
INTRODUCTION

A crystal is a periodic arrangement of atoms or molecules.

The pattern which the atoms or molecules are repeated in space

is the crystal lattice. The crystal presents a periodical potential

to an electron propagating through it and both the constituents

of the crystal and the geometry of the lattice dictate the conduc-

tion properties of the crystal. If the dielectric constants of the

materials in the crystal are sufficiently different and if the

absorption of light by the materials is minimum, then the

refractions and reflections of light from all the different inter-

faces can present many of the same phenomena for photons

that the atomic potential produces for electrons.

In recent years, the vertical cavity surface emitting lasers

(VCSELs) have attracted researchers1. Vertical cavity surface

emitting laser is one of the key light sources used in high

performance optical communication systems where single

mode operation, high output power, high speed modulation

and low manufacturing cost are necessary2. High optical gain

in the active area, high temperature, low threshold current and

high thermal conductivity in the reflecting mirrors are the main

difficulties in developing VCSELs which are used in the field

of optical spectroscopy3.

Recently, we proposed a structure for decreasing the

threshold current of VCSELs4 and showed proposed structure

decreases the threshold current about 76.52 % from 2.3 mA
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to 0.6 mA. There have been a number of reports on the effect

of the photonic crystal confined on the modal characteristics

by Czyszanowski's group5-7. However, the structures presented

are different laser wavelength (1.3 µm), the etching depth and

simulation method (the plane-wave admittance method).

In this paper, the impact of the photonic crystal confined

and oxide confined (OC) optical confinement schemes on the

threshold characteristics of single mode 1.55 µm InGaAsP

VCSEL design similar to that reported by Faez et al.4 are

investigated and compared with previous results4,6,7.

THEORY AND MODEL

In modeling VCSEL, we consider the electrical, optical

and thermal interaction during VCSEL performance8. Thus

base of simulation is to solve Poisson and continuity equations

for electrons and holes. Poisson's equation is defined by the

eqn. 19:

ρ=Ψ∇ε∇ )·( (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 eqns. 2 and 39:
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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 eqns. 1-3 are solved self-

consistently together with Helmholtz and the photon rate

equations. The applied technique for solution of Helmholtz

equation is based on effective frequency method10 which shows

accuracy for great portion of preliminary problems. Two-

dimensional Helmholtz equation is solved to determine the

transverse optical field profile and it is given by eqn. 49:
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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 vacuum. The light power equation relates

electrical and optical models. The photon rate equation is given

by eqn. 59:
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where Sm is the photon number, Gm is the modal gain, Rspm
 is

the modal spontaneous emission rate, L represents the losses

in the laser, Neff is the group effective refractive index, τphm
 is

the modal photon lifetime and c is the speed of light in vacuum.

The heat flow equation has the form (eqn. 6)9:
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where C is the heat capacitance per unit volume, κ is the

thermal conductivity, H is the generation, TL is the local lattice

temperature and H is the heat generation term.

Eqns. 1-6 provide an approach that can account for the

mutual dependence of electrical, thermal, optical and elements

of heat sources. In this paper, we employ numerical-based

simulation software to assist in the device design and optimi-

zation9.

The analyzed structure is similar to the one recently

reported by Faez et al.4 has been chosen as a model structure

for the analysis of the 1.55 µm InGaAsP VCSEL. 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.

In both sides of this active region, there is InP and on top of it,

GaAs. The top mirror is 30 layers of GaAs/Al0.33Ga0.67As with

index of refraction 3.38 and 3.05 respectively and the bottom

mirror has 28 layers of GaAs/AlAs with index of refraction

3.38 and 2.89, respectively. In the OC VCSEL, the incorpo-

ration of a high aluminum content layer (Al0.98Ga0.02As) in two

DBR periods above the active region allows for selective oxida-

tion11. Fig. 1(a) shows the photonic crystal VCSEL structure,

which is similar to the above VCSEL4 but made additionally

with a single defect photonic crystal etched throughout the

whole structure. The optical confinement is achieved by means

of seven air holes where the center is missed off to make the

defect region, as shown in Fig. 1(b). The crucial photonic

crystal parameters are connected by the air hole diameter (a),

the pitch (b) and the optical aperture diameter (r), are defined

in Fig. 1(b). The transverse index guiding around the single

defect region can be controlled by the air hole diameter the

pitch ratio (a/b). We fixed the optical aperture diameter at 2

µm and a/b ratio is varied from 0 to 0.95 for the study.

Fig. 1. (a) Schematic structure of the VCSEL device and (b) top view of

the triangular-lattice air holes pattern

RESULTS AND DISCUSSION

The present work allows for determination of the optimum

VCSEL structure that is found by a minimization of the thresh-

old power and current with the aid of the comprehensive thresh-

old fully self-consistent opticalelectrical-thermal-gain model.

A comparison of the threshold characteristics of OC, photonic

crystal VCSELs and previous work4,6,7 as a function of the a/b

ratio is presented in Fig. 2. As can be seen from Fig. 2(a), the

logarithmically scaled threshold power of photonic crystal

VCSELs decrease gradually with the increase in the a/b ratio.

This initial decrement (from a/b = 0 to a/b = 0.9) should be

mainly due to improving the optical confinement by the

photonic crystal. For a/b = 0.9 the threshold power reaches a

minimum value of 0.5719e-5 W and then rapidly increases

for a/b = 0.95, which should be mainly due to blocking of

most of the current flow by the holes. The minimal threshold

power is lowered by 48.82 % from 1.1176e-5 W to 0.5719e-5

W than that of the OC VCSEL, since, the electrical resistance

of the etched photonic crystal regions is increased.

Fig. 2(b) shows a monotonic decrease in the logarithmi-

cally scaled threshold current of photonic crystal VCSELs with

the increase in the a/b ratio. This is caused by more effective

optical confinement and stronger limitation of the current flow

to the active region. As shown in Fig. 2(b), Photonic crystal

VCSEL shows 30.86 % and 57.02 % lower threshold current

than that of the similar oxide confined VCSEL and previous

results4, respectively. Threshold current for two photonic

crystal VCSEL structures6,7 determined by r = 4 µm, a/b = 0.5
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Fig. 2. Threshold characteristics of OC, photonic crystal VCSELs and

previous work4,6,7 as a function of the a/b ratio

and r = 8 µm, a/b = 0.5 are 4.9 mA and 7.11 mA, respectively,

which are very close to previous values of 4.89 mA and 7.12

mA, respectively7. We fixed the depth of the photonic crystal

holes at 7 µm for two photonic crystal VCSEL structures.

Fig. 2(c) shows a threshold temperature increase for a/b

= 0 than that of the OC VCSEL, since, the thermal focusing is

the unique waveguiding mechanism induced by the photonic

crystal structure. As can be seen from Fig. 2(c), threshold

temperature of the OC VCSEL is always smaller than that of

the photonic crystal VCSEL. This is caused by the more

efficient heat sinking process in the OC VCSEL. For a/b = 0.7

the threshold temperature reaches a minimum value of 300.147

K that is the optimum configuration for over threshold

operation.

Conclusion

This article described the threshold characteristics of a

Single Mode 1.55 µm InGaAsP vertical cavity surface emitting

laser with two different optical confinement structures and

compared with previous work. The results indicate that lowest

threshold current and threshold power for a/b = 0.9 that shows

30.86 % and 57.02 % lower threshold current than that of the

similar oxide confined VCSEL and previous results, respec-

tively. Also, the minimal threshold power decreases 48.82 %

from 1.1176e-5 W to 0.5719e-5 W.
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