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ABSTRACT

The operation of vertical-cavity surface-emitting lasers (VCSELS) results from the interplay among different
physical mechanisms. For this reason, even a basic VCSEL model must address the coupling of electrical
injection, stimulated/spontaneous emission and optical resonances, without disregarding the strong thermal
effects affecting each of these models, leading to the need of an entangled multiphysical description. With the
aim to fill the present gap of advanced comprehensive VCSEL models, in this work we present our VCSEL
electro-opto-thermal numerical simulator (VENUS). The paper describes the VENUS constitutive blocks and
their coupling strategy. The model is then validated by comparing the most significant lasing features with
experimental results.
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1. INTRODUCTION

VCSELSs are consolidating their starring role in the mass market of semiconductor light sources. After being
key components in optical mice, sensors and datacom systems for their inexpensiveness, low power consumption
and reliability,' they are becoming the enabling devices in 3D cameras or time-of-flight sensors for automotive
and smartphone pervasive applications.?® In such contexts, CAD tools represent the best possible support to
VCSEL engineers to minimize the design costs.

VCSEL modeling is a complex task, as it requires accurate descriptions of optical, electrical, and thermal
phenomena, and of their entangled interplay. Although few commercial codes can simulate standard structures,
at present they cannot handle polarization-stabilized VCSELs (by gratings or other anisotropies), which are
required in several innovative applications. In an effort to progress in this field, in this work we present our in-
house VCSEL electro-opto-thermal numerical simulator VENUS.* VENUS features four building blocks: the 3D
vectorial vesel electromagnetic (VELM) code,”® which is a numerically efficient optical solver based on a modal
expansion technique, widely tested with other solvers and with experimental results.”'® The stimulated and
spontaneous emission of quantum well active regions are evaluated within a many-body description,'® with the
sub-bands calculated by a 4-band k - p perturbation approach.'” 2% The thermal problem is solved by an ad-hoc
spectral element method.?! Finally, carrier transport is based on a drift-diffusion model,'% 22724 augmented with
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Figure 1. Device cross-section, limited to the drift-diffusion computational window, illustrating the main transverse features
of the device under analysis. Left: mesh of the electrical solver, longitudinally zoomed into the VCSEL section. Center:
same as left, without showing the meshing (see text for the description of the different regions). Right: the whole simulated
geometry, including also the 110 um thick substrate.

quantum corrections to better describe the active region and with photon rate equations to allow coupling with
the optical model.6:25-28

The VENUS simulation capabilities are demonstrated through detailed comparisons with experimental results
obtained on a device produced and characterized by Philips Photonics. To this aim, the discussion is focused on
the different physical mechanisms behind the prediction of the transverse mode competition, which is validated
by wavelength- and current-resolved measurements.

2. MULTISCALE, MULTIPHYSICS VCSEL SIMULATION RESULTS

To show the features of VENUS and investigate some aspects of VCSEL operation such as mode competition,
we select a specific device and we fully characterize it, both numerically and experimentally. We use an oxide-
confined AlGaAs VCSEL with the following main characteristics: the 1A-cavity features three 8 nm GaAs QWs,
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 corresponding 4 pym oxide aperture at the device axis provides both current
and optical confinements; the bottom DBR includes 37 pairs. Both mirrors are subjected to composition and
doping gradings to optimize the conduction features and, at the same time, to keep the free-carrier absorption
losses at a minimum.

Several devices from the same chip have been processed in arrays, featuring rows with the same nominal oxide
aperture and columns with different apertures, ranging from 1 to 10 um. For this paper, we selected a device
with a small size, to keep the presentation of the mode competition as simple as possible. In the experimental
campaign, the heatsink temperature was varied by a Peltier element set to temperatures of 20, 50, 80, and
110 °C. The results presented here refer to 50 °C operation to address an intermediate temperature among those
available from the experiments.

