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Abstract: Wavelength conversion is one of the most demanded features in integrated photonics.
During the last decade, second harmonic generation (SHG) in III-V semiconductor microdisks
has been demonstrated to be an efficient way to achieve such conversion with particularly compact
devices. Optimized coupling of both wavelengths to these devices still remains as a challenge.
Here we compare three different approaches for vertical coupling between integrated waveguides
and a III-V microdisk resonator in which SHG occurs: two well-established schemes and a new
one using a single slit waveguide as an evanescent coupler.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

The investigation of nonlinear processes within on-chip photonic devices has recently opened the
door to a new whole category of functionalities from on-chip optical signal processing [1] to
novel light sources [2] and sensors [3].
Among these nonlinear devices, wavelength converters appear as key components for data

routing inside and outside the chip or to access wavelength ranges of interest for sensing. A usual
configuration for such wavelength conversion is the use of second order nonlinear microdisk
resonators. They offer highly confined whispering gallery modes (WGMs) [4] and the possibility
of different phase matching schemes, from modal phase matching [5,6] to strict 4̄-phase-matching
[7,8] allowing the possibility of achieving high efficiencies [9,10]. III-V semiconductors are one
of the best candidates for this optical and integrable configurations [11] and among them, gallium
phosphide (GaP) with a large indirect band-gap of 2.24eV, high transparency in the IR spectrum
and high nonlinear susceptibility appears as a promising material for this kind of devices.
However, efficient coupling to octave-separated signals in a compact, microscale resonator

remains challenging. Seminal works on second harmonic generation in III-V microdisks were
carried out using a single tapered fiber as a coupler [12]. If tuning is the great asset of this
technique, the alignment and distance between the fiber and the microdisk are hardly controlled
and a strong mismatch between the fiber and resonator propagation constants severely impacts
the coupling. Moreover, this scheme also strongly limits on-chip integration.
Integrated evanescent coupling schemes have thus progressively emerged [13] from lateral

[4,11] to vertical coupling [14,15] with straight waveguides or curved ones (so-called pulley
coupler) [16,17]. While the latter case is well adapted to large microresonators, where it does not
impact strongly the physics within the resonators and offers high coupling efficiency [6,18], it
can hardly fit few-microns large microdisk resonators. On the other side, short length evanescent
coupling to a straight waveguide is much less tolerant to technological flaws. Huge technological
effort is now dedicated to the optimization of such couplers, especially when considering signals
with large spectral separation such as a whole octave [10,16,17]. If the add-drop configuration
seems practically the most convenient solution as it allows to address independently the issues
of propagation constant mismatch and mode engineering for the two wavelengths, one can
still question the relevance of the less-perturbative all-pass configuration for dual-wavelength
conversion.
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In this work we investigate theoretically the advantages and drawbacks of different coupling
schemes for dual wavelength conversion into a microdisk resonator. We restrict ourselves to the
case of SHG in zinc-blende semiconductor microdisk where strict 4̄ quasi-phase matching (4̄
QPM) leads to the use of TE polarized modes as the input fundamental signal and TM polarized
modes for the second harmonic. In this framework, vertical coupling is particularly convenient
as it favors the coupling to TM output modes due to their large vertical evanescent tail. We thus
consider a 3D bonded-membranes platform featuring two layers of photonic circuits, one for
the waveguides and one for the microdisk. Both layers are made of the same material, namely
GaP, to avoid large propagation constant mismatch. The three coupling configurations under
scrutiny are the all-pass and add-drop configurations and a more original one based on a slit
waveguide coupler (see Fig. 1 a to c). In a slit waveguide, the modes of two nearby waveguides
couple into supermodes [19]. For small gap between the waveguides, TE-polarized symmetric
supermodes are mainly trapped inside the slit while TM-polarized supermodes propagate through
the waveguides as shown in Fig. 1 d. Modifying the gap width between the guides mainly
affects the propagation constant of the TE modes. Hence it allows an independent tuning of the
propagation constants (β) for the input TE and the output TM modes, similarly to the add-drop
scheme. On the other hand, it only represents a single perturbation for the WGMs in the resonator
like the all-pass coupler.

