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Abstract—This paper presents the results of a physics-based
time-domain simulator for a vertical-cavity surface-emitting laser
(VCSEL). We implemented a trapezoidal rule second order
backward differentiation formula (TR-BDF2) to simulate the
large signal response of the device under investigation, including
the parasitic effects of the pin junction arising from an interplay
of optical and carrier transport phenomena.

I. INTRODUCTION

The last years witnessed growing attention toward the short
and very-short haul optical communication, such as intra-
datacenter or inter-chip optical links [1]. Targeting high-speed
and minimal losses, vertical-cavity surface-emitting lasers
(VCSELSs) appear as the ideal choice. Indeed, VCSELs enable
very high-speed operation thanks to their reduced active region
volume. Direct modulation is possible, minimizing additional
losses. Packaging and coupling with optical fibers are optimal,
due to circular symmetry.

Usually, to simulate the VCSELSs response, lumped param-
eters models are used [2], since they are simple, numerically
fast and allow to obtain an analytical solution, which could be
instrumental to interpret the device operation. However, this
approach requires the introduction of many parameters, to be
fitted with experimental data but generally not known when
designing a novel structure. In this perspective, physics-based
distributed models are more suitable for device-level design.

The starting point of this work is the 1-dimensional version
of our in-house static physics-based solver[3], which cou-
ples a quantum-corrected drift-diffusion model to a photon
rate equation containing some parameters extracted by an
electromagnetic solver [4]. Regarding the dynamic response,
the small signal analysis provides some useful information
on the -3dB VCSEL cutoff frequency, but in the case of a
complex modulation scheme, e.g., multi-level pulse amplitude
modulation (PAM), a large signal analysis is necessary. For
this reason, in this work we implemented a trapezoidal rule
second order backward differentiation formula (TR-BDF2),
which features the stability conditions suitable for the complex
non-linear problem investigated here [5].

II. RESULTS AND OUTLOOKS

The VCSEL under investigation consists of an Al,Ga;_,As
oxide-confined 850 nm device formed of two distributed Bragg
reflectors, which include 21 pairs for the top p-type mirror and
37 for the bottom n-type one. The active region embeds three

8 nm GaAs quantum wells (QWs). Additional details about the
structure can be found in [6].

The solver is validated by comparing its output to an already
implemented small signal solver and verifying that in steady
state conditions its results are in agreement with the static
solver.

Here, we present the results of a voltage step obtained by
varying the injected current between 4 mA and 5.5 mA with a
voltage rise time of 10ps at T = 293 K. Let us define I,, as the
n-current at the n-contact, I,, ow as the total n-current entering
into the QWs and P as the optical output power. In Fig. 1, the
aforementioned quantities are plotted as a function of time.
Only the n-type current is plotted since the same behaviour
holds for the p-type current. In the top plot we observe a
very fast rise time of the current (black dots). The population
that participates in the stimulated emission is however the one
confined in the QWs. For this reason, the rise time of I, qw
(blue dots) is interpretable as the time that the carriers take to
reach the active region, and therefore it represents an upper
limit to the modulation speed. Such result highlights the power
of the physics-based approach, as this delay is observable only
by solving self-consistently the drift-diffusion, the quantum
capture and the optical problem.
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Fig. 1: top : QW (blue) and contact (black) currents. Bottom: output
optical power. The red lines in the top plot are the high and low
current regime values, while the red lines in the bottom plot are
the high and low power regime values. The regime current injected
into the QWs is slightly lower than the current at the contact due to
leakage of carriers and bulk recombinations.
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Fig. 2: normalized magnitude of the parasitic transfer function H,
(dotted line), total transfer function H; (solid line) and ideal transfer
function H; (dashed line) as defined in (1). In the total transfer
function the amplitude goes down at -60 dB/dec, where -40 db/dec
arise from the ideal laser second order response and -20 db/dec from
the parasitic response. The -3dB cutoff frequency of the parasitic
response is slightly decreasing for increasing optical power.

From a small signal perspective, a further understanding of
the delay on the QWs current can be obtained by looking at
the transfer functions. Let us define the total response H;(w),
the parasitic response Hy(w) and the ideal response H;(w):

Pw) _ Pw) Iow(w)
I(w) IQW (w) I(w)

In Fig.2 we plot the absolute values of the transfer func-
tions, normalized to their value at w=0. The transfer function
between the current at the contact and the output power is the
product between the ideal second order response of a laser and
a parasitic response, which is a first-order low-pass response
in agreement with the first-order time-domain evolution of the
QW current (Fig. 1). In conclusion, this approach predicts in a
natural way the junction parasitic delay and therefore can be
used as a predictive tool for novel high speed structures.

The solver can be used to simulate complex modulation
schemes and to obtain the eye diagrams. An external series
resistance R, and parallel capacitance C), can be added and
solved self-consistently to the system to account for extrinsic
parasitics. Since in 1-dimensional solvers resistance is ex-
pressed in Qm? and capacitance is expressed in F/m?, their
product 7 = RC is a time constant and can be chosen to fit
experimental data. In Fig. 3, a 10 Gb/s eye diagram is obtained
by plotting the optical power folded on two bit periods for
a PAM modulation between 1 mA and 4 mA with a random
sequence of 30 bits and 7=50ps.

Hy(w) = = Hi(w)Hy(w) (1)
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Fig. 3: example of 10 Gb/s eye diagram for a PAM modulation with
a simulated sequence of 30 bits with 7=50ps. The red lines are the
high and low optical power regime values.

III. CONCLUSIONS

Within a physics-based VCSEL simulation, only short se-
quences of bits can be simulated, due to its computational
burden. Therefore, the natural continuation of this work is
to identify a proper lumped model and its parameters to
reproduce the results of the presented physics based analysis.

The simplest lumped model is a 2x2 system of equations [2],
for photons and carriers. Since the time that carriers take to
reach the active region is relevant, at least a third equation is
needed [7]. The time-domain solver can be eventually used for
a rigorous validation of the lumped model.
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