After an extensive parameter tuning campaign we achieved a satisfactory agreement between model and ex-
periment over the whole range of temperature and sizes. A detailed discussion of the most important parameters
(here just provided in Appendix A) and of the model performance as a function of temperature and size is
delayed to a future publication. Here we focus on the specific case previously described, whose cross-section is
shown in Fig. 1.

The VCSEL is grown on an n-doped GaAs substrate that is later thinned to 110 ym. In the VCSEL volume
the mesh is longitudinally denser, as can be appreciated from the figure, where just a portion of the substrate
domain is visible (a 3 um longitudinal discretization is applied there). In particular, one can notice the two regions
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Figure 2. VENUS output chart for the 4 um oxide aperture device under investigation, at 50 °C. The chart features from
left to right, top to bottom: IV characteristics, LI characteristics, differential resistance, and modal wavelengths. The
experimental results are indicated by dots or open circles, VENUS outputs with continuous lines.

of the n- and p-DBRs, which are approximated by an average material only for the drift-diffusion and thermal
solvers.?? This simplified approach leads to 27496 mesh nodes (76 radial and 365 longitudinal points). It is to be
remarked that the number of equations (including Poisson’s and electron/hole continuity equations) is roughly
threefold the number of nodes. We have verified that a full simulation with the exact material composition
introduces just minor differences, but allows much faster computations. Only the drift-diffusion solver relies on
an extensive spatial discretization, whereas both thermal and optical solvers are based on modal expansions. For
this reason no grid adaptation is required at all, reducing the multiphysics couplings to the simple evaluation of
the optical and thermal quantities on the drift-diffusion mesh points.

The VCSEL features a mesa of about 13 um radius (see Fig. 1, center) to apply the oxidation of the exposed
quasi-AlAs layer. After the oxidation process, a passivation layer (indicated in magenta) is deposited to insulate
the mesa sides and reduce the parasitic capacitance. The current is then injected through the 6 ym radius metal
ring in contact with the top GaAs layer, where an ohmic contact is obtained by a p™+-metal junction. Notice
that the electrical domain comprises the whole mesa and extends more than twice in the radial direction (see
Fig.1). This is an optimized solution domain that was determined by increasing the boundary until the solutions
did not change any longer. In the passivation and oxide regions the current continuity equations are disabled
(only Poisson’s equation is solved) to enforce insulating conditions.

In Fig.2 the main outputs provided by VENUS are presented. In this output chart, all the experimental
results (dots or circles) are superimposed to the numerical data. It can be observed that the overall features are
nicely reproduced. In particular, the current-voltage (IV') curve and corresponding differential resistance match
very well with the measurements.

The total optical output power versus current (LI) characteristics, taking into account the experimental
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Figure 3. Measured spectra versus current (left); the peak powers (dots) are rescaled to the total power in Fig.2 and
plotted as dots in the right plot, allowing a direct comparison with the VENUS simulation.

uncertainties in the shaded region, is likewise well reproduced, hits the slope efficiency, and excellently predicts
the power rollover current. The very good alignment of experimental and measured wavelengths (see comments
to Fig. 3 below) indicates a fair treatment of the thermal problem that rules the the VCSEL power rollover.

With a 4 uym oxide aperture, the VCSEL operation is basically bimodal: fundamental and first higher-order
modes. This can be investigated in detail thanks to the optical spectra measured at different injection currents,
as shown in Fig.3. This is very important for our comparisons, where the only way to keep track of the
temperature rise in the devices is through the wavelength red-shift. The highest value of the optical spectra is
the included power modal information, disclosing which transverse mode is lasing and in which proportion to
the other ones.?” Therefore, in the right plot of Fig.3 the mode peak heights (LPg;, LP1;, and LPgy in blue,
red, and green, respectively) are reported versus current, where a fair agreement with the experiments can be
observed.

The devices under investigation show a good circularity and low birefringence, so no particular feature show
up, unlike, e.g. in 8. The good circularity can be well grasped from the spectra of Fig. 3(left), where one can
barely see some faint signatures of double peaks at the first-order mode. Therefore VENUS, which at present
treats the transport of axisymmetric structures, can be safely applied. Polarization features, natively included
in VELM, are not investigated in this work due to the lack of experimental results.

