Temperature clipping in large-area donut-VCSELS
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Abstract—High-power vertical-cavity surface-emitting lasers
(VCSELSs) rely on large and elongated active areas. We inves-
tigate the self-heating properties of donut-shaped oxide-confined
VCSELs, showing how the self-heating temperature peak remains
bounded with increasing radius at constant dissipated power
density, enabling optical power scaling with the donut diameter.

Index Terms—V CSELs, high-power, self-heating, heat equation

I. INTRODUCTION

Vertical-cavity surface-emitting lasers (VCSELs), tradition-
ally limited to a few mW of output power, are emerging as
compact sources suitable for high-power applications. This
can be done by employing large-area, elongated oxide aper-
tures, which enable the emission of a few tens of mW [1].
When combined with surface patterning techniques [2], this
approach can also preserve single-mode emission. Within this
framework, the optimal oxide aperture geometry is a donut
[31, [4], since the resulting radial temperature profile does not
induce azimuthal misalignment between the optical field and
the surface patterning via thermal lensing. Here, we investigate
the self-heating properties of large-area donut VCSELs to
assess the feasibility of scaling the emitted optical power by
increasing the donut radius, and to determine whether self-
heating imposes a fundamental limit.

II. RESULTS AND DISCUSSION

Consider a reference pin AlGaAs oxide-confined donut
VCSEL shown in Fig. 1a. The AlGaAs epitaxial stack forming
the cavity and the distributed Bragg reflectors (DBRs) is grown
on a GaAs substrate. A donut-shaped mesa is then etched,
and the high-aluminum-content layer undergoes selective ox-
idation, creating a donut-shaped oxide aperture. The mesa is
subsequently covered with a passivation material. All the used
geometrical parameters and thermal conductivities are reported
in Tab. I, together with the symbols adopted for each quantity.

To determine the self-heating temperature distribution
T(p, z), i.e., the temperature rise inside the VCSEL caused
by current injection and added to the heat-sink temperature
imposed at the bottom of the substrate, we solve the linear
steady-state heat equation [5]:

V- (kVT) = -Q, (1

where k is the anisotropic thermal conductivity profile shown
in Fig. la and @ is the heat source distribution. The equation is
solved using an in-house finite-element method (FEM) solver.
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Fig. 1. (a) Cross section of the investigated donut VCSEL, highlighting the
regions with different thermal conductivities. (b) Radial self-heating temper-
ature profile, i.e., T'(p,z = zox). (¢) Longitudinal self-heating temperature
profile, i.e., T(p = R, z).

A null Dirichlet boundary condition is imposed at the bottom
of the substrate, while Neumann boundary conditions are
applied at the top of the VCSEL and at the radial boundary of
the simulation domain. For ) we follow the same approach
of [6], i.e.,

Q(P,Z) = QOQp(p)Qz(Z)a 2)

where (),(p) is a smooth port function defined for p €
[R—w/2, R+w/2], and Q.(z) is a combination of expo-
nential functions peaked at z,x. (¢ is determined by imposing
that:

o / pdp / 42 Q(p, ) = Pais, 3)
0 — 00
where
Piss = QareaTr [(R + w/2)2 - (R - w/2)2] ’ 4)

with Q... representing the dissipated power density per unit
of active area, set in our case to 0.3 mW /um?, mimicking
the VCSEL conditions at roll-over [1], [3], [4]. The simulated
temperature distribution is reported in Fig. 1b—c.

We now aim to understand how the maximum self-heating
temperature T, evolves as R increases while keeping Qurea
constant. We want to obtain analytical expressions that pro-
vide immediate physical insight and support cases where



Quantity Symbol Value
oxide aperture mean radius R 30 um
oxide aperture width w 4 um
oxide width Wox 11 um
substrate thickness tsub 150 um
epitaxial structure thickness Lepi 8.5 um
passivation thickness tpass 4.5 um
mesa-oxide offset toff 0.5um
oxide longitudinal coordinate Zox 154.5 pym
substrate conductivity ksub 27.6 W/(m - K) [7]
DBR longitudinal conductivity EDBR, » 9.3W/(m - K) [7]
DBR transverse conductivity EDBR, p 11.6 W/(m - K) [7]
passivation conductivity Epass 0.4W/(m - K) [7]
dissipated power density area 0.3 mVV/plm2 [1], [31], [4]
approximated source above zox A¢ 1.5um
approximated source below zox Ay 2um
substrate thinning factor ¢ 0.22
TABLE I

CONSIDERED PARAMETERS

simulations become computationally demanding due to the
increasing number of FEM nodes for large geometries. To this
aim, we simplify the problem by assuming a single uniform
thermal conductivity throughout the entire space, chosen for
instance as k' = kpgg, o- The heat source is approximated as a
sharp port function defined for p € [R — w/2,, R+ w/2] and
z € [2hy — Dby, 2 + A, with Ay, in Tab. L. 2/, represents an
effective oxide position, lower than the physical oxide position
Zox, since the simplified model neglects the much larger
substrate thermal conductivity kgyp. We calculate 2/, in the
same way as zox, but considering a thinner equivalent substrate
with a thinning factor ( < 1, used as a fitting parameter (see
Tab. I). Finally, the Dirichlet boundary condition at z = 0 is
enforced through the method of images [8], by introducing a
mirror heat source of opposite sign with respect to the physical
one, as illustrated in Fig. 2. Now (1) becomes a standard
Poisson equation, whose solution T'(p,z) can be evaluated
using its known Green function [5]. Focusing on z = zu,
with some algebraic manipulations, one can transform the full
3D convolution integral into a double integral, obtaining:

Qa.rea 1

T(p,2 = zox) = Bt A I [1i(p) — L(p)], (5
where
Rtw/2 27 A A
Li(p) = Udu/dH {asinh(—b> +asinh<ft)} , (0)
R—w/2 0 \/Z \/Z
R+w/2 27 22 + A 947 A
Ix(p) = udu [ df {asinh(L> - asinh(w)} ’
R—w/2 / \/Z \/Z
M

with A(p,u,0) = p?> — 2pucosf + u?. Based on Fig. 1b—

¢, the maximum self-heating can be obtained as Tp.x(R) =~
T(p = R,z = zx). Employing (5), it can be shown that
Tmax saturates for R — oo, and it is possible to determine the
horizontal asymptote analytically in closed form as:
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[S(Ab) + S(A) = S22, + A1) +8(2205 — Ab)] 5 [8]
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Fig. 2. Simplified struc-
ture with the method of
images.

Fig. 3. Asymptotic behavior of the peak
self-heating temperature.
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Fig. 4. Thax vs w (left) and tg, (right) for large R and with all other
parameters defined in Tab. I.
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where the surface function S reads:
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Thax for increasing R is reported in Fig. 3, comparing
the FEM simulation, the double integration in (5), and the
analytical asymptote in (8), showing excellent agreement de-
spite the simplifying assumptions. Saturation is reached as
R approaches the effective substrate thickness ( - tqp. This
supports power scaling in donut VCSELs, as self-heating
remains bounded while optical power scales linearly with R.
Finally, we investigate the effects of w and ¢g,, on Tiax using
both the FEM results of the whole structure for R = 200 pm

and (8), showing how a thin donut width and substrate are
helpful in limiting self-heating.
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