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The Effects of oxide aperture size on the 980 nm vertical cavity
surface emitting laser internal performance
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Department of Engineering sciences, Faculty of Technology and Engineering East of Guilan, Guilan University

Zahraadanesh@quilan.ac.ir

Abstract- An important problem for oxide confined vertical cavity surface emitting laser is current crowding
at the edge of the aperture, which leads to extra losses and excitation of unwanted higher-order transverse
modes. In this study, the results of self- consistently three dimensional electrical, optical and thermal
simulations of 980 nm vertical cavity surface emitting laser are presented. Effect of oxide aperture size on
current crowding of the device is investigated theoretically. Then the effects of the current crowding on the
internal laser performance are discussed.
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1 Introduction

The vertical cavity surface emitting laser (VCSEL)
has become an efficient power light source in opt-
ical storage, gas detection, high bit rate date trans-
mission, optical interconnection, and supercompu-
ting, due to its advantages, such as low cost, low
power consumption, small size, single longitude
mode operation, and high speed modulation. The
980-nm VCSEL has usually been used for
pumping the solid state and fiber laser. In recent
years, great progress has been achieved in this
field, and there have been extensive applications in
short distance optical networks.

Many different approaches for achieving transv -
erse optical and current confinement in VCSELs
exist, each with its own specific advantages and
draw backs. Oxide layers formed by the selective
wet oxidation of aluminum rich AlxGa;-xAs layers
have many applications in semiconductor lasers.
For VCSELs with epitaxial grown doped
semiconductor  distributed Bragg reflectors
(DBRs), such as the ones presented in this article,
the top metal contact is usually designed in a circle,
leaving the center of the topmost DBR layer free
from metal. This contact shape leads to an
inhomogeneous lateral current density distribution
inside the top DBR. In VCSELs with current
confining oxide apertures, e.g. oxide confined
VCSELSs; the oxide aperture is typically smaller
than the diameter of the top metal contact ring in
order to prevent the metal contact from blocking
and absorbing the light. This leads to current
crowding at the edge of the oxide aperture where
the current density is much higher than the center
of the conducting aperture, which may negatively
impact on the VCSEL performance by
inhomogeneous heating resulting in a thermal lens
or spatial hole burning. Current crowding is an
important issue in VCSELSs [1].

Optoelectronic devices have received great atte-
ntion in recent years; the complexity of physical
mechanisms within such devices makes computer
simulation an essential tool for performance
analysis and design optimization. Advanced
software tools have been developed for
optoelectronic  devices and several commercial
software providers have emerged. These tools
enable engineers and scientists to design and
understand even more sophisticated nanostructure
devices.

In this paper, the effect of oxide aperture size on
internal physics of 980 nm VVCSEL is theoretically
investigated by using simulation software PICS3D
which self-consistently combines 3D simulation of
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carrier transport, self-heating and optical wave-
guiding.

2 Theoretical Model

A three-dimensional laser model, which combines
carrier transport, optical gain computation, wave-
guiding and heat-flux, is employed in PICS3D
(Photonic Integrated Circuit Simulator in 3D) [2].
2.1 Electrical Model

The electrical behaviour of the semiconductor
device is described with finite- element drift-
diffusion model in this package:

V. (%VV) = —n+p+ Np(1—fp)

=Ny + 2N (6 — fi)) (1)
V-]n - Zj R1t1] - Rsp - Rst - RAug + Gopt(t)
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The model is primarily governed by three
equations. One is Poisson’s equation, shown in
Equation (1). The others are current continuity
equation for electrons and hole shown in Equation
(2) and (3), respectively. In equation (1) € and &qc
are dielectric constants of vacuum and relative
dielectric constant, respectively. Also n and p are
electron and hole concentrations. Np and Na are
doping densities of shallow donors and shallow
acceptors. Ny is density of jiw deep trap, fo and fa
are occupancies of donor and acceptor levels and
fy is occupancy of the jin deep trap level. In
Equations (2) and (3) Gopt is the photon generation
rate per unit volume. Also Rs, Rsp and Rayg are
stimulated, spontaneous and Auger recombination
emission rate, respectively.

2.2 Optical Model

The software solves the scalar Helmholtz equation
2% | %9 2 2y, —

et Tk =9 =0 (4)
Where ¢ (X, y) represents any transverse
component of the optical field, k is the absolute
value of the wave vector and B is the longitudinal
propagation constant. The lateral optical
components are given by Bessel functions which
are adjusted to measured VCSELSs near fields.

2.3 Heat Generation and Dissipation

For the thermal simulation, software solves the
steady-state heat flux equation.

aT
pLCLE = —V.Jxeat T Hheat (5)
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Which py is physical density; Cy is specific heat of
crystal lattice and H,,, is heat source. The heat

source can be separated into contributions from
Joule heat, generation / recombination heat,
absorption heat and Thomson heat.

