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Abstract: Microdisc lasers (MDLSs) are an attractive option for on-chip laser sources, wavelength converters and all-optical
memory. We have developed a comprehensive model for MDL flip-flops and numerically investigate their switching
properties in comparison with experiments.
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1. Introduction

Microdisc lasers (MDLSs), see Fig. 1, which are heterogeneously integrated on silicon wafers [1], are an interesting
candidate for on-chip laser sources [2], all-optical wavelength converters [3] and also all-optical memories [5,6].
They are regarded as a viable candidate for all-optical signal processing and photonic switching applications. Within
a MDL, several modes compete. Due to the free spectral range of the cavity and the broad gain spectrum of the
MQW gain material, typically three lasing peaks are present. Each peak contains two counter-propagating modes.
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Fig. 1 - AMDL on a SOI waveguide: (a) microscope image, (b) cross section, (c) field profile with a dominant counter-clockwise (CCW) mode.

2. The 1D microdisc laser model

To accurately simulate the switching behavior of a MDL, we implemented a 1D laser rate equation model. We
expanded the model suggested by Van Campenhout et al. [1] for self- and cross-gain suppression with the
corresponding factors g5 and &c [7-9]. A parabolic gain curve was assumed to account for the nonuniform gain
spectrum [10]. Equation (1) gives the radially dependent gain term where G, is the maximum gain at the central
lasing mode Aq and a is the gain curvature parameter. To save computation time and speed up the model, the photon
densities Seycow,i are modelled as lumped photon densities of the i-th mode with the corresponding propagation
direction. Because we have a quantum well active material for the given devices, logarithmic gain is assumed with
the threshold carrier density N.
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In Eq. (2), the carrier density n(r) is locally reduced by stimulated emission into the corresponding mode. Therefore
the overlap with the modal distribution is being calculated. The modal distribution ¥(r) is a normalized Bessel
function of the first kind (r/z,), where v is the azimuthal order of the corresponding mode and z, being the first

R
Bessel zero of J (z). The modal distribution is normalized such that j‘Pz(r)rdr -1
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Besides stimulated emission into the respective lasing modes, also nonlasing recombination is taken into account by
the coefficients A, B and C for one-, two- and three-particle processes, respectively. The electrical pumping current |
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flowing through the disk area zR® generates charge carriers in the active region, which has thickness t,. In contrast to
Egs. (1) and (2) the photon densities defined in Eq. (3) are modelled by lumped variables that obtain their spatial
dependence from the modal distribution ¥(r). Each photon density experiences a decay time constant t, due to, e.g.,
scattering or absorption. The built-up of the mode is achieved by stimulated emission with the modal gain gew ccw;
in the active region that has an overlap T" with the mode. Also, spontaneous emission with the factor B is coupled
into the lasing mode with the spontaneous emission coupling factor . In addition, scattering due to sidewall
roughness causes a coupling of the counter-propagating modes, which is modelled by k;, [11]. The external injection
coupling factor ke models the coherent external injection [8] of light into the respective lasing mode. Table I lists
the values used for the parameters in the model. The model’s radial dependency allows for the simulation of spatial
hole-burning which limits output power, modal recovery and thus the device speed.
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Table I. Simulation parameters
Param. R Go No £ € Kint Kext Vg Ao
Value | 3.75um | 1500cm™ 15e18cm™ [ 2e-17cm’ | 4e-17 | 15e8s™ |8.8el0s™ | 8.817e9 cms™ | 1550 nm
Param. A B C D B n I a ta
Value | 1e-8s™ [2e-10cm®s™|1.63e-28 cm®s™ | 8cm?s™ 1e-3 0.267 | 3.5mA | 13e13cm® | 18nm

