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ABSTRACT

We have achieved continuous-wave electrically-injected lasing operation at room-temperature in InP-based microdisks
heterogeneously integrated on a SOI nanophotonic circuit. The microdisks were evanescently coupled with sub-micron
SOI wire waveguides, resulting in up to 10 pW waveguide-coupled unidirectional output power, with a measured slope
efficiency up to 20 pW/mA. A tunnel junction was used for efficient electrical injection with low optical absorption. The
measured laser performance agrees well with calculations based on a standard laser model. This model suggests that
considerable improvement in laser performance is possible.
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1. INTRODUCTION

Silicon-on-insulator (SOI) has emerged as a promising platform to achieve compact nanophotonic ICs, due to the
transparency of silicon at telecom wavelengths, its high refractive index contrast and the fact that CMOS processing
infrastructure can be used for fabrication [1]. A major obstacle for large-scale silicon-based electronic-photonic
integration is the absence of a compact and efficient silicon-based light source, due to the indirect band gap of silicon.
Despite some recent encouraging results, compact and efficient electrically pumped silicon-based lasers don’t seem
feasible in the short term. An alternative approach to add efficient active photonic functionality to the SOI platform is
through heterogeneous integration of a thin III-V epitaxial film using bonding technology. Since the processing of the
III-V layers can be done after bonding, the critical alignment to the underlying SOI waveguides is obtained through
lithography, as opposed to flip-chip approaches. Over the last twenty years, microdisk lasers have shown good potential
as compact and coherent light sources for large-scale photonic integrated circuits [2,3]. These microdisk structures
support whispering-gallery resonances that enable ultra-compact and low-threshold laser operation. Electrically-injected
microdisk lasers have been demonstrated on InP substrates with threshold currents as low as 40 pA [4]. In this work, we
have used heterogeneous bonding technology to integrate electrically-injected InP microdisk lasers on a SOI
nanophotonic waveguide platform.

2. MICRODISK LASER DESIGN

A schematic drawing of the laser structure is shown in figure 1. A microdisk is etched in the InP-based layer, leaving a
thin lateral bottom layer. The fundamental optical resonances in such a structure are whispering gallery modes (WGMs),
which are confined to the edges of the microdisk. Therefore, a top metal contact can be placed in the center of the
microdisk, without adding extra optical losses. The bottom contact is positioned on a thin lateral contact layer: this layer
will cause no substantial additional optical losses, provided it is sufficiently thin. The laser resonance is evanescently
coupled to the underlying SOI waveguide, which is vertically aligned with the edge of microdisk.
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Figure 1. Schematic representation of the heterogeneously integrated microdisk laser

An important design aspect is the composition of the bonded InP-based film. It should enable efficient current injection,
while preserving the optical resonance quality. The epitaxial layer should also be as thin as possible, since optical
coupling to the underlying SOI waveguide is expected to be less efficient for thicker InP films. Thicker devices are also
more difficult to etch with low surface roughness and to planarize, thus making integration more difficult. The major
challenge in the epitaxial design lies in the requirement for low-voltage operation and high injection efficiency together
with low internal optical loss. A major bottleneck for the electrical current could occur at the p-type contact. It is known
that it is much more difficult to achieve low-resistance metal contacts to p-type InP as compared to n-type InP. In
traditional InP-substrate based lasers, this is solved by using heavily p-type doped, low bandgap contact layers such as
p*++ InGaAs. These layers have large optical absorption, due to band-to-band absorption and/or free-carrier absorption
(FCA), as highly p-type doped layers have large intervalence band absorption (IVBA). In classic substrate lasers,
relatively thick (> 1 pm) cladding layers provide optical isolation between the waveguide core and these very absorptive
contact layers. In our approach, a tunnel junction is incorporated to efficiently contact the p-type diode layer, with low
optical loss. As has been shown in the case of long-wavelength vertical-cavity surface-emitting lasers (VCSELs), TJs
with a bandgap wavelength above the emission wavelength exhibit relatively low electrical resistance with only a minor
optical loss penalty, provided that the TJ is well-positioned at a minimum of the optical field intensity and has adequate
doping levels [5]. In our design, we have used a Q1.2 tunnel junction. While this approach outperforms a design based
on a ternary p++ InGaAs contact layer, the major contribution to the internal loss is still due to free-carrier related losses
in the heavily doped TJ layers. Therefore, the doping level of the TJ layers is an important design parameter, which
allows for a trade-off between low optical losses and low electrical resistance.

