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In this work we report a modeling and numerical simulation of the carrier dynamics of ZnO/MgZnO of quantum dot lasers 
(QDLs). Our calculations are carried out by solving the set of seven rate equations for carriers and photons at four energy 
states using the fourth order of Runge-Kutta method in MATLAB software. Many properties of QDLs such as the photon 
density, output power and the small signal modulation response versus the time and injection current have been studied 
and discussed for the ground state (GS), first excited state (ES1), and second excited state (ES2).The modeling simulation 
validity is verified by comparison with other works. This work shows the advantage of ZnO/MgZnO QDLs to enhance the 
properties of laser. 
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1. Introduction 
 

Quantum dot (QD) is a semiconductor-based structure 

where the excitons are strongly confined in the three 

dimensions of space (3D), which induces a finer state 

density than in conventional structures. Discrete levels are 

created in QD by this confinement, that gives the QD 

properties similar to those of an atom, so we can consider 

the QDs as artificial atoms [1].Until the mid 1980s, lasers 

with a thick active region of several microns were 

dominated the market. But it was only with the 

introduction of quantum well laser diodes and the sharp 

reduction in threshold current densities of the order of 40 

to 50 A / cm2 [2], obtained first by ZI Alferov, Nobel Prize 

in 2000, and the market for laser diodes exploded. In 1982, 

Y. Arakawa and H. Sakaki [3], of the University of Tokyo, 

theoretically studied the 3D confinement effect in the 

active area of QDs. QDLs have attracted much attention in 

recent years [4-6] because they present an excellent 

properties such as lower transparency current density [7], 

temperature insensitivity [8], high material gain [9], as 

well as high differential gain [10-11], and reduced 

linewidth enhancement factor (LEF or αH -factor) at the 

lasing wavelength [12]. These superiorities mentioned of 

QDLs make them attractive configurations to be employed 

on the laser and communications promising optical fibers 

devices..Among the wide-gap semiconductors that 

received great attention in the last years, Zinc Oxide (ZnO) 

and its ternary alloys. ZnO is an II–VI compound 

semiconductor with a hexagonal wurtzite structure. In the 

last few years, ZnO gets much attention for its application 

in various fields such as in the area of green, blue, and 

ultraviolet (UV) light-emitting diodes (LEDs), 

semiconductor optical amplifier (SOA), and lasers [13-16], 

transparent high power electronics, optical waveguides 

and solar cells [17-18].In addition, their potential 

advantages over III–V nitrides, such as substrate 

availability, comparatively simpler growth and processing 

technologies, and larger exciton binding energy (60 meV 

against 25 meV for GaN) [19-20] even at room 

temperature which promotes the excitonic recombination 

[21]. 

In this paper, ZnO/Mg0.3Zn0.7O QDs are considered as 

an active region in a QD laser consisting of four energy 

levels for confined carriers. We assumed that all QDs are 

uniform according to the theoretical and experimental 

studies performed in references [22-24].We have 

considered lens-shape ZnO QDs of diameter D=20 nm, 

height H=10 nm, and an MgZnO wetting layer of a 

thicknessof1 nm. In our study, we assumed that QDs are 

spaced enough to avoid the quantum tunneling effects, and 

the homogeneous and inhomogeneous effects are ignored. 

The QD include three energy states with two-fold 

degenerate ground state (GS) and double four-fold 

degenerate excited state (ES1, ES2). The numerical model 

used for ZnO/MgZnO QDL is based on a set of coupled 

rate equations, which consists of four energy states where 

three of them are joined in lasing. We used the 4th order of 

Runge-Kutta method in MATLAB software, to extract the 

laser characteristics such as output power-current (P-I), 

gain, time variation of the photon densities, the output 

power and the intensity modulation response. 

 

 
2. Theoretical model    
 

We have considered four energy levels which are 

belong to wetting layer (WL), second and first excited 

states (ES2) and (ES1), and the ground state (GS). The 

energy levels of the active region in QD laser for 

conduction band are shown in Fig.1.Fig. 1 shows the 

principle carrier dynamics in the conduction band as the 

cascade relaxation model of ZnO/MgZnO. The carriers are 

injected directly into the tank of the WL creating 
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consequently an injection current I. A portion of the pairs 

electron-hole created is captured on the second ES2 with a 

time of relaxation ( WL ES2τ  ) while the other part 

recombines spontaneously. The carriers occupying the 

ES2 can then relax on ES1, escape into the tank of wetting 

layer ( ES2 WLτ  ) or recombine radiatively. The carriers 

already relaxed onES1 can be released on the excited state 

( ES1 ES2τ  ), recombine spontaneously or relax on the 

ground state GS ( ES1 GSτ  ). A part of these last reissued 

carriers on the excited state ( GS ES1τ  ), and the rest 

perform decay due to the spontaneous and Auger effects (

rτ ), or contribute in stimulated recombination and 

generate laser photons (through the analysis of carrier 

dynamics within the QD).   
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Fig. 1. Energy diagram of the laser active region of MgZnO/ZnO with the diffusion, recombination, and relaxation processes. 

