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Abstract:  
Photonic crystal nano-cavity laser has many photonic  applications 

including optical communications and networks. Rate equations of quantum dot 
laser on photonic crystal describes the behaviors of variables of the system. The 
theoretical model has been solved by matlab program (with Runge kutta 4th  ode 45 
method). The results are included variations of photon density and population of 
carriers  on the active region. From the results, the output photon density and the 
carrier density are increased with  increasing  the input power and  the photon life 
time. Increasing the volume of photonic crystal driving to increase the output 
power. 
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1-Introduction: 
The photonic crystal PhC  nanocavity laser is considered as one of thebest candidates for ultralow 

threshold lasers due to their small mode volume of the order of cubic wavelength and high quality factor 
[1]. In the past decade, some groups have been strived to achieve laser operation in PhC nano cavities with 
quantum well QW or quantum dot QD ,  nano cavity lasers with QWs and with QDs were reported with 
optical pulsed excitation. More lasers with QWs , continuous-wave cw laser operation at low temperature 
and room temperature has been reported in PhC nano cavities with QDs. The light-in versus light-out plots 
of these lasers show soft turn-on behavior around the laser thresholds, while conventional lasers show 
pronounced kinks. Most research on photonic crystal lasers has so far focused on near-infrared wavelength 
emission using InAs or InGaAs active material due to the applications  in optical data communication [1-
3].  Visible photonic crystal lasers operating in  the spectral vicinity of ( wave length =670nm) could enable 
a broad range of important applications, including high density optical recording and  compact 
spectroscopic sources as ultra small sensors for biological and chemical detection[4-5].                                           

   
2-Theoretical analysis of a nano cavity (QD) laser:          
             Photonic crystal lasers, with small mode volumes (V) and high Quality (Q) factors, have enhanced 
photon emission below threshold via Purcell effect, and can operate with high modulation speeds. 
Moreover, threshold -less lasing has been predicted in photonic crystal cavities, with necessary but not 
sufficient condition that the spontaneous emission factor ( β ) amounts to unity[2-5]. Most photonic crystal 
lasers so far have been demonstrated based on two-dimensional (2D) photonic crystal slabs. Recently 
nanobeam structures attracted extensive interests because of their capability to achieve ultra-high Q/V 
factors in much smaller footprint. We emphasize a small mode volume of these resonators, close to the 
diffraction limit [(λ/2n)3], that is crucial for realization of large Purcell factor in solid-state emitters with a 
considerable homogeneous broadening (e.g. bulk semiconductors, we report the experimental 
demonstration of photonic crystal nanobeam lasers operating at room temperature. A QD laser has the 
potential to achieve very high differential gain, and the gain spectral width, to be reduced to less than that 
of planar quantum wells [6-9]. In contrast, because the planar quantum well has a continuous density of 
states, the room temperature, probability is small for its electrons and holes to occupy only those states that 
couple to the lasing mode.                       

 
The rate equation for the carrier-photon system in this model are [6 ] :    
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In the above equations, the cavity photon number is driven by the QW through stimulated emission (gain 
term g( nୋ ) and spontaneous emission SE (at the resonant mode’s Purcell-enhanced rate F୫/τ୰).                                      
1/τ୮  is the cavity photons loses rate.                                                                
The carrier number nୋin the center equation is pumped by carrier relaxation from the pump level population n୉at rate 1/τ୉,୤.    
                                                                      
Besides pumping the cavity, nୋdecays through NR channels at rate 1/τ୔େ,୬୰ and PC leaky modes at rate F୔େ /τ୰, where F୔େ≈ 0.2 expresses SE rate quenching inside the PC bandgap compared to the SE rate 1/τ୰ 
in the bulk QW (following simulations in [5]). In the bottom equation, the n୉level is pumped through 
above-band optical excitation with power L୧୬at frequency ω୮ (the first term) and decays through carrier 
relaxation tonୋ, NR recombination, and SE (second term). In the following text, we will use these rate 
equations to model the lasing action of single and coupled PC lasers, at both room and low temperature 
and containing QWs or QDs as gain material.  One use  a logarithmic gain model for QWs and a linear gain 
model for QDs.    
                                                                                                       
The rate equations model described in equations (1) and (3) are solved numerically using Rang- Kutta 
method and Matlab program                            
One of the advantages of the semiconductor lasers over the other lasers is the possibility     of direct current 
modulation. The short optical pulses required for optical communications can be generated by the 
modulation of input current [7]. The sinusoidal modulation of a semiconductor laser is commonly used for 
many applications and that can be done by injecting a current signal in the form[1]. 
 
The laser oscillation in semiconductor micro cavity systems that contain only a single QD is currently of 
considerable interest. Thus far, micro cavity lasers with single QD gain have been fabricated using micro 
disk [8] and micro pillar [9] structures. These micro cavity systems contained tens or hundreds of QDs per 
cavity. Therefore, interference arises not only from the target QD but also from other QDs, hindering access 
to the delicate physics of a single QD cavity system. This deviation in behavior from an isolated quantum 
system can be minimized by employing a small cavity in a wafer with an extremely low areal density of 
QDs. Due to the small mode volume and high cavity quality factor (Q), the use of a photonic crystal (PhC) 
nanocavity [10] is one of the most promising approaches for investigating physics of single QD-cavity 
systems. We have fabricated nanocavity systems with highly isolated single QDs (~0.4 QD/cavity), using 
a small PhC nano cavity and an ultra-low density QD sample.                                   
 