The most important parameter influencing transverse mode competition is carrier diffusion in the QWs.
In fact, the mode competition is governed by spatial hole-burning, which distributes gain differently to each
transverse mode at increasing optical power. The spatial hole is dug according to the modal field intensity
profiles at the longitudinal QW positions. The depth of such a spatial hole in the gain profile depends on the
carrier diffusion and is drastically different for electrons and holes. Carrier mobilities have been investigated and
characterized in depth for bulk GaAs.?"'32? Besides alloy composition, they vary with doping®® and temperature,
which might play a relevant role in this devices, where the maximum internal temperature increase is of the order
of 250°C. In the present paper we assume QW mobilities that are six times smaller than bulk values, which can
be ascribed to well-barrier interface roughness.?*

Finally, in Fig. 4 we show the effect of increasing the current on three important internal (not experimentally
observable) quantities ruling VCSEL operation and mode competition: 2D carrier densities (left), temperature
(center), and modal intensity profiles (right). This figure also highlights the different simulation domains of the
VENUS constituents, tailored according to the corresponding physics. For instance, the QW carrier densities
are defined within the whole mesa, up to the passivation.

The temperature profile is computed in the entire device volume (z x p = 120 x 150 um?) and is reported
here only in the electrical domain. The temperature kink at the mesa boundary marks the strong difference in
the thermal conductivity between semiconductor and passivation. The mode profile plot on the right emphasizes
the strong impact of thermal guiding. Focusing for example on the fundamental mode (red), a sharp squeezing
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Figure 4. Internal parameters computed by VENUS at four different currents: 0.5, 1, 5, and 10 mA. From left to right:
2D electrons (continuous lines) and holes (open circles) in the central QW, related temperature profiles, and optical field
intensity distributions for the three modes contributing to laser action. For this latter plot, the increase of current is
rendered by thicker lines. Their colors refer to the three modes: LPo1 (red), LP11 (green), LPo2 (blue).

can be observed, namely from the weak guiding (provided by oxide aperture placed at a field antinode) at low
pumping (thin curves) to the strong thermal lensing induced by the highest temperature profile shown in Fig. 4
center (10 mA injection, thick curves).

All these effects contribute actively to mode competition. Below threshold, carriers show a smooth bell-
shaped profile centered on the device axis (blue curves in Fig. 4, left). As soon as lasing operation starts (1 mA,
red curves), the optical field starts to dig a spatial hole into to 2D carriers, fostering the higher-order modes. In
fact, they better overlap with the gain profile (directly related to the carrier profile) where they are maximum,
i.e., off-axis.

The interplay of these different and complex phenomena is synthesized in Fig. 5, where the modal gains and
losses are reported versus current. When gain reaches a loss, the corresponding mode starts lasing. For small
currents, modal losses decrease with current thanks to thermal lensing. However, for further increasing currents,
the corresponding temperature rise leads to a gain shift and drop, which calls for higher carrier densities to
compensate for the optical losses. Such carrier increase, which can be well appreciated in Fig. 4 (left), induces an
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Figure 5. Left: modal gains (lines: blue LPo1, etc.) and compared to modal losses (VELM output, open circles) as a
function of current. Right: current-dependent leakage current percentage. The red and blue lines refer to different ways
of defining the leakage current. In blue we report the minority current at the edge of the 1A-cavity (ideally it should be
zero), in red the difference between the current and the integral of the capture term.?



Table 1. Transport, thermal and optical parameters of Al,Gaj_,As.

