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Abstract: In the present work, we present a new structure of vertical-cavity surface-emitting laser 
(VCSEL). In this structure, InGaAsP is used as the active region which is sandwiched between 
GaAs/AlGaAs distributed bragg mirror at the top of structure and GaAs/AlAs distributed bragg mirror 
at the bottom. This structure is designed to increase the power and decrease threshold current 
compared to previous results. In this paper, device characteristics such as light power versus electrical 
current and voltage versus current are simulated upon the different number of the top and bottom DBR 
mirror pairs. 
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INTRODUCTION 

 
In recent years, the characteristics of vertical cavity surface emitting laser have improved extremely (Iga, 

2000). VCSELs are important light sources in optical communication systems where single mode, high output 
power and low threshold current are desirable for certain applications (Il-Sug Chung and J. Moerk, 2009; S.-Y. 
Hu, et al., 1998). Efficiency and high speed at low power in VCSEL with wavelength of 850-980 nm are a 
suitable light source for vast application in short-haul such as Gigabit Ethernet. TU Berlin researchers have also 
produced 1530 nm VCSELs capable of 40Gbit/sec modulation, based on indium phosphide technology (W. 
Hofmann et al, 2011). To achieve the 35Gbit/sec performance, the top mirror design was optimized, and the 
manufacturing process improved to give higher yields. The resulting chip has coplanar contact pads, low 
internal chip capacitance, reduced cavity length, and high single mode power (3.5 mW with 5μm aperture). 

Used VCSELs at wavelength of 1500 nm are fabricated with different technologies (A. Karim, et al., 2001; 
Y. Ohiso, 2002; A.V. Syrbu, et al., 1998; W. Yuen, et al., 2000; S. Nakagawa, et al., 2001; C.-K. Lin, et al., 
2003; J.-H. Shin, et al., 2002; R. Shau, et al., 2001; N. Nishiyama et al., 2003). VCSEL devices developed using 
the wafer fusion method have achieved continuous wave at wavelength of 1500 nm at power, threshold voltage 
and current about 0.65 mW ,2.5 V and 1 mA respectively (A. Karim, et al., 2001). Fundamental changes in 
improvement of VCSEL cause increasing power and speed and decreasing dependence on temperature (J. 
Piprek, et al., 2004).  

In this paper, we employ numerical-based simulation software to assist in the device design and simulation 
(SILVACO, 2010). The paper is organized as follows: Section 2 briefly describes the numerical model. Sec. 3 
provides the details of the new VCSEL structure, and Sec. 4 presents the obtained numerical results. Finally, the 
conclusions provide common guidelines for designing performance of PhC VCSELS. 

 
Theory:  

In simulation VCSEL, we must consider the electrical, optical and thermal interaction during VCSEL 
performance. Base of simulation is to solve Poisson and continuity equations for electrons and holes 
(SILVACO, 2010). Poisson's equation is defined by:  

                                                                                          (1)  

 
where ψ is electrostatic potential, ρ is local charge density and ε is local permittivity. The continuity 

equations of electron and hole are given by (Piprek, J., 2003): 
 
                                                                                                                                                                        (2)  
                                                                                                                                                     
                                           
                                                                                                                                                                        (3) 
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where n and p are the electron and hole concentration, Jn and Jp are the electron and hole current densities, 

Gn and Gp are the generation rates for electrons and holes, Rn and Rp are the recombination rates and q is the 
magnitude of electron charge. 

 The fundamental semiconductor equations (1)-(3) are solved self-consistently together with Helmholtz and 
the photon rate equations. The applied technique for the solution of Helmholtz equation is based on the 
improved effective index model (G.R. Hadley, 1995), which shows accuracy for the great portion of preliminary 
problems. This model is very well adapted to simulation of VCSEL structures, and it is often called effective 
frequency method (Wenzel, H. Wunsche, H.-J, 1997). Two-dimensional Helmholtz equation is solved to 
determine the transverse optical field profile, and it is given by (SILVACO, 2010): 