 

The QD laser numerical model is based on the seven 

coupled rate equations, through an analysis of carrier 

dynamics inside the QD. This model is divided into two 

types of equations: the first for electrons and the second 

for photons. The rate equations can be written as follow 

[25-26]: 
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where WLN , 2ESN , 1ESN , and
GSN are carrier densities in 

WL and the discrete levels of the quantum dot ES2, ES1 

and GS,  respectively. 2ESS , 1ESS , and GSS  show the 

density of photons in ES2, ES1 and GS, respectively. The 

τqr 

τr 
 

SES2, SES1, SGS 
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terms 2ES

s

S


 , 1ES

s

S


 , and GS

s

S


 represent photon 

decay rates in ES2, ES1 and GS, respectively. In these 

terms,
1

s is the photon lifetime and it is given by 

 

  1

1 2/ ln 1/ / 2s rc n R R L   
           (8) 

 

where rn is the refractive index of the active region,  is 

the internal loss of cavity, 
1R  and 

2R  are the cavity 

mirror reflectivity’s, L is the cavity length, and c is the 

speed of light. 

/msp spN  indicates the photon generation rates 

provided by spontaneous recombination in the level m 

(m=GS , ES1 or ES2), with sp is spontaneous emission 

coupling factor, and sp is spontaneous recombination 

time.  gg 2 1GS GS GSv f S  and  1/ 2 1/ 2 2g 1/g 2 1ES ES ES ES ES ESv f S 

define photon generation rate and carrier decay rate due to 

stimulated emission, where  is optical confinement 

factor, gv is group velocity, and gm is gain of level m 

which is given by 
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with
mò  is the gain factor written by 

 
2 2

2

0 0

Γ

4 Γ

cv s
m

a r m hom

q p

V n m E


ò

ò
            

(10) 

 

and 

 
2 2

2

0 0 0

2 m cv
m

r d m

q p
k

c Vn m E

  




ò
            

(11) 

 

where 0 is the inhomogeneous broadening coefficient and 

 is the coverage of dots given by d dN V  with 
dN  is 

the dot density, and 
dV is the dot volume

22 (D/ 2) H/ 3dV  . 

In the expression of gain factor, 
aV  is the active 

region volume and Γhom
is the homogeneous broadening. 

The square of transition matrix element is given as
2 2 2

cv cvp I M , where 
cvI represents the overlap 

integral between the envelope functions of an electron and 

a hole, and  
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 with
gE is the 

band gap,
em is the electron effective mass, is the spin-

orbit interaction energy of the QD material. The terms

r

mN


 and WL

qr

N


 are decay rates of carrier density in 

level m and WL, respectively,  1 / eN f   indicate to 

the carrier escape rate from the current level to higher 

level, and 
e is carrier escape time. By the same,

  01 /N f  and   01 /N f   are carrier relaxation 

rates from higher level to current level and from current 

level to lower level, respectively. 
0 , is the relaxation 

time. In addition,  21WL
ES

c

N
f


 means the carrier 

capture rate from WL to ES2, where c  is carrier capture 

time. We define mf as carrier occupation probability of 

level m (effect Pauli-blocking principle on the carriers 

transfer from one level to another), with

/m m m Df N N ,  
DN  represents the total number of 

QDs, and 
m  represents degeneracy of level m. By 

definition in as coefficient of injected current rate, I

pumping current and q is unit charge. The expression of 

the different relaxation times is written as follows: 
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The parameters related to the bulk materials applied 

and all parameters used in our simulation are listed in 

Tables 1 and 2, respectively. 

