Blue-

Violet Laser 

Figure 2 shows the cross-sectional view of the designed oxide-confined layer. The procedure 

of oxide confinement considered in this work is based on other research work (Erwin et al. 

2005). To use the oxide confinement layer, the width has been reduced from 2μm to 0.67μm. 

As a result the active volume of the active region reduces from 4.524x10-11 cm3 to 

1.51554x10-11 cm3 and the threshold current reduces from 10.2mA to 3.4mA. 

 

3 SIMULATION RESULTS AND DISCUSSIONS 
 

3.1 Computation of Transparency Carrier Density Ntr, Threshold Carrier Density Nth, 

Photon Life Time τp and Threshold Current Ith of the Designed Laser  

The transparency carrier density of a material is related to the effective masses of carriers in 

the conduction band (CB) and valance band (VB) as (Coldren et al. 1995), (Basak 2013), 

(Alam et al. 2013) 

      
  

    
 

 

       
 

                            (2) 

where k is the Boltzmann constant, T is the temperature in K, ħ is the Plank’s constant divided 

by 2π, mc and mv are the effective masses of the carrier in the CB and VB, respectively. The 

relationship is used to compute the transparency carrier density of the QW material. At 300K, 

the calculated value of transparency carrier density for In0.1227Ga0.8773N is 2.8x1018 cm-3. This 
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value is lower than that of the barrier material for which it is suitable to be used as the QW 

material. 

The threshold carrier density can be found using the following expression (Coldren et al. 

1995) 

        
       

Γ                                          (3) 

where go is the material gain constant. 

Using the obtained threshold carrier density, the photon lifetime is then calculated using the 

following expression (Coldren et al. 1995) 

   
 

            
                                            (4) 

The photon life, from the above expression is 4.3269ps with a group velocity υg of 

1.1786x1010cms-1. The threshold current is then calculated using (Coldren et al. 1995)  

    
      

    
                                                       (5) 

It is found that at 300K the threshold current is as small as 3.4mA with an injection current 

efficiency (ηi) of 0.8. 

 

3.2 Calculation of material gain 

For designing an EEL structure the material gain is calculated as (Coldren et al. 1995) (Basak 

2013), (Alam et al. 2013) 

      
    

    
    

     
                   (6)         

where, q is the electron charge, εo is the free-space permittivity, c is the speed of light in 

vacuum, n is the refractive index of the laser structure, E is the transition energy, n is the 

refractive index of the laser structure,     
  is the transition momentum matrix element,    is 

the reduced density of state, ħ is the Planck’s constant divided by 2π, f2 and f1 are the electron 

quasi-Fermi functions in the conduction and valence band respectively.  

Using Eq. (6), the material gain for a 420nm In0.1227Ga0.8773N/Al0.16Ga0.84N MQW EEL is 

calculated at 300K by varying the wavelength. It is essential to arrange the band gap energy in 

such a way that the cavity oscillation occurs at the peak value of the gain of the material. The 

obtained results are plotted as shown in Figure 4. A peak material gain value of 1101cm-1 is 

obtained for In0.1227Ga0.8773N/Al0.08Ga0.92N MQW EEL around the lasing wavelength of 

427.9nm.    
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Fig. 3: Plot of Material gain Versus Wavelength of the designed In0.1227Ga0.8773N/ Al0.08Ga0.92N 3QW 

EEL at 300K. The material Gain of the Designed Laser Varies with the Variation of Wavelength and a 

maximum gain is obtained as 1101cm-1 at 427.9nm wavelength.  
 

  

 

 

 

 

 

 

 

 

 

Fig. 4: Plot of Material gain Versus Photon energy of the designed In0.1227Ga0.8773N/ Al0.08Ga0.92N 3QW 

EEL at 300K. The material Gain of the Designed Laser Varies with the Variation of Photon energy and 
a maximum gain is obtained as 1101cm-1 at 2.902eV. 

 

It is observed that at 2.8232eV the material gain goes to positive level and a maximum gain is 

obtained as 1101cm-1 at 2.902eV. Using the obtained value of peak material, the gain of the 

performance analysis of the designed 420nm EEL has been presented in the above section. 

 

3.3 Calculation of Carrier Density, Photon Density and Output Power 

The rate equations of a semiconductor laser are (Coldren et al. 1995)   
  

  
 

   

   
 

 

  
 

           

    
                        (7) 

and, 

 
  

  
 

Γ           

    
 Γ   

     

 
 

 

  
            (8) 

A plot of carrier density versus time is shown in Figure 5 for both the designs of the laser, that 

is, with and without oxide confinement layer. 
 

The solution of these rate equations have been obtained using the parameter values, for a time 

window of 0-3ns approximately using finite difference method in MATLAB for chosen value 
of injection current of 45mA for the designed oxide confined 420nm laser.  
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Fig. 5: Plots of Carrier Density versus Time for the Designed 420nm Laser both with and without oxide 
confinement layer. 
 

The value of injection current is to be considered such that it is above threshold current. From 

Figure 5 the steady state carrier density is 3.008x1018 cm-3 for the designed laser without 

oxide confinement layer at injection current 130mA. It is possible to reach the same value of 

steady state carrier density for the designed laser with oxide confinement layer only at an 

injection current 45mA. 

