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Abstract—This work evaluates the impact of oxide apertures on
self-heating in vertical-cavity surface-emitting lasers (VCSELs)
under continuous wave operation adopting a simulation-based
approach. An in-house VCSEL solver extracts the microscopic
heat sources from a single and a double junction VCSEL, and
then imported in a FEM scheme to solve the heat equation
with the explicit inclusion of oxide layers. The comparison is
performed at rollover current for increasing oxide thickness,
ensuring comparable dissipated power and peak internal tem-
perature.

Index Terms—VCSEL, oxide-aperture, self-heating, physics-
based simulations, multi-junction

I. INTRODUCTION

High-speed vertical-cavity surface-emitting lasers (VC-
SELs) represent the primary optical sources for datacom
applications. In this context, circular oxide-aperture VCSELs
offer circular output beam for efficient coupling with optical
fibers and large modulation bandwidth related to a small
active volume [1]. The latter, together with the need for single
transverse-mode emission, limits the maximum optical output
power to few milliwatts.

In recent years, VCSELs have target higher-power appli-
cations such as quantum sensing [2] and LiDAR [3]. For
atomic pumping of Cs and Rb atoms, power scaling can be
achieved by enlarging the oxide aperture and adopting surface
patterning techniques [4]. However, this is not ideal for LIDAR
applications, where VCSEL arrays illuminate the scene and
larger apertures would reduce the array pitch. For emission
wavelengths above 800 nm, the output power can be enlarged
by enhancing its internal quantum efficiency. This is realized
by exploiting the tunnel junctions (TJ) as the carrier recycling
mechanism between several VCSEL active regions (AR), to
bridge multiple junctions (MJ) [5].

MJ-VCSELSs come at the expense of increased self-heating,
limiting continuous wave (CW) operations [6]. Elevated
temperature determines gain peak shift, leakage current in-
crease and stronger non-radiative processes, leading to power
rollover. This is often attributed to the presence of multiple
oxides increasing the thermal resistance [6]-[8]. Here, we
aim at identifying the causes for the higher inner temper-
atures reached in MJ-VCSELs, by adopting our in-house
VCSEL solver VENUS [9], recently updated to deal with
TJs by coupling the drift-diffusion model to a non-equilibrium
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Fig. 1: Output optical power and dissipated power as functions
of current, for the single and double-junction VCSELSs, simu-
lated with VENUS. Black crosses denote Py at rollover.

Green’s function (NEGF) approach, for a quantum treatment
of tunneling [10].

II. VCSEL STRUCTURE AND THERMAL MODELING

The self-heating analysis of this work compares a single-
junction (1J) and double-junction (2J) VCSEL, emitting at
795 nm. The 1J-VCSEL is an oxide-confined AlGaAs VCSEL
featuring a 1\ cavity with three low Al content quantum wells
(QWs), embedded between the oppositely doped distributed
Bragg’s reflectors (DBRs) with 41 pairs in the n-DBR and 21
in the p-DBR. Electrical and optical confinement are ensured
by an oxide aperture with radius R,x = 4um and thickness
tox = 20nm. The 2J-VCSEL is identical to the 1J, with
an additional AR-oxide pair bridged by an AlGaAs-TJ. A
low TJ resistance is ensured by doping levels greater than
1-10%m~3, and Al molar fraction > 20% as the emission
wavelength imposes a lower bound to avoid absorption within
its energy gap. The TJ is placed at a standing wave node to
minimize free-carrier absorption (FCA).

In Fig. 1, the simulated optical characteristics of the two
VCSELs are reported. The devices feature similar threshold
currents of 0.6 mA, with a doubled slope efficiency (SE) from
the 1J-VCSEL value (1.05 W/A) to the 2J (2W/A). Despite
the SE doubling, the maximum output power does not show
a proportional improvement, going from 9mW at 13.5mA
to 11.7mW at 8.5mA. From the dissipated power curves
in the same figure, at rollover Py ~ 28.5mW for both
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Fig. 2: Thermal sources )(z,p) in the 2J-VCSEL from
VENUS simulation, at rollover.

devices. Since Py is also related to the VCSEL thermal
sources Q(z,p) computed within VENUS [11] (with L and
R maximum dimensions of the VCSEL along z and p):

L (R
Fuiss =/ / Q(z, p)2mpdpdz, (1)
0o Jo
and @ enters into the heat equation
V(k-VT)=-Q, )

it follows that if the thermal dependence of x on temperature 7’
is neglected, similar Py yields similar temperature increase.
Therefore, 1J and 2J-VCSELSs undergo thermal rollover at the
same temperature.

In our previous works, the thermal solver of VENUS tackled
(2) by adopting a mortar element method [12], whose quasi-
exponential convergence enabled fast simulations of complete
electro-optical characteristics (= 30 minutes on a PC). Con-
versely, here the bias is fixed at rollover, and the VENUS
sources are exported to a conventional FEM solver to include
finer structural details [13]. For the 2J-VCSEL, the resulting
thermal sources including Joule effect, FCA, non-radiative
recombinations and QW capture are reported in Fig. 2 [11].

Oxide apertures induce current crowding at their edges.
However, their typical thickness < 30nm limits their role as
relevant barriers for heat dissipation in both longitudinal and
radial directions. In addition, multiple-oxide VCSELs aimed at
reducing the oxide capacitance and enhancing the modulation
bandwidth do not exhibit earlier thermal rollover [14].

The black curves in Fig. 3 show the temperature variation
profiles AT at rollover, for 1J (solid) and 2J-VCSEL (dashed),
computed within a FEM solver. These are obtained using a
structured mesh grid of 226 x 1074 points and an homogeneous
Dirichlet boundary condition at z = 0, working as heat sink.
The thermal conductivity values are listed in [11, Tab. I].

The oxide layer thickness tqxide, not included in VENUS, is
here varied from 0 to 200 nm, assuming kox = 1.5 W/m- K
for thin Al,O3 [15]. However, it should be noted that this
value is significantly lower than its bulk value of 20 W/m - K,
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Fig. 3: Top: maximum temperature variation A7 as function
of t,x. Bottom: longitudinal (left, p = 0) and radial (right,
2z = zox) AT profiles, for the 1J (solid lines) and 2J-VCSEL
(dashed). Black: t,x = 1nm; green: tox = 200 nm.

similar to the DBRs. In the top plot, the maximum AT
increases linearly with 4. for both devices, with variations
below 3K at the extreme points, confirming a negligible
impact. The black AT profiles confirm this results. A greater
effect comes from the slightly different values of Pjjss in the
two devices, that shifts their baseline.

III. CONCLUSIONS

In this work, we adopt our physics-based tools to address
the impact of oxide apertures on VCSEL self-heating. From
our analysis, we rule out a significant effect, as the main
responsible of a stronger inner temperature increase is the
dissipated power. We show that VCSELs with multiple oxides
exhibit lower rollover currents only in MJ-VCSELs, where
Prigs is proportional to the number of AR.
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