Fig. 1. (a, b, c) Schematic representation of the three models studied, all-pass, slit and
add-drop configurations. (d) 3D model of the integrated system studied and modal profiles of
the selected TE (top) and TM (bottom) selected symmetric supermodes of the slit waveguide.
(e) Color plot of the coupling Q factor versus propagation constant mismatch and evanescent
coupling coefficient κ between guide mode and WGM. Also indicated the intrinsic Q factor
of the chosen disk at both frequencies and the κ range of the geometries simulated.

These three coupling schemes are compared, accounting for the same technological limitations
of the 3D photonic platform of interest. The quality factors and the coupling regimes (under-
or over-coupling) have been calculated at both fundamental and SH wavelengths for the three
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coupling schemes. They are then discussed in the framework of continuous and pulsed injection
configurations.

The practical SHG configuration used to study the different coupling schemes allowswavelength
conversion from∼2µm to∼1µmwith a 180nm-thickmicrodiskwith a radius of 3.4µmas previously
reported in Ref. [8]. The modes are chosen to satisfy strict 4̄-QPM without requiring additional
modal phase matching so that planar and radial numbers are equal to one for both frequencies
and the azimuthal numbers (m) are respectively 18 and 38 for fundamental and second harmonic
wavelengths in order to satisfy ∆m=mSH–2mfdtal=±2. Figure 1(a,b,c) shows the important
features of the technological platform and of the different coupling configurations. The two GaP
membranes are encapsulated into BCB and integrated onto an optically thick SiO2 layer lying
on a silicon substrate (not represented in Fig. 1). We consider that the two GaP membranes
can feature different thicknesses since they result from distinct technological steps. Parameters
“w” and “t” are respectively the width and thickness of the coupling waveguide, “Hpos” is the
distance between the edge of the microdisk and the centre of a waveguide, “Vdist” is the vertical
distance between the microdisk and the waveguide layer and “s” is the width of the slit for the
homonymous case. Refractive indices for materials come from [20,21].
We coupled semi-analytical description and 3D FEM and FDTD models to investigate

the propagation through the investigated geometries at fundamental and SH wavelengths to
characterize the resonances. In the numerical simulations, the Q-factors for the SH have been
artificially limited by introducing additional losses in GaP to avoid extremely long computation
times.

To describe themodel theoretically, in first approximation, the evanescent coupling phenomenon
can be analytically described by the coupled mode theory, through the system:

d
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where A and B are the field envelopes within the waveguide and the disk, κ is the cross-coupling
coefficient, accounting for the mode overlap and ∆β is the propagation constant mismatch between
the waveguide and WGmodes. The coupling efficiency results from the integration of this system
along the interaction length of the coupler. A non-zero value of ∆β is commonly associated
with a decrease of the coupling. The situation is in reality more complex and depends on the
value of the evanescent coupling parameter κ. To account for this dependence, we numerically
assessed the coupling Q factor as a function of the β mismatch and the coupling parameter κ
in Fig. 1d). The values of κ for the geometrical parameters of the present work lay between
0.14 and 0.22 µm−1 for the fundamental mode and between 0.04 and 0.07 µm−1 for the SH
mode. These ranges are pointed out in the figure as well as the intrinsic Q factors values of both
fundamental and SH resonances, allowing the reader to discriminate the areas of the color plot
where overcoupling or undercoupling is achieved. As far as undercoupling regime is considered,
a zero β mismatch always optimizes the coupling. On the contrary, in the overcoupling regime,
a non-zero β mismatch can improve the coupling towards critical coupling condition. For the
fundamental mode, this optimization can be practically achieved with reasonable values of ∆β
but not for the SH mode.
We chose to compare the three coupling schemes through the assessment of their coupling