 
Table 1. ZnO and MgO parameters used in the present work 

 a (Å) c(Å) Eg 

(eV) 

b 

(eV) 
me ε0 ∆so(me) ∆cr(me) 

ZnO 3.25    

[27] 

5.205  

[27] 

3.37  

[28] 

-- 0.23m0 

[27] 

8.1  

[29] 

13.59   

[27] 

38       

[27] 

MgO 3.199  

[30] 

4.11    

[31] 

5.289  

[32] 

0.87  

[32] 

0.28m0 

[33] 

9.6  

[34] 

32.169  

[35] 

317.2  

[35] 
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Table 2. Some parameters used in the simulation 

Symbols Definitions Values 

Carrier injection rate  ni 0.9 

Optical confinement factor Γ 0.01 

Spontaneous emission coupling factor βsp 1×10-4 

Optical loss 𝛼𝐼 6×102 m-1 

Cavity’s reflectivity of mirrors 𝑅𝐼 , 𝑅2 0.3 

Decay time in WL τqr 5×10-9 s 

Decay time in es2 ES1 GS τr 5×10-9 s 

Carrier capture time from WL to ES2 τc 2×10-12 s 

Relaxation from ES2 to ES1 τ0ES2−ES1 2×10-12 s 

Relaxation time for ES1 to GS τ0ES1−GS 12×10-12 s 

Spontaneous recombination time τsp 5×10-10 s 

Degeneracy μGS,μES1, μES2 2, 4, 6 

Cavity width w 1×10-5 m 

Active region length L 15×10-4  m 

Homogenous broadening factor Γhom 1×10-2 eV 

Inhomogeneous broadening factor 𝛾0 2×10-2 eV 

Energy Separation ES2-ES1 𝐸𝐸𝑆2 − 𝐸𝐸𝑆1 0.058 eV 

Energy Separation ES1-GS 𝐸𝐸𝑆1 − 𝐸𝐺𝑆 0.053 eV 

 

To study the modulation of response QDL, the rate 

equations are linearized by a modified small-signal 

analysis [36]. Considering I , Nn
(n=WL or ES1or ES2 or 

GS) and Sm
as dynamic variables and in order to simplify 

the model, gm
are assumed to be constant. The current 

modulation and the corresponding carrier and photon 

variations are as follows: 

 

 

  1I t I te  J
 

  ,1N t N t

n n e  J
 

  ,1S t S t

m m e  J
                (16) 

where  is the modulation frequency. 

Using (12) in the differential rate equations, we obtain 

the matrix A: 

A11 ω 0 0 A14 0 0 0

0 A22 ω 0 0 A25 0 0

0 0 A33 ω 0 0 A36 0

A41 0 0 A44 ω A45 0 0

0 A52 0 A54 A55 ω A56 0

0 0 A63 0 A65 A66 ω A67

0 0 0 0 0 A76 A77 ω

A

 
 
 
 
 

  
 















 
 



J

J

J

J

J

J

J

 

GS,1

ES1,1

ES2,1

GS,1

ES1,1

ES2,1

WL,1

S 0

S 0

S 0
I1

N * 0
q

N 0

N 0

N 1

in
A

   
   
   
   
   

   
   
   
   
   

                                                                        

(17) 

with 

 g

1
11   g 2 1GS GS

s

A v f


     ,            g2 g
14  

sp GS

GS

sp GS D

v
A S

N



 


   ,                 g 1 1

1
22   g 2 1ES ES

s

A v f


   ,   

   

g 1

1

1

2 g
25  

sp ES

ES

sp ES D

v
A S

N



 


     ,         g 2 2

1
33   g 2 1ES ES

s

A v f


    ,      
g 2

2

2

2 g
36  

sp ES

ES

sp ES D

v
A S

N



 


    ,    

 g41 g 2 1GS GSA v f   ,                  
 g 1

1

0 1

2 g 11 1
44

GS ES

GS ES

r GS D eGS ES GS GS D

v f
A S N

N N    

 
    , 



Simulation of electronic and optical properties of ZnO/MgZnO quantum dot laser                                    189 

 

 
 

 

1 0 1

1
45

ES D

GS GS

eGS N ES GS

N f
A

  


   ,         g 1 152 g 2 1ES ESA v f   ,        

 1 1

0 1

1
54

ES ES

eGS ES GS GS D

f N
A

N  


   , 

 

g 1 2 2
1

1 1 0 1 2 1 1 1

2 g 1 11
55

ES GS GS ES ES
ES

r ES D eGS ES D ES GS eES ES ES D eES

v N f N f
A S

N N N        

  
       , 

 

1 1

2 1 1 2

1
56 ES ES

eES ES eES ES D

f N
A

N  


   ,          g 2 263 g 2 1ES ESA v f   ,       2 2

0 2 1 1 1

1
65 ES ES

ES ES ES D eES

N f
A

N  


     ,  

 

2

g 2 1 1
2

2 2 0 2 1 1 2

2 g 11 1
66

ES D

ES WL ES ES
ES

r ES D eES c N ES ES eES ES D

v N f N
A S

N N      

 
        ,              21

67 ES

c

f
A




    ,      

 

2 2

1
76 WL

eES c ES D

N
A

N  
    ,               211

77 ES

qr c

f
A

 


   

 

To obtain the small signal carrier in each state, we can apply the Cramer rule as follows 
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With det A is the determinant of the matrix A. 
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3. Simulation results and discussions 
 

Fig. 2 shows the dynamic behavior of the photons of 

ZnO/MgZnO QD laser for three levels of QD (GS, ES1 

and ES2) with various injected currents (I = 0.01, 0.02, 

0.03 and 0.05 A).From this figure we can see that the time 

delay decreases with the increase of the pumping current. 

