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Abstract: III-Nitride semiconductors offer a versatile platform for integrated photonic circuits
operating from the ultra-violet to the near-infrared spectral range. Either pure AIN or pure GaN
waveguiding layers have usually been investigated so far. In this work, we report on the study
of GaN/AIN bilayers epitaxially-grown on a sapphire substrate for photonic circuits. Quality
factors up to 410,000 are demonstrated with microring resonators in the near-infrared spectral
range. We emphasize the peculiar advantages of these bilayers for nonlinear photonics: GaN
offers a larger nonlinear susceptibility as compared to AIN. More importantly, both materials
exhibit nonlinear susceptibilities with opposite signs that can be advantageous for nonlinear
conversion. Thick epitaxial III-nitride bilayers are associated with the occurrence of cracks in
the epi-layers and multimode waveguide propagation. We show that the multimode character can
lead to peculiar resonance line shapes with the capacity to control full transmission and reflection
by phase engineering.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Several platforms have been investigated to develop photonic circuits operating in the Ultra-Violet
or in the visible spectral range. Among many examples, one can cite platforms based on
silicon nitride [1], silicon carbide [2], diamond [3], lithium niobate [4]. As wide band gap
semiconductors, the III-nitrides like gallium nitride (GaN) and aluminum nitride (AIN) present
specific advantages as they can provide all functionalities needed for an universal platform
(waveguides, resonators, detectors, lasers, modulators, phase shifters, couplers with grating or
tapers, directional couplers, beam-splitters etc) [5—7]. One specific advantage of III-nitrides as
direct band gap semiconductors is their capacity for monolithic integration of laser sources, a
feature not directly available with silicon nitride, silicon carbide, diamond or lithium niobate. As
the crystalline structure of III-nitrides is non-centrosymmetric, the IlI-nitrides give access to
second-order nonlinear processes, including second harmonic generation, spontaneous down-
conversion and electro-optic effect. The IlI-nitride semiconductors can be epitaxially grown
on sapphire and on Si(111) substrates with large wafer sizes up to 300 mm, thus offering
opportunities for integration and compatibility with silicon fabrication environment.

In the literature, most studies are dedicated to thin films made of AIN or thin films mostly
made of GaN, albeit a thin AIN layer to ensure proper nucleation. High quality factor resonators
have been demonstrated using both types of materials in microring resonators, with intrinsic
quality factors above one million in the near-infrared spectral ranges [8—10]. Values in the same
range have also been demonstrated at shorter wavelengths (390 nm) in a spectral domain where
the losses are dominated by scattering [11]. These results, among others, highlight the maturity
of the Ill-nitride platform for photonics.
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Combining GaN and AIN in forms of bilayers offer specific advantages. GaN has a larger
second-order nonlinear susceptibility as compared to AIN with absolute values reported in the
literature ranging from 10 to 23 pm/V for GaN [12—14] while values ranging from 4 to 8 pm/V
have been reported to AIN [12,15]. This is a consequence of a closer band edge proximity for
GaN as compared to AIN. Benefiting from a larger nonlinear susceptibility is a plus as conversion
efficiencies scale with the squared value of this parameter. Furthermore, GaN and AIN exhibit
opposite signs of their nonlinear susceptibility [12]. This feature is quite unique as compared
to other platforms as one can epitaxially engineer bilayers that provide an enhanced conversion
efficiency for nonlinear processes [16]. This intrinsic polarity inversion is easier to handle by
epitaxy as compared to other techniques such as wafer bonding [17] or patterning and domain
regrowth which can lead to polarity inverted structures [18] but result in increased losses.

In this work, we investigate the optical properties of photonic circuits made of relatively thick
AIN/GaN bilayers (equivalent to 640/600 and 570/800 nm respectively) epitaxially-grown on
sapphire substrates. We show that quality factors up to 410 000 can be observed in the telecom
spectral range with microring resonators coupled to bus waveguides. One of the drawback of
thick II-nitride layers is the formation of cracks due to the stress accumulated in the layers.
More importantly, thick layers lead to multimode waveguiding. The multimode waveguiding can
lead to mode beating along the propagation direction. The combination of mode beating with a
resonant microring leads to complex interference patterns that modulate the transmission and
lead to sharp asymmetric lineshapes. The optical modulation can lead to transmitted intensities
that vary sharply, potentially ranging from 0% to 100%. We discuss the similarity of these
features with those reported with Mach-Zehnder interferometers.

2. Sample fabrication

The III-nitrides were grown on sapphire substrate by metalorganic vapor phase epitaxy (MOVPE)
in a showerhead 7x2 in. reactor with an AIN layer followed by a GaN layer. The growth was
performed using H; carrier gas. Trimethylgallium, trimethylaluminum (TMAI) and ammonia
were used as precursors for Ga, Al and N, respectively. Two types of samples were investigated: a
640 nm thick AIN layer followed by a 570 nm thick GaN layer (sample A) or a 600 nm thick AIN
layer followed by a 800 nm thick GaN layer (sample B). The growth proceeds through several
phases. The interface layer between the sapphire substrate and the AIN layer plays a critical role
[19]. The sapphire substrate is annealed at 1080°C under H; for 10 min at a pressure of 100
mbar. The surface is then exposed at a temperature of 940°C to a 14 standard centimeter cube
per minute (sccm) flow of TMALI for 7 s. A 3 monolayer-thick AIN buffer layer is then grown
for 20 s with a TMAI flow of 14 sccm and an ammonia flow of 160 sccm. The pressure is then
decreased down to 25 mbar and the temperature increased to 1140°C for the growth of a 600
nm-thick layer at a 13 nm/min growth rate. Two identical AIN templates were grown in the same
run, following the provided procedure. These templates were loaded separately for the growth
of the rest of the structure. For sample A, an additional 40 nm-thick AIN layer was grown at
1140°C followed by a 570 nm-thick GaN layer at 1060°C. For sample B, a 800 nm thick GaN
layer is grown at 1040°C. Figure 1(a) shows a schematic of the epitaxial layers.

