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Abstract— The lasing operation of vertical-cavity surface-emitting lasers (VCSELs) results
from the interaction of diverse physical mechanisms. For this reason, a reliable model must
solve the coupled carrier transport, thermal and optical problems. With the aim of removing
the present lack of established simulation tools, in this work we present our in-house electro-
opto-thermal VCSEL numerical simulator VENUS. After a description of its four constituents,
a validation with experimental results obtained at different temperatures is presented, demon-
strating the predictive capabilities of VENUS.

1. INTRODUCTION

Mainly driven by the pervasiveness of smartphones in our daily lives, the last few years have
witnessed an increasingly growing number of applications for low-power microlasers. This is why
at present there are over 2 billion vertical-cavity surface-emitting lasers (VCSELs) in use, and
many hundred millions produced every year to face their ever increasing demand [1–4]. Further
expanding the VCSELs’ horizon will require exploring new material systems and, at the same time,
novel geometries. For this reason, the availability of computer-aided design modeling tools is going
to be a strategic asset in the next future, as a support or replacement of experimental prototyping.

Figure 1(a) shows a typical oxide-confined AlGaAs VCSEL geometry. Optically, this structure is
a resonator, whose mirrors are distributed Bragg reflectors (DBRs) alternating quasi-GaAs to quasi-
AlAs λ/4 layers. On the other hand, from the electrical standpoint, this geometry is basically a
complex pin diode: the top and bottom mirrors are, respectively, p- and n-doped, current is injected
at the annular p-contact and flows through the top DBR, then it gets focused by the oxide aperture
and feeds the quantum wells; finally, it goes through the n-doped part to the bottom contact.
Finally, the presence of current and of recombination and optical absorption processes causes the
device self-heating, which affects all the quantities in play (refractive index, mobility and so on).

(a) (b)

Figure 1: (a) sketch of an oxide-confined AlGaAs VCSEL, indicating all its relevant geometry details. (b)
top view of the device under investigation, where the contact ring (12µm diameter) and the oxide aperture
(4 µm diameter) are colored in yellow and blue, respectively.
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From this description, it should be clear that the VCSEL operation involves the entangled in-
terplay of optics, electronics and thermal conduction, so that developing a comprehensive VCSEL
model is a rather challenging task. Even if the literature reports several valuable optical or electrical
simulators, almost no truly self-consistent multiphysics tool is currently available, also including
commercial simulation codes. Standing on the shoulders of the seminal work by Hadley et al. [5],
research groups worldwide developed many multiphysics VCSEL models [6–10]. The common de-
nominator of these works is the phenomenological treatment of carrier injection, which is described
by rate equations. A more rigorous treatment of carrier transport in VCSELs was proposed by
Streiff et al. [11] and recently by Mehta et al. [12]. Among the commercially available softwares,
previous versions of ISE TCAD [13] featured the model described by Streiff, but at present it is no
longer supported nor documented [14]. Sentaurus could be potentially coupled to LaserMOD [15]
from Synopsys RSoft, whose optical solver is scalar. Another commercial modeling suite that can
be used for VCSEL simulation is PICS3D [16] from Crosslight Software.

In an effort to advance in this field and eliminate the lack of reliable VCSEL CAD tools, this
paper presents our VCSEL Electro-opto-thermal Numerical Simulator VENUS [17]. After reviewing
the four VENUS constituents, a validation with experimental results is presented and discussed.

2. VENUS CONSTITUTIVE BLOCKS

VENUS consists of four fundamental blocks: an optical mode solver, a description of the sponta-
neous and stimulated emission in the active region, a thermal simulator, and a carrier transport
model, which will be briefly described in the following. Additional details on VENUS can be found
in [17].

2.1. VELM: Optical Mode Solver

The optical solver is the 3D vectorial Vcsel ELectroMagnetic (VELM) simulator [18, 19]. It is based
on representing the electromagnetic field as a superposition of the TE and TM modes of a reference
medium in cylindrical coordinates. The transverse details of the structures are described as varia-
tions to such reference medium and are accounted for by coupled-mode theory, allowing to describe
each layer constituting the VCSEL stack by means of a transmission matrix. By cascading such
transmission matrices one can compute the overall transmission matrix between the two radiating
sections, beyond which the device can be considered homogeneous. The electromagnetic problem is
closed by introducing appropriate boundary conditions relating backward to forward waves at the
ending sections. An eigenvalue problem can be obtained by enforcing the self-consistency condi-
tion of the field subject to a full-cavity round-trip, whose complex eigenvalues represent the modal
wavelengths and the corresponding threshold gains (real and imaginary parts, respectively), and
whose eigenvectors are the expansion coefficients of the electromagnetic field in the cylindrical wave
basis. VELM has been validated through a comparison with other simulation tools [20], and with
experiments [21–28].