Parameter [ Values [ Ref. H Parameter [ Values [ Ref. ‘
Xo, * < 0.45 (eV) 4.07 — 1.1x 31 || ptn, < 0.45 (cm?/s/V) | (8 — 22z + 1027) x 10° | 31
X0, > 0.45 (eV) 3.64 — 0.14x 31 || ptn, x> 0.45 (cm?/s/V) | —255 4 11602 — 7202% | 31

Er,s 12.90 — 2.84z 31 tp.300 (cm?/s/V) 370 — 970z + 74027 31

Egor (eV) 1.519 + 1.115z + 0.37z% | 31 Bun 0.75 fit

Egox (eV) 1.981 + 0.124z + 0.1442% | 31 B 0.75 fit

Eqo 1 (eV) 1.815 + 0.69z 31 Th60 (1S) 1 fit

Be (K) 204 31 7500 (ns) 1 fit
ar (eV/K) 541 x 1077 31 BsrH 1 fit

ax (eV/K) 4.6 x 1071 31 B™T (cm?/s) 1.8 x 1071 31

aL (eV/K) 6.05 x 1077 31 Cciie (cm®/s) 5x 107! fit

ay (eV/K) 2.75 x 1077 31 C"8 (cm®/s) 3.75 x 10731 fit
AEA 38 Kair (W/m/K) 0.025 31
AEp (eV) 38 Keavity (W/m/K) 7.8 (13) fit
mr/mo 0.067 + 0.083z 39 Emirror,t (W/m/K) 11.6 (14.5) fit
mx/mo 0.850 — 0.140x 39 Kmirror,> (W/m/K) 9.3 (15.5) fit
mr/mo 0.560 + 0.100x 39 Ksubstrate (W /m/K) 27.6 (46) fit
mp/mo 0.5+ 0.29z 40 Kpassiv (W/m/K) 0.4 (0.5) fit

Tscat,n (pS) 10 fit RKmetal (W/m/K) 300 31

Tscat,p (DS) 5 fit Bt —1.30 32

NAIGaAs 41 dn/dT (1/K) 2x 1077 41

increase of free-carrier absorption, incrementing with temperature as well. Such an internal loss rise, together
with the exponential growth of the leakage current, is responsible for the power rollover, and eventually for the
switch-off of the device. In Fig.5 (right) the leakage contribution to the total current is reported in percentage,
emphasizing its detrimental effect. It is to be remarked that in previous works Auger recombination processes
were identified as the fundamental mechanisms limiting lasing operation in VCSELs.*3°37 This is not in
contradiction with the present discussion, since the different considerations can be ascribed to the peculiar
surface relief design, which leads to large lasing threshold currents.

3. CONCLUSIONS

Vertical-cavity surface-emitting lasers represent a formidable challenge from a modeling perspective. In this work
we unravel such a complex tangle by means of our in-house multiscale, multiphysical VCSEL electro-opto-thermal
numerical simulator VENUS. After briefly recalling the main VENUS features and outputs, we demonstrate its
validity through a comparison with experimental results. Then, the discussion focuses on some specific aspects
of the multiphysical interplay ruling the transverse mode competition, whose correct reproduction demonstrates
the VENUS potential to simulate any VCSEL concept in different operating conditions.

APPENDIX A. MATERIAL PARAMETERS OF ALxGA;_xAS

This appendix provides some details about the material parameters used in the simulations presented in this
work.

The bandgap thermal dependence is modeled as
T2

Eg = Eg.,O — agw.

(1)

Starting from this expression, the densities of states are evaluated by a many-valley description.?’

The mobility dependence on doping impurity concentrations is described by a modified Hilsum model??
calibrated on experimental values
Hn /p,int

1 + (NAJrND )0.35 ’

(2)

Hn/p,300 =
Nx



where fi,/p, in¢ indicates the mobility of the intrinsic material, Np and N are the donor and acceptor doping
concentrations, and Nx is a fitting parameter; in our simulations, Nx =4 x 107 cm™3.

The thermal dependence of mobility is described by the following expression:

T Bwn/p
,u'n/p = ,u'n/p,?)OO (SOOI{) . (3)

The SRH lifetimes exhibit a similar temperature dependence:

SRH T Bsru
Tn/p = Tn/p,300 (300K> : (4)
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