3 VCSEL Structure

Figure 1 shows a schematic of the structure for a
980 nm VCSEL. The epitaxial VCSEL structure
was grown on GaAs substrate. For this structure
the bottom n-type distributed Bragg reflector
(DBR) mirror consists of 26 pairs of quarter
wavelength GaAs/AlAs layers. The top p- type
DBR has 25 pairs of GaAs/Alg.75Gao.25AS layers.
The cavity contains two Ino..Gao.eAs quantum
wells (QWSs) with GaAs barriers. The quantum
wells stack is sandwiched between undoped
Alo.s2Gao.seAs  spacer layers, which act as a
waveguide. On the p- side of the structure, the
oxide layer is not intentionally doped.

Top DBR

Spacer

Oxide

Aperture
MQW

Bottom DBR

Figure 1: Schematic of a 980 nm VCSEL structure

3 Simulation Results

Figure 2 shows the optical wave intensity and the
vertical current density versus radius in the top
quantum well for 1.5um oxide aperture diameter
device. As seen in Figure 2, the fundamental
optical mode confines in the central region of the
device, but the maximum of current density occurs
near the oxide aperture edge. Thus, the gain in the
quantum wells, which is always higher towards the
edge of the active region mesa due to current
crowding, overlaps less with the optical field of the
fundamental mode. This has a negative impact on
device performance. Vertical current densities in
lateral position for devices with different oxide
aperture diameters are compared in Figure 3. By
considering this Figure, we notice that by
increasing the aperture diameter, vertical current
density decreases near the aperture rim, therefore
the current crowding significantly decreases.
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Figure 2: Wave intensity and vertical current density
versus radius for 1.5 um oxide aperture diameter
VCSEL (I=4mA)

The current crowding in 1.5 ym VCSELs is worse
than other VCSELs which explain why the 1.5 pm
VCSEL has lowest output power [3]. Reduced
efficiency for small apertures can be explained by
a reduction of the active volume and photon
number combined with stronger heating inherent

to the current crowding.
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Figure 3: Vertical current density versus radius for
VCSELs with different oxide aperture diameters
(1=4mA)
Reduction of photon number by decreasing the
aperture size can be seen in Figure 4.

T
3000000
A 1.5 Micron
r! o S &N 1
2500000 !y \j Mfcron
i - - -3.5 Micron
5 { )
_-Q: 2000000 4 o )|
E] Y
Z 1500000 [
g ! A il
2 1000000 i 3
2 ] ( 1 1.5 Micton
! A ]
500000 - / A
/ Yo
=3 re ~
0 et . :

19 20 21 22 2'3 2I4 ZIS 26 2|7. 28 29
Vertical Position(Micron)
Figure 4: Photon number in vertical position for
VCSELs with different oxide aperture diameters
(1=4mA)
As current is injected into the laser diode, Joule
heating occurs due to semiconductor material
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intrinsic resistance and the resistance at the
heterojunction interfaces. The discontinuity of
band structure at heterojunction interface
contributes a larger portion of the series resistance.
Holes have lower mobility than electrons so that p-
type material has higher electrical resistance than
n-type layers. Figures 5, 6 and 7 show the 2
dimensional joule heating distribution in VCSEL
with 1.5um, 3.5 um and 5.5 pm, respectively.
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Figure 5: 2 Dimensional Joule heating distribution in
VCSEL with 1.5um oxide aperture ((I=4mA)
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Figure 6: 2 Dimensional Joule heating distribution in
VCSEL with 3.5um oxide aperture ((I=4mA)

By considering these Figures, we notice that heat is
blocked by the oxide and heat spreading from the
upper semiconductor DBRs is limited. Smaller
devices suffer more from self-heating problem
because higher resistance generates more Joule
heat and smaller aperture limits upward heat flow.
In active region, heat is dissipated where non-
radiative recombination and absorption of
spontaneous emission happen. Joule heating is
resistive in nature, and happens in the p-type and
n-type spacer layers, cap layer and DBR. Since the
active layer is comparatively thin, so Joule heating
in this layer is usually neglected.
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Figure 7: 2 Dimensional Joule heating distribution in
VCSEL with 5.5um oxide aperture ((I=4mA)
These results are in good agreement with

experimental reports [4].
4 Conclusion
In this paper, the effect of oxide aperture size on
internal physics of 980 nm VCSEL is theoretically
investigated. Simulation results show that current
crowding increases by decreasing oxide aperture
size and the overall electrical resistance increases
when oxide layer diameter is decreased, leading to
increased resistive Joule heating.
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