2.2. Quantum Well Optical Response: Gain and Spontaneous Emission

Describing the optical processes occurring in the quantum well (QW) active region of a VCSEL
requires the evaluation a priori of the nanostructure subbands. A good trade-off between oversim-
plifications such as the effective mass approximation and computationally-expensive frameworks
like the density functional theory is given by solving the Schrödinger equation with a k · p Hamil-
tonian and a potential defined by the nanostructure composition and geometry. The subbands
and the envelope functions are then found as the solutions of the resulting eigenvalue problem.
More specifically, our work is derived from the Burt-Foreman finite element formulation used to
get rid of spurious subbands [29, 30]. Then, by assuming axial symmetry and block-diagonalizing
the so-approximated Hamiltonian, a 4-band approach is obtained (heavy holes, light holes, split-off
and electrons), where spin degeneracy is accounted for a posteriori [31, 32].

Stimulated and spontaneous emission spectra as well as the refractive index change induced
by carrier injection are evaluated through Fermi’s golden rule, including also a many-body de-
scription of the carrier-induced bandgap shrinkage within the Hartree-Fock approximation [33].
Here, scattering relaxation is described phenomenologically as a lineshape broadening. In this con-
text, several approaches have been investigated, including the widely-used Lorentzian [34, 35] and
Landsberg models [36, 37]. In this work we follow the approach by Tomita et al. [38], featuring
non-Markovian effects, since it provides the best agreement with the experimental laser operation
curves.
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2.3. Thermal Solver

By studying the typical temperature profile in a VCSEL, it is possible to identify two regions
characterized by very different behaviors: the substrate, where temperature decays almost lin-
early toward the heat sink, and the active part of the device, where strong temperature gradients
can be observed. A numerical scheme exploiting this observation is the spectral element method
(SEM) [39]. As in the standard finite element method (FEM), a linear system is achieved by ex-
panding the unknown temperature and projecting the heat equation as a superposition of known
basis functions. The peculiarity of the SEM is to use a low h-refinement, i.e., dividing the domain
in few subdomains, making instead use of a strong p-refinement, which means using high-order
basis functions. This strategy is particularly effective for the VCSEL heat equation, as it can be
applied with different numerical resolutions in different subdomains, allowing to optimize the basis
within each interval and leading to fast and accurate simulations.

2.4. Quantum-corrected Drift-diffusion

In several comprehensive VCSEL simulators, carrier injection in the active region is modeled by
means of phenomenological rate equations, treating the VCSEL as a generic dynamical system [5–
10, 40]. A rigorous description should picture how carriers, after flowing through bulky semicon-
ductor regions such as the distributed Bragg reflectors (DBRs), scatter into the quantum well
confined states and then participate in radiative processes. A rigorous treatment of these phe-
nomena would then require at least high-order quantum-corrected semiclassical techniques [41–43],
or more appropriately genuine quantum-kinetic frameworks based on density matrix (DM) or on
nonequilibrium Green’s function (NEGF) approaches [33], which is utopian for an entire VCSEL.
A sensible trade-off between these models is given by drift-diffusion, which is quite consolidated
in both academic and industry contexts for simulating electronic devices. A system of nonlinear
equations is achieved by the Scharfetter-Gummel finite-box discretization, and it is then solved by
a generalized Newton’s method [44, 45].

In view of applying drift-diffusion to lasers, the model must be augmented with photon rate
equations describing the interplay of carrier transport and the optical models. This is coupled
to the continuity equations through a stimulated recombination rate, which is added to the usual
Shockley-Read-Hall, radiative and Auger terms. In addition to the classical treatment of het-
erostructures [46], an improved description of the active region has been implemented by intro-
ducing quantum corrections accounting for the bulk-bound carrier dynamics [33, 47, 48]. These
approaches have been investigated by several groups [11, 49–54], but it is still a hot research sub-
ject [55–58]. Bound carriers are distributed along the quantum-confined direction according to their
envelope eigenfunctions, while in the lateral direction it is reasonable to describe their transport by
standard drift-diffusion. However, the determination of the model parameters, namely the electron
and hole mobilities and their thermal dependence is critical [59], as they play a crucial role in the
spatial hole burning mode competition [60].

