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Abstract— Analytical modeling of a Vertical Cavity
Surface Emitting Laser (VCSEL) based on GaAs/AlGaAs
material system has been presented in this paper. The
VCSEL is expected to emit the laser radiation at 0.85 um
wavelength which may be useful for free-space-optical
communication  (FSOC) through the available
atmospheric window. The different properties of the
VCSEL have been simulated analytically. The studies thus
developed will provide useful design guidelines for the
experimentalists for optimizing their device prototypes.
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. INTRODUCTION

The free-space optical communication (FSOC) is favorite
because of the availability of low loss atmospheric
transmission windows in several spectral ranges [1]. The
advantage of free-space optical communication includes high
bandwidth, eye-safe, license-free operation, high transmission
security, protocol transparency, jam-proof and error-free link.
The FSOC consists of a light source and detector and uses the
atmospheric windows as a medium of transmission. For
FSOC it is necessary that the energy of the source should be
in the form of a well-collimated beam in order to limit the
large power loss between the source and detector [2]. As the
light of a light source emitting diodes (LEDs) or LASERS
have been used [2-4] but vertical-cavity surface-emitting
lasers (VCSELSs) are most suitable because of many inherent
benefits like high-speed optical data communication
capability and high modulation width at a low threshold
current [5-6]. Moreover, VCSEL has several advantages over
LEDs and edge-emitting sources because of its low
divergence, high beam quality, circularly symmetric output
beam, low-cost fabrication and packaging, and low power
consumption. As light sources, high power VCSELs at the
wavelength of 0.85 um have been developed for free-space-
optical communication [7].
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In this paper, we present analytical studies, which have been
carried out for vertical-cavity surface-emitting laser (VCSEL)
structure based on GaAs/AlGaAs material system [8]. The
lattice constant of the GaAs/AlGaAs material system poorly
depends on the mole fraction, So that it is possible to grow
several lattice-matched epitaxial layers on GaAs substrate.
Also an oxide of high aluminum concentration of AlGaAs can
be formed to restrict the current in a VCSEL, gives very low
threshold current and good optical confinement.

Il.  THE PROPOSED STRUCTURE

A proposed structure of GaAs/AlGaAsVCSEL is shown in
Fig.1 and it is identical to one reported by Jasim et al [9] The
VCSEL structure consists of a 36-period-
Alo.16GagssAs/Alo9Gap1As lower distributed Bragg reflector
(DBR) with M4 thickness, grown on the n-GaAs substrate.
Then, the active region of GaAs quantum wells and
Al 24Gag 76As barrier was sandwiched between two spacers of
Alo30Gag70As. The upper p-DBR consists of 20-period-
Alo 16GaggsAs/AlgeGag1As with A4 thickness. The VCSEL
structure has been modeled analytically for its different
characteristics.

I1l.  THE ANALYSIS

The Threshold current density is a key parameter in
characterizing the diode laser performance where smaller
values of threshold current density indicate superior
performance. To achieve low threshold current density, the
structure of the laser required short cavity length, high
reflectivity and small thickness of the active region.
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Fig.1 Schematic diagram of the proposed VCSEL

The relation between threshold current density, the thickness of
the active region, cavity length and mirror reflectivities can be
determined by examining the general condition for the laser in
a Febry-Perot cavity as follows:
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Where a; is the total loss in the cavity, n is the refraction of
the cavity medium, L is the effective length of the cavity,
Ry, Ry are the reflectivity of two mirrors, y is the gain and
@, and ¢; are the phase shifts at mirrors.

From the amplitude condition for the surface-emitting laser,
the general condition for the threshold of oscillation can be
written as [8]
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where I is the confinement factor, I' = ['+I; with trandsverse
component I'+~1 and longitudinal component I'; =—, d is

the thickness of the region where the gain is distributed, &,
is loss coefficient per unit length in the active region of the
cavity; @, is the loss coefficient per unit length in the rest of
the cavity.