 

 

 

 

 

 

 

 

Fig. 6: Plots of Photon Density versus Time for the Designed 420nm Laser both with and without oxide 
confinement layer. 
 

Using the output of the computational work above, a plot of photon density versus time is 

presented in Figure 6 for both the designs of the laser, that is, with and without oxide 

confinement layer. 

 

From Figure 6 the steady state photon density is 1.197x1016 cm-3 for the designed laser 

without oxide confinement layer at an injection current 130mA. The same value of steady 

state photon density has been obtained for the designed laser with oxide confinement layer 

only at an injection current 45mA. 

 

With the aid of the varying nature of the photon density simulation, variation of output power 

can also be obtained from (Coldren et al. 1995) 

                                             (9) 

              Using Eq. (9) the steady state output power of the designed oxide confined laser is obtained as 

73.4mW. 

The output power of the designed laser can also be expressed in terms of material gain g, 

mirror loss coefficient αm, injection current I and threshold current Ith as(Coldren et al. 1995)   

 

     
      

  Γ
                                (10) 

Using, the output power of Eq. (10) and the parameter values presented above, plots of output 

power versus injection current for the designed 420nm laser both with and without oxide 

confinement layer are presented in Figure 7 after computations. 
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Fig. 7: Plots of Output Power versus Injection Current for the Designed 420nm Laser both with and 
without oxide confinement layer. A lower value of threshold current is obtained for the designed oxide-
confined Laser.  

 
From Figure 7 it is found that the threshold current for the designed laser without oxide 

confinement layer is 10.2mA and is 3.4mA with oxide confinement. After the threshold the 

output power increases with the increase of injection current.  

The plot of output power versus wavelength is shown in Figure 8 for the designed oxide 

confined laser. 

 

From Figure 8 it is observed that the output power has its peak value 31.5dBm at 420nm, 

which is the wavelength of the designed oxide confined laser.  

 

 

 

 

 

 

 

 

Fig. 8: Plot of Output Power versus Wavelength of the Designed Oxide Confined Laser at 300K, where 
injection current is 45mA.  A Peak Intensity of the Power is obtained at 420nm Wavelength. 
 

3.4 Calculation of modal gain 
The confinement of material gain is called the modal gain and it is related to the carrier 

density as (Coldren et al. 1995)  
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Γ  Γ     
 

   
                         (11) 

where Γ is the confinement factor, go is the material gain constant, N is carrier density, and Ntr 

is the transparency carrier density of QW material. 

The plot of modal gain versus time is shown in Figure 9 for both the designs of the laser, that 

is, with and without oxide confinement layer. 

 

 

 

 

 

 

 

 

Fig. 9: Plots of Modal Gain versus Time for the Designed 420nm Laser both with and without oxide 
confinement layer. 

 
From Figure 9 the steady state modal gain is 16.4cm-1 for the designed laser without oxide 

confinement layer at an injection current 130mA. The same value of steady state modal gain 

has been achieved for the designed laser with oxide confinement layer only at an injection 

current of 45mA. 

 

3.5  Modulation Response of the Designed Laser 

The modulation response of the designed laser has been obtained using the equation of the 

transfer function as given below (Coldren et al. 1995) (Basak 2013) 

 

     
  
 

  
       

 

  
  

                            (12) 

where fR is the resonance frequency and γ is the damping parameter of a laser.  

The above equation has been used to plot the relative response versus frequency for the 

designed 420nm laser both with and without oxide confinement layer as shown in Figure 10. 
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Fig. 10: Plots of Relative Response versus Frequency for the Designed 420nm laser both with and 

without oxide confinement layer. 

From Figure 10 it has been found that the resonance frequency is 16.2 GHz and modulation 

bandwidth is 28.2GHz at 130mA injection current for the designed laser without oxide 

confinement layer. It is possible to obtain the same value of resonance frequency and 

modulation bandwidth, that is, 16.2GHz and 28.2GHz respectively at an injection current of 

45mA only for the designed laser with oxide confinement layer. 

 

4 CONCLUSIONS 

 
The difference between the performance analysis of a 420nm designed laser with oxide 
confinement layer and without oxide confinement layer has been presented in this work. For 

both the designed laser with and without oxide confinement layer, the injection current which 

is around 13 times of the threshold current has been selected. It is possible to achieve the 

same value for steady state carrier density, steady state photon density and steady state modal 

gain for different values of injection current- that is, 130mA for the designed laser without 

oxide confinement layer and 45mA for the designed laser with oxide confinement layer. 

Particularly, the same value of resonance frequency of 16.2GHz and modulation bandwidth of 

28.2GHz has been obtained for the designed laser without oxide confinement layer at an 

injection current 130mA and the designed laser with oxide confinement layer at an injection 

current of only 45mA. The maximum output power of the designed oxide confined laser is 

obtained as 73.4mW. Therefore, the designed laser with oxide confinement layer is preferred 
as it gives the same performance but at a lower injection current. 
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