quality factor Qc and the overall conversion efficiency. The resonances of any WGM resonator are
submitted to losses such as bending losses and material absorption. The linewidth and frequency
of the resonance allow to define its intrinsic Q-factor Qi. When coupled to an access waveguide,
the WGM resonances enlarge due to the additional losses induced by the coupling. The so-called
loaded Q-factor QL of the coupled resonance can be expressed as 1/QL = 1/Qi + 1/Qc, where
Qc is defined as the coupling Q-factor, depending on κ, ∆β and the effective interaction length of
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the coupler. The critical, under- and over-coupling regimes are defined by the relative values of
Qc and Qi [22]. These coupling regimes are crucial parameters for wavelength conversion at
both fundamental and SH wavelengths since they impact strongly the nonlinear configuration
that one will observe within the resonator from weakly to highly depleted pump configurations
[23]. When trying to maximize SHG, critical coupling may not be the optimal one [14]. To
measure Qc for the different schemes, the intrinsic Q-factor was calculated through FEM on the
isolated microdisk while the loaded Q-factor was estimated by FDTD simulations through the
measurement of the calculated resonance linewidths.

The geometrical parameters of the waveguides have been optimized for all three configurations
to achieve ∆β=0 for fundamental mode, SH mode, or both. These optimized parameters are
provided in Table 1. Note that the values provided here for the all-pass configuration provides
zero β mismatch only on the SH. The dispersion curves for the different waveguides are plotted
in Fig. 2 and compared to the effective dispersion relation of the microdisk WGMs. The effective
WGM propagation constant is calculated through the relation β = m/RWGM where RWGM is the
effective radius of the WGM [24]. For a single waveguide optimized for fundamental wavelength
coupling, we observe a crossing point with the WGM at 2µm. In this case, zero β mismatch
cannot be achieved close to 1 µm on TMmodes and we find a mismatch of 4.15%. Similarly, when
optimizing the waveguide for the SH coupling, the crossing point of the waveguide dispersion
with the fundamental WGM resonance is made impossible, with 8.3% of mismatch. Using two
distinct waveguides for the coupling of fundamental and SH modes (add-drop configuration)
straightforwardly solves the zero β mismatch issue at the desired wavelengths. However, one
can still observe that the group velocity of the waveguides does not match the one of the
effective WGM dispersion, which will impose less tolerance against geometry deviation. Typical
fabrication flaws in the order of 5% can be considered to account for film thickness variations
due to local strain relaxation in the epitaxial layers, as well as lithography or etching-induced
deviations onto the width of the waveguides or the slit opening. We numerically assessed that
such flaws do not change the propagation constants by more than 1% for the three coupling cases
making the three of them viable technologically.

Fig. 2. Dispersion curves for the different configurations for both modes. TE (solid line)
and TM (dashed line) between 0.9 and 2.1 µm. Black markers show the chosen WGMs for
SHG

The additional degree of freedom provided by the slit geometry enables a more accurate and
independent tuning of the TE and TM dispersion curves to match the effective dispersion of
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Table 1. Geometrical parameters of the different configurations for the β matching condition

All-pass Add-drop(F/SH) Slit(s= 50nm)

Width 820nm 1000/820nm 700nm

Thickness 167nm 167nm 165nm

Vdist 400nm 400nm 400nm

Hpos 0nm 0/200nm 350nm

the microdisk. We not only get a zero β mismatch at the two wavelengths of interest but also a
good group velocity matching in these spectral ranges (close-up view in Fig. 2). This property
makes the geometry more tolerant to parameter deviations such as slight changes on the disk
radius that shift the resonances. It also opens the path towards other applications like tunable
wavelength conversion in the second [25] or third order regime [16] where phase matching is
partially relaxed or less restrictive. Finally, when generating octaves of frequency combs an
efficient coupling over a large spectral bandwidth is mandatory.