3. Simulations and experiments

To determine the switching speed and energy of the MDLs, experiments and simulations were carried out in which a
constant electrical DC current was applied to the device. Optical pulses with an estimated switching energy of 1.8 fJ
having a duration of 100 ps and a power of 18 uW were injected into the waveguide in both the experiment and the
simulations to investigate the switching behavior of the counter-propagating modes. Details on the experiment can
be found in [6]. The curves for the rising edge of the CW mode in the experiment and the simulations are shown in
Fig. 3(a). In the experiment, the injection pulse in the waveguide cannot be separated from the MDL output lasing
power. However, the simulations provide insight into these modal dynamics and reveal a slight overshoot of the
lasing mode. Also the emitted power level can be related to the injection power level in the waveguide. With the
parameters and bias conditions given in Table 1, the MDL emits 71 pW and can be switched with only 18 uwW
leading to a fan-out of F = Pyp /Psw > 3 demonstrating MDL signal refreshing and fan-out properties, which are
crucial for all-optical logic [12]. In Fig. 3(b) the falling edge of the CCW mode is shown, and a switching time of
approx. 60 ps is extracted from both the experiment and the simulations. Not only the switching time shows perfect
agreement between experiment and simulation, but also the shape of the falling edge. This is attributed to the lateral
discretization of the 1D model in which the modal and carrier dynamics can be simulated. Furthermore, the spatial
hole burning of the carrier density can be temporally resolved as presented, see Fig. 3(c). The carrier density is only
reduced close to the perimeter of the MDL where the mode is located. However, if a pulse is injected and the state is
switched, variations in the carrier density can be observed at t;=50 ps. However, these variations are fairly low and
only visible for the time of the overshooting photon densities in Figs. 3(a) and (b). This leads to the conclusion that
the switching times are limited by the optical injection and suppression of the lasing mode rather than by a
relaxation oscillation, in which an exchange of the power between the charge carrier density and the modal intensity
takes place, which should have been observable in Fig. 3(c). Instead, switching between the two states is achieved
when the external light injection is sufficiently long and with a sufficient energy to support the lasing of the
suppressed mode. Thereby the dominant mode is suppressed by the non-linear gain suppression. When the intensity
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Fig. 3 — Switching properties of a bi-stable MDL: Simulation and measurement of (a) the rising edge and (b) the falling edge. (c) Electron density
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Fig. 4 — Switching properties of a bi-stable MDL: Simulation and measurement of (a) 20 uW, (b) 250 ps, and (c) 60 pW injection.

of the supported mode exceeds that of the dominant mode, the system flips and suppresses the previously dominant
mode even further. Now, the other mode is stable suppressing the previously dominant mode until an external
injection is applied. Further simulations were performed to investigate minimum switching energies and —times.
Under the same bias conditions and with a lowered pulse width a minimum switching energy of 0.7 fJ was. As
indicated in Fig. 4(a), shorter pulses did not result in a switching of the state. To investigate the power limit for the
switching process, simulations with a fixed pulse length of 250 ps and varying optical power were performed. For
2.5 uW, being equivalent to an energy of 0.625 fJ, no switching could be observed. However, an injection power of
2.75 uW and a corresponding pulse energy of below 0.7 fJ resulted in a switching of the state as shown in Fig. 4(b).
To investigate the ultimate switching speed of the device, a relatively high power level of 60 W was injected into
the waveguide. The power level is still lower than the output power of the MDL needed to simulate e.g. a chain of
equivalent MDLs in a system. The pulse width has been varied from 15 to 35 ps as presented in Fig. 4(c). While a
switching pulse of 15 ps is too short, a pulse width of 20 ps is sufficient to reverse the state of the MDL. The
corresponding switching energy of 1.2 fJ is still very small and comparable with that of low-power CMOS circuitry.
However, even at these low switching energies, the speed of MDLs by far exceeds that of CMOS electronics [13].

4. Conclusion

We have presented a fast and comprehensive model for the simulation of MDLs. Besides wavelength conversion,
also bi-stability can be simulated. The measurements that accompanied the numerical studies showed excellent
agreement with the numerical model. Simulations and experiments consistently demonstrate the low-power
switching, signal refreshing and fan-out properties of MDLs. The model holds the promise to enable the exploration
of further functionalities of MDLs and to guide experimental work in the future.
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