                                                                                                                                                 
                                                                                                                                                                        (4) 
 
where ω is the frequency, ε(r, z, φ, ω) is the complex dielectric permittivity, E(r, z, φ) is the optical electric 

field and c is the speed of light in the vacuum. 
 The light power equation relates electrical and optical models. The photon rate equation is given by 

(SILVACO, 2010): 
 
                                                                                                                                                                        (5) 
 
 

where Sm is the photon number, Gm is the modal gain, 
mspR  is the modal spontaneous emission rate, L 

represents the losses in the laser, Neff is the group effective refractive index, 
mph  is the modal photon lifetime 

and c is the speed of light in the vacuum. The m refers to modal number. The modal gain is (SILVACO, 2010): 

   
2

, . ,m m mG g r z E r z rd drdz                                                                                                         (6) 

where Em(r, z) is the normalized optical field. And modal of spontaneous emission rate is (SILVACO, 
2010):  

( , )
msp sp mR r r z rd drdz                                                                                                                            (7) 

The modal photon lifetime,
mph , determines losses in laser and it is given by (SILVACO, 2010): 
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where αa is losses of  bulk absorption,  αfc is losses of free-carriers, αmir is losses of mirrors and  lm is a 
parameter of dimensionless frequency.  

Eq.(1)-(8) provide an approach that can account for the mutual dependence of electrical and optical.  
 

VCSEL Structure: 
Fig.1 shows schematic 1550 nm air-post VCSEL, which is used for simulation. In this structure, the 

substrate is made of GaAs. The active region consists of six quantum wells where the well is 5.5 nm 
In0.76Ga0.24As0.82P0.18 and the barrier is 8 nm In0.48Ga0.52As0.82P0.18. There is InP in both sides of this active region 
and on top of it, GaAs. The top mirror is 30 layers of GaAs/Al0.33Ga0.67As with index of refraction of layers 3.38 
and 3.05 respectively, and the bottom mirror has 28 layers of GaAs/AlAs with index of refraction of layers 3.38 
and 2.89 respectively. Part of the top mirror was etched in (Kandiah, K. et al., 2008), but in this proposed 
structured (Fig.1) the etched region continues to top of bottom InP. Further details of the VCSEL and all 
material parameters have been determined during the experimental results (D.I. Babic et al., 1997). 
 
Results: 

In the present work, effect of changes in the number of top and bottom bragg reflector on the device 
characteristics such as light power versus electrical current and voltage versus current is investigated. Change in 
this parameter doesn’t effect on cavity resonance, but it causes the change in reflectance loss. This loss means 
the increase in absorbance, which happens in resonant wavelength of 1550 nm. Maximum reflectance is above 
99.9%. Fig.2 shows power versus current curve for different quantities of upper and bottom bragg reflector 
mirror pairs. Increasing number of upper bragg reflector reduces slop of power versus current curve. Contrary to 
upper reflector mirror pairs, increasing number of bottom reflector mirror pairs increase differential quantum 
efficiency. The threshold current is about 0.6 mA, which is smaller than the previous result (2.3 mA) (Kandiah, 
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K. et al., 2008). The calculated power at I=8mA is 5.5 mW, which is larger than the previous result (4 mW) 
(Kandiah, K. et al., 2008). 

 
Fig. 1:  Schematic structure of the VCSEL device. 

 
 
 

 
 
Fig. 2: L-I characteristic for the different number of the top and bottom DBR mirror pairs. 

 
Fig.3 shows voltage versus current curve while the number of the top and bottom reflector mirror pair is 

changed. At high voltages, increasing number of the top reflector mirror pairs cause increasing series resistance 
of structure that   is calculated by the slop of I-V curve. Fig.3 show increasing number of the bottom reflector 
mirror pairs doesn’t affect on the threshold current and V-I characteristic. 
 
Conclusion: 

In this work, a new VCSEL structure for application at wavelength of 1550 nm is introduced. Its simulated 
power became about 5.5 mW at I=8mA and threshold current was equal to 0.6 mA. The effect of different 
values of the top and bottom bragg reflector mirror pairs on device characteristics were investigated. It was 
shown that increasing number top mirror layer will decrease the threshold current but decrease the output power. 
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Fig. 3: V-I characteristic for the different number of the top and botoom DBR mirror pairs. 
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