We now compare the three coupling schemes optimized for zero βmismatch (at SH wavelength
for the all-pass configuration) in terms of Q-factors. The resonance profiles for both wavelengths
and for each coupling schemes are plotted in Fig. 3, allowing to calculate the loaded Q-factors
in each case. Due to the small size of the microdisk imposed by strict 4̄-QPM, the intrinsic
Q-factor for the fundamental mode is very small: Qi,F=295. On the contrary, the SH mode
Q-factor is large and limited here by artificial absorption losses introduced in the calculation:
Qi,SH=39000. The consequence of the large value for Qi,F is that undercoupling is found for both
the all-pass and add-drop configurations, resulting in a coupling Q-factor in the order of 500.
The transmission depth is slightly better for the all-pass configuration due to the absence of drop
port. In fact, drop port for the SH even needs to be moved aside from the microdisk by 200nm in
the add-drop configuration to limit this transmission depth reduction. For the slit waveguide,
overcoupling is observed (Qc=160). For the vertical spacing of 400nm used in this work, the
all-pass and add-drop configurations are thus more adapted to continuous wavelength conversion
while the slit-waveguide is better suited to pulsed excitation regime as pointed out recently [14].

Fig. 3. Transmission spectra in all configurations for fundamental (left) and second harmonic
(right) wavelengths. Legend shows the ratio between loaded and intrinsic quality factors,
which is 50% at critical coupling.

For the second harmonic case, with a much higher intrinsic Q-factor, all three configurations
are in overcoupling regime as indicated by the small loaded Q-factors and transmission depth
below 0.5. Since the SH drop-port has been moved aside from the microdisk in the add-drop
configuration to prevent unintentional coupling of the fundamental mode in this port, loaded
Q-factor of the SH mode is enhanced in comparison with the all-pass case but the transmission
depth is also reduced because of the smaller mode overlap. The coupling Q-factors on the SH
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modes are 1625 and 5300 for the all-pass and add-drop configuration respectively. The add-drop
will thus be better adapted to continuous signal conversion while the all-pass shows particularly
good specifications for wavelength conversion in the pulsed regime. For the slit waveguide
configuration, a loaded Q factor comparable to the one of the all-pass is observed but at the
expense of a strong reduction on the transmission depth, this necessarily comes from an increase
of the losses in the microdisk, due to insertion losses and scattering towards other supermodes
of the slit waveguide. If this should not affect too much the efficiency of the doubly resonant
nonlinear process, it will be detrimental for the extraction of the SH mode by a factor of three
compared to the all-pass case.

With the calculated quality factors, we can derive the theoretical overall conversion efficiency
in continuous mode operation for the three cases, as described in Ref. [26,27]. It is important to
note that these results cannot be extrapolated to the pulsed regime where a dynamical analysis
would be required. The obtained results are presented in Table 2 where we notice that the
add-drop configuration is 3 times more efficient than the all-pass case, and the slit configuration
stays as an intermediate point. Despite the low Q factors of the fundamental mode, resulting from
the reduced disk thickness required for strict 4̄-QPM, one obtains higher efficiencies (up to one
order of magnitude) than the case of modal+4̄-QPM reported in the literature (4 × 10−6 mW−1at
1mW), when comparing theoretical predictions in the same operation conditions [5,25]. In the
present case, the smaller Q factors can thus be considered as an asset to compensate the deviation
from perfect double resonance condition.

Table 2. Absolute efficiencies calculated for the schemas for 1mW of pump.

All-pass Add-drop Slit

η (mW−1) 3.14× 10−5 9.13× 10−5 4.06× 10−5

As a conclusion, we have investigated theoretically the characteristics of three different coupling
schemes for a wavelength converter based on SHG in a III-V semiconductor microdisk integrated
into a 3D photonic circuit architecture allowing for vertical coupling. We demonstrated that the
add-drop coupling configuration is practically the most adapted configuration for conversion of
continuous wave signals since it guarantees coupling regimes as close as possible to the critical
case. On the opposite, the all-pass and the proposed slit waveguide configuration both appear as
attractive coupling schemes for pulsed regimes. Moreover, the slit waveguide coupling scheme
also allows matching of the group velocities of octave-split wavelengths which can be convenient
for advanced tuning schemes of nonlinear processes or frequency comb spectral translation.
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