Further contributions to the optical loss in the resonator are bending losses, scattering losses and coupling loss to the SOI
wire waveguide. Numerical simulations indicate that the microdisk - including the bottom contact layer — can be as small
as 4.5 um in diameter before bending losses become important. Scattering losses arise due to sidewall roughness, and
can thus be strongly reduced by optimizing the dry etch processes used for obtaining the microdisk shape. Finally, the
coupling loss to the SOI wire depends strongly on the thickness of the bonding layer, and should be optimized for
obtaining optimum laser performance. A useful rule of thumb is to make the coupling loss equal to the parasitic loss.
Numerical simulations (3-D FDTD) indicate that this can be achieved by bonding layer thicknesses in the range 100-
200nm, for microdisk thicknesses in the range 1 - 0.5um. For further details on the modeling, we refer to [6]

3. EXPERIMENTAL RESULTS

We have fabricated SOI-integrated microdisk lasers, both in 0.55-um thick and 1-pum thick bonded epitaxial structures.,
as illustrated in . For fabrication details, we refer to [7]. The microdisk diameters were 5 um, 7.5 ym and 10 um. Before
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Figur 2. (a) FIB/SEM image in cross section of microdisk laser before metallization. (b) Top down microscope image of
6 microdisk lasers on SOL.
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Figure 3. (a) L-V-I data measured for a 7.5-mm microdisk laser. (b) Lasing spectrum for 1.4mA current injection.

metallization, the microdisk lasers were tested under optical pumping, and all devices exhibited lasing with sub-mW
threshold powers and substantial coupling into the SOI waveguide. After BCB processing and metallization and a burn-
in treatment, electrically pumped characterization was performed. Devices with variable top contact size (0.7—0.84R)
were available, and lasing performance was found to depend strongly on the size and position of the top contact. During
fabrication, the top contact was misaligned by 400 nm. As a result, lasing from 5 pm-diameter microdisks was generally
poor. The measured lasing characteristics for a 7.5-um microdisk are shown in fig. 3. Lasing was obtained at room
temperature both in pulsed and continuous wave (CW) regime. The best lasers had a threshold current of 0.5mA and a
differential efficiency of about 30uW/mA in pulsed regime, with up to 100mW peak output power. In CW, the output
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Figure 4. Measured (markers) and fitted (lines) lasing performance in pulsed regime for two 7.5-um microdisk lasers
with different coupling loss.

power was limited to about 10uW due to early thermal roll-over. The device voltage was below 2V. The lasing
spectrum, as shown in fig 3. (b) exhibited a clear single lasing peak at 1.6pm, with a linewidth that was equal to or
smaller than the resolution of our measurement setup (60pm).

4. DEVICE OPTIMIZATION

A theoretical lasing model, based on classical laser theory applied to the microdisk laser configuration, and including a
theoretical electrical TJ model from literature, was used for the interpretation of the measurement results (in pulsed
regime). A good fit could be obtained using model parameter values obtained from simulations as discussed in section 2,
and assuming reasonable values for parameters that couldn’t be estimated through simulation. This is illustrated in fig. 4,
where the experimental data is compared with the theoretical fit, for two 7.5-um microdisk lasers with different lateral
waveguide-disk offsets. Good agreement was obtained both for the output power as for the device voltage, except for the
saturation of the output power at higher pumping levels.

To estimate the performance of a fully optimized microdisk structure, the theoretical model was used to find the
optimum values for the dominant design parameters, which were identified as the microdisk radius, p-type doping of the
TJ and the coupling loss. These calculations indicate that a fully optimized microdisk laser could reach a wall-plug
efficiency of more than 10%.

S. CONCLUSION

We have developed an electrically-injected InP-based microdisk laser, integrated on and coupled to a nanophotonic SOI
platform. Electrically injected lasing in continuous-wave regime was obtained at room temperature, with lasing
thresholds around 0.5mA, device voltages below 2V, and slope efficiencies up to 30uW/mA. The measured lasing
performance could be fitted by a theoretical model using model parameter values obtained from simulation. This model
predicts a wall-plug efficiency of over 10% for a fully optimized microdisk structure.
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