3-  Steady state derivation of model : 
 At steady state of  model, the equations (1-3) can be equal to zero to estimate the initial values 
and determine the threshold input power as shown the following: 
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                                                           ௗ௣ௗ௧  = ௗ௡ಸௗ௧  = ௗ௡ಶௗ௧  = 0 ௗ௣ௗ௧  = g(𝑛ீ)p + ி೘ ௡ಸఛೝ  - ௣ఛ೛ 

0 = g 𝑝଴ + 
ி೘ ௡ಸబఛೝ  - ௣బఛ೛ 

0 = g 𝑝଴ - ௣బఛ೛ + 
ி೘ ௡ಸబఛೝ  

 𝑝଴ = - 
ಷ೘ ೙ಸഓೝ  ௚ି భഓ೛  ……………..(4)  

ௗ௡ಸௗ௧  = ௡ಶఛಶ,೑ - 𝑛ீ( ி೘ାி೛೎ఛೝ  + ଵఛ೛೎,೙ೝ ) - g(𝑛ீ)p 

0 = 
௡ಶబఛಶ,೑ - 𝑛 బீ( ி೘ାி೛೎ఛೝ  + ଵఛ೛೎,೙ೝ ) – g 𝑃଴ 

-
௡ಶబఛಶ,೑ = -𝑛 బீ( ி೘ାி೛೎ఛೝ  + ଵఛ೛೎,೙ೝ ) – g 𝑃଴ 

 𝑛ீబ=  - ୥ ௉బା௡ಶబ  ( ಷ೘శಷ೛೎ഓೝ  ା భഓ೛೎,೙ೝ ) ………..(5) 
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By substituting equations(5) and (6) in equation (4), one can found the information for the system model. 
 
4-Result and discussion: 

In this work, the model of system is solved by matlab language with initial condition. The 
parameters are used in this work mentioned in Table (1) . 
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Table (1): Simulation parameters 

The value Physical Meaning Symbol 

1 ps The photon life time of the cavity τ୮ 

600 ps The radiative recombination life time τ୰ 

100 ps The non-radiative recombination life time τ୮ୡ,୬୰ 

1x 10ଵ଴cm/s 
The group velocity of light in the active 
medium 

V୥ 

1x10ିସ The fraction of spontaneous emission β 

6.2  10ସcmଶ  The gain coefficient g୭ 

7.9 10ଵହcmିଷ The transparency carrier density N୲୰ 

5103.1   The fraction of incident  pump power   

W48  Input pump power L୧୬,୲୦  

1 Purcell-enhanced parameter F୫  

0.028 Confinement factor   

 
The theoretical model shows the following  turn on dynamics. 
 
1- The threshold of input power is estimated at steady-state and its value is 48 μw, see in fig. (1).   

2- Increasing the input power, 𝐿௜௡   leads to increase the output density of photons and carrier densities 
, 𝑛ா  and 𝑛ீ  which  reducing the switch on time as shown in fig.(2-a,b,c). 

3- When the photons lifetime, 𝜏௣ , increases , the output photons density raises and also the carrier 
density 𝑛ீ , but the carrier density  𝑛ா  decreases. That is noticed in fig.(3-a,b,c). 
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Fig.(1): Photon density vis. input power at steady state. 

(Threshold input power estimation) 
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Fig.(2): The time behavior of (a) photon density , (b) 𝒏𝑮  , (c) 𝒏𝑬 . 
 

( 𝐿௜௡= 2𝐿௜௡,௧௛ , 5𝐿௜௡,௧௛  , 7𝐿௜௡,௧௛  ). 
 

(a) 

(b) 

(c) 
(c)  
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Fig.(3):The time behavior of : (a) Photon density 𝑁௉ , (b) Lasing level carrier number nG , (c) The carrier 

number of  photons nE at different time (𝜏௣ = 4 ps, 𝜏௣ =7.1 ps, 𝜏௣ =9.2 ps, 𝜏௣ = 12 ps, 𝜏௣=15 ps). 
 
The output power can be described by [8] : 

)7(.......................................0 PPthgop NVgvP h  

  where ,   
o

is the output efficiency, 

h  is the Planck’s constant divided by 2𝜋, 

(a) 

(b) 

(c)  
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𝜔௣ is the output photons frequency, 

pV  is the volume of carrier reservoir . 

The increasing effect of carrier reservoir volume is led to increase the output power as shown in Fig.(4) 

 
Fig. (4): Output power time behavior at different values photonic crystal volumes (𝑉௉  =1.5 x 10ିଵ଺  cmିଷ, 𝑉௉  =2.5 x 10ିଵ଺ cmିଷ , 𝑉௉  = 4 x  10ିଵ଺ ) 

 
5-Conclusions:  

From the  results, the variables of the system  are increasing  with  increasing  the input power and 
also the photon life time. The changing of  the volume of photonic crystal for increase  led to increase the 
output power. These effects have widely important. 
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