The equation (2) can also be written as [8]
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By solving the rate equation of lasers for steady-state
condition, the threshold current density of oscillations can
be written as
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Where N is the threshold carrier density, q is the electronic
charge and 7 is the spontaneous emission lifetime given by

> .Here B is the radiative recombination coefficient.
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By taking account, the condition for continuous wave laser
oscillation, the threshold carrier density
Nin (V- ”F‘A%’w)and spontaneous emission lifetimer, along
with equation (3), the threshold current density (Ji) can be

estimated as [8]
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Equation (5) gives the dependence of threshold current
density on the thickness of the active region, cavity length
and mirror reflectivity of the proposed VCSEL.

Table 1: Values of various parameters used in the analytical
study [8]

Parameter Value( at 300K)
A 4.0x10%°cm?
B 1.0x10%m?3/s
Oc 10cm™?
Oa 25cmt
L 15um

IV. RESULTSAND DISCUSSION

The analytical studies have been performed on the proposed
VCSEL based on GaAs/AlGaAs material system. The
various materials parameters used in the study are given in
Table 1.

Fig. 2 shows the dependence of the threshold current density
of the proposed GaAs/AlGaAs VCSEL with the thickness of
the active region for different mirror reflectivity at 300K. As a
result of analytical studies, it is found that for low threshold
current and short cavity length laser, the thickness of the
active region should be small and the reflectivity of the
corresponding mirror should be very high, of the order of
99%. However, to get the reflectivity of the order of 99.9% is
the main hurdle to achieve the room temperature VCSEL
operation based on GaAs/AlGaAs. Several DBR structures
with better reflectivity have been reported in the recent past
but the target reflectivity is yet to be reported. It is also clear
from the graph that for low threshold VCSELs length of the
cavity should be short at high reflectivity of the mirrors.
However, short cavity lengths limit the output power of the
VCSEL. So an optimum value of the cavity has to be taken for
better VCSEL performance.
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Fig. 2 Threshold current density (J) dependence on the
thickness of the active region (d) at different mirror
reflectivity of the proposed VCSEL.

The reflectivity spectrum of the Alg.16Gao.ssAs/Alg9Gag1AS
bottom DBR has been simulated for the proposed structure
of GaAs/AlGaAs VCSEL by the transfer matrix method
(TMM) using Matlab. Fig. 3. shows the plot of reflectivity
vs. wavelength for the bottom DBR region for obtaining
reflectivity of the order of 99% and above. Fig.2 shows the
comparison between the peak power reflectivity of the
bottom DBR estimated from theoretical and TMM analysis.
It is clear from figures that approx. 30 numbers of periods
are required for obtaining 99.9% reflectivity. So an
optimum value of the number of periods for the DBR has to
be chosen for better VCSEL performance.
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5
850 900

Wavelength [nm]
Figure 3. Reflectivity spectrum as a function of the
wavelength of proposed VCSEL bottom DBR for different
no. of periods.
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Fig. 4 shows the plot of peak power reflectivity as a function
of mirror pairs for Algi1sGaossAs/ AlggGaoi0As top and
bottom DBRs of the VCSEL. From Fig.5 it is clear that the
power reflectivity of the top mirror is higher than the bottom
mirror for the same no. of periods. so greater no. of periods of
Alo16Gagss As/ AlogGaoi0As layers for bottom DBR is
required for achieving reflectivity greater than 99.9% [9,10].
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Fig. 4. The power reflectivity as a function of no. of mirrors

pairs, m for Alo16GaossAS/ AlogGag10As top and bottom

DBR

V. THE CONCLUSIONS

The AlGaAg/GaAs VCSEL has been simulated analytically
for various optimizing parameters like threshold current
density, cavity length, reflectivity spectrum and number of
periods. It was observed that short cavity length, high
reflectivity mirrors (of the order of 99%) and small
thickness of the active region are required for low threshold
VCSELs, which is still a challenge to achieve. The studies
done in this paper may provide useful design guidelines to
the experimentalists to optimize their laser structure for
superior performance.
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