This variation means that the effective carrier lifetime is 

reduced [37]. This analysis is clearer in Fig. 3, which 

represents photon density as a function of electron density 

of GS. As shown in Fig. 2 a, b, and c, the photon density 

for the three levels increases until stable states. Before this 

stability we can see rating relaxation oscillations in the 

early stages of flow of injection. This is due to additional 

carriers created by the injection current inside quantum 

dots. Moreover, when we increase the intensity of 

injection current, the threshold current decreases. We also 

note that the intensity of the photon generated at the GS 

level is higher than at ES1 and ES2. 

 

 
 
Fig. 2. Time variation of photon density for the (A) ES2, (B) ES1 and (C) GS states for different injection currents I=0.01, 0.02, 

0.03, and 0.05 A. 

 
 

Fig. 3. Photon density vs. electron density of GS 

3.1. Output power 
 

The output power of different states m is given by: 

 

out sP S E / τm m m 
            

(18) 

 

Fig. 4 exhibits the output power of ZnO/MgZnO QD 

laser for three discrete levels (GS, ES1 and ES2) as a 

function of time for different injected current (I = 10, 20, 

30 and 50 mA). It was clear that the structure presents a 

higher output power at GS level (Fig. 4 c) than the others 

levels (Fig. 4 a and b) whatever the value of the injected 

current I. in the three parts the value of the power is 

directly proportional to the intensity of the injection. On 

the other hand, we can observe that the switching times 

decrease with the increase of current injection. 

After the current injection, the carriers of GS start to 

emit photons until the GS related emission output gets 

saturation. At this moment, the carriers ofES1 emit 

photons similarly until the saturation and then ES2 starts 

emission. Fig. 5 displays the output power characteristic 

curve versus injection currents where we have considered 

the threshold current thI equals to 10-13, 0.56 and 4.1 A 

for the GS, ES1 and ES2, respectively. 
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Fig. 4. Laser output power vs. time for the (a) ES2, (b) ES2 and (c) GS states for different injection currents 

I= 0.01, 0.02, 0.03, and 0.05 A 

 

 
 

Fig. 5. Output power characteristic curve vs. injection currents 

 

 

3.2. Optical gain 

 

The optical gain for different levels m is written: 

 

2
Γ 1

1

m
m

m D

m

m m

N
K

N
Gain

S



 
 

 
ò

          

(19) 

 

 

Fig. 6 shows the gain characteristic versus injection 

currents for the three energy states (GS, ES1 and ES2). At 

low currents, we notice that the gain is negative for all 

three energy levels where the GS state reached the 

saturation of about ~ 2x104 cm-1beforethe ES1 and ES2 

levels. 

Fig. 7 represents the low signal modulation response 

versus modulation frequency under the effect of injected 

current I (I=0.01, 0.02, 0.03 and 0.05 A) for GS, 𝐸𝑆1, and 

𝐸𝑆2 states. It can be seen that the increase of the current 

injection leads to a 3dB modulation bandwidth for the 

three levels. The optical power inside the cavity boots with 

injection current, which produces a higher relaxation 

frequency and therefore the bandwidth modulation, is 

extended. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Gain characteristic curve vs. injection currents 
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Fig. 7. Small signal modulation response at various injection currents I for (A) ES, (B) ES2, and (C) GS states 

 

 

4. Conclusion 
 

In this paper, the internal mechanism of ZnO/MgZnO 

QDL has been numerically modeled and simulated. Our 

results have shown that by increasing the injection current, 

the switching-on and stability time decrease. Furthermore, 

the threshold currents and the photon densities for three 

levels (GS, ES1 and ES2) increase until get saturation. The 

immediate consequence of this resulting effect is the 

higher relaxation frequency and therefore the extension of 

the bandwidth modulation. Finally, the obtained results 

show that ZnO/MgZnO QDL presents promising 

properties compared to those obtained for InAs/GaAs [25]. 
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