It is to be remarked that only the electrical solver relies on an extensive spatial discretization,
while both thermal and optical solvers are based on modal expansions. For this reason no grid
adaptation steps are required at all, reducing the multiphysics couplings to the simple evaluation of
the optical and thermal expanded quantities at the drift-diffusion mesh points. Still, simulating the
entire VCSEL, including each DBR layer, requires around 60, 000 mesh points, corresponding to
linearized systems three times larger (including the discretized Poisson, electron, and hole continuity
equations). Although such simulations are still feasible, the computational burden can be lightened
by replacing most of the DBR layers with an average material, reducing the problem dimension at
least by a factor 2 [61].

3. NUMERICAL AND EXPERIMENTAL RESULTS

This section presents an experimental validation of VENUS performed on an oxide-confined AlGaAs
VCSEL manufactured at Philips Photonics. The VCSEL is grown on an n-doped GaAs substrate
later thinned to 110µm. The device includes a 1λ-cavity with three 8 nm GaAs quantum wells,
placed at the maximum of the optical standing wave. The 30 nm oxide layer is placed in the
first of the 21 pairs of the p-DBR outcoupling mirror; the bottom n-doped DBR includes 37
pairs. Composition and doping gradings are introduced in both mirrors to enhance electrical
conduction and minimize free-carrier absorption. A 26µm diameter mesa is etched to realize the
4µm oxide aperture by the oxidation of the quasi-AlAs layer; later, a passivation layer is deposited
to insulate the mesa sides and reduce the parasitic capacitance. Current is injected through the
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12µm diameter metal ring top contact. Figure 1(b) shows a camera image of the top side of the
device under investigation, where the contact ring and the oxide aperture are colored in yellow and
blue, respectively.

Since VCSELs can be found in the most disparate applications, from smartphones to data
center racks, it is fundamental to demonstrate the VENUS capability to predict lasing operation
over broad temperature ranges. This has been carried out by connecting the VCSEL bottom
contact to a Peltier element, which allows to set the heat sink temperature. In this view, Figure 2
reports the (a) IV and (b) LI characteristics, and (c) the differential resistance and (d) wavelength
versus current. The cyan, blue, green, and red curves are obtained for 20◦C, 50◦C, 80◦C, and 110◦C
Peltier cell temperatures; the numerical and experimental results are distinguished with solid and
dotted curves.
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Figure 2: Results of the numerical (solid curves) and experimental (dots) investigations performed on the
VCSEL described in the text. (a) IV chracteristics; (b) LI characteristics; (c) differential resistance versus
current; (d) wavelength red-shift versus current. The different results refer to different Peltier cell tempera-
tures: the cyan, blue, green, and red curves are obtained for 20◦C, 50◦C, 80◦C, and 110◦C, respectively.

The results presented in Figure 2 have been obtained after a careful calibration of the model
parameters. A good agreement between numerical and experimental results has been achieved.
The simulated IV characteristics, which are strongly related to carrier mobilities and recombi-
nation rates, fit well the experimental results until the device turns off. The effect of Auger re-
combinations was deeply investigated [62–65], since it has rather different impacts at the different
temperatures [66]. This is fundamental to achieve a reasonable agreement also for the resistance
characteristics, which report the same information as the IV curve, but are much more sensitive to
the model parameters due to their differential nature. The wavelength red-shift is the thermometer
of the device, as it provides the only observable directly connected to heating. In addition to the
thermal dependence of each optical and electrical model, which influences the heat sources, particu-
lar care must be dedicated to a correct choice of the thermal conductivities, which differ from their
nominal values due to phonon reflection phenomena occurring in the DBR superlattices [67, 68].
Moreover, it is fundamental to take into account also the temperature dependence of thermal con-
ductivity [69]. The LI characteristics exhibit a strong dependence on all the aforementioned model
parameters. This is evident for instance when looking at the 20◦C curve, which agrees very well
until the rollover, from which the optical power drop is overestimated, as a consequence of the
predicted overheating.
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4. CONCLUSIONS

This work describes the VCSEL electro-opto-thermal numerical simulator VENUS. Obtained by
coupling state-of-the-art solvers for each of the three physical frameworks, VENUS proved its capa-
bility to simulate a real device in less than one hour on a standard personal computer. Comparisons
with measurements performed at different heat sink temperatures demonstrated the possibility to
predict the LIV characteristics over the whole operation range. VENUS is now ready to be applied
to the design-oriented analysis of devices with innovative geometries and materials.
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