The AIN layers are submitted to a tensile stress during growth which increases when the AIN
thickness increases. The consequence is that the layers may experience the formation of cracks
to release this stress. Also, in the process we used, the samples were grown using two separate
epitaxial runs, meaning that the layer stacks were submitted to an additional thermal cycle which
can be a further cause of cracking due to the difference in the thermal expansion coefficient
between the AIN layer and the sapphire substrate. We have measured cracks, initially buried at
the interface between sapphire and AIN, with a 1.8 crack/mm density for sample A while no
cracks were observed in sample B. This issue of cracks in AIN is not intrinsically related to the
material system used and could be solved by using more optimized AIN buffer layers including
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Fig. 1. (a) Schematics of the IlI-nitride bilayers epitaxially grown on sapphire. (b) Scanning
electron microscopy image of a series of waveguide and microring resonators as obtained
after plasma etching and before SiO, encapsulation. (¢) Scanning electron microscopy
image of the coupling region between the bus waveguide and the ring resonator. (d) SEM
image of the cleaved facet after SiO; encapsulation.

dislocation filtering layers [20,21]. Another approach to avoid crack formation and to improve
the quality of the AIN layer would involve using AIN template buffer layers grown by sputtering
and subsequent thermal annealing [22].

The GaN growth on the AIN template layer initially exhibits an initial 3-dimensional growth
mode followed by a progressive smoothing of the GaN layers. A GaN thickness larger than 500
nm is required to get a fully coalesced GaN layer under our growth conditions. For a 10x10 um?
atomic force microscopy scan size, the root mean square roughness is 7.9 nm, 2.1 nm and 1 nm
when the GaN thickness is 290 nm, 550 nm (sample A) and 800 nm (sample B), respectively,
illustrating the effective smoothness achieved through coalescence.

The photonic circuits were fabricated using standard clean-room recipes [23]. We used a
negative HSQ resist to define the patterns with a 80 kV e-beam lithography. They consist of 120
um diameter ring resonators with a ring width of 1.5 um coupled to 1.5 mm long bus waveguides.
The bus waveguide width is 1.3 gm. The III-nitride layers were etched by a chlorine-based
inductively-coupled plasma (ICP) with a combination of Cl,, BCl3 and Ar gases (RF 200 W/ICP
800 W; Cl; 25 sccm/BCl3 10 sccm/Ar 2 scem; pressure 12 mTorr, 5°C platen temperature for
sample A). The etch selectivity with HSQ is around 5. The residues of the HSQ mask were
removed by hydrofluoric acid. Figure 1(b) shows a scanning electron microscopy (SEM) image
of the processed structure with series of waveguides and resonators. One challenge associated
with III-nitrides is the deep etching of the materials and in particular the etching of the AIN
layer while preserving the selectivity with the hard mask. Sample A was etched down to the
sapphire substrate while a thin layer of AIN was still present for sample B. Figure 1(c) shows
that the sidewalls remain smooth even after 1.3 um full etching down to the substrate. Once the
etching step is over, the whole structure is encapsulated in a 2.2 uym thick SiO, layer. The last
step consists in cleaving the sapphire substrate in order to inject and collect light through the
cleaved facets using lensed fibers. This cleaving is performed in a two step process with first a
200 micrometer deep trench realized with two blades of different thicknesses (300 um and 50
pum) followed by cleaving. This precut procedure ensures a trench depth of 2/3rd the sample
thickness facilitating uniform mechanical cleaving of the sample. A SEM image of the cleaved
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facet is shown in Fig. 1(d). Some microtrenching can be observed at the bottom of the waveguide
due to an enhanced ion flux along the sidewalls.

3. Optical characterization

Figure 2(a) shows the near-infrared transmission spectrum of the 600/800 nm thick AIN/GaN
bilayer structure (sample B). First, small oscillations with a 0.4 nm periodicity can be observed.
They correspond to a Fabry-Perot type feedback from the cleaved facets of the 1.5 mm long
waveguide. More importantly, one can observe sharp resonances that are associated with the
microring resonances. At 1561 and 1585 nm, a resonance with a loaded quality factor of 410
000 is measured. A zoom on these resonances are shown in Fig. 2(b). This value is obtained
with a relatively narrow ring width (1.5 pum) that is more sensitive to sidewall scattering. In
the literature, higher quality factor values have been reported with epitaxial layers consisting of
either only GaN (2.5 Million) [10] or only AIN (2.5 Million) [8]. The present result shows that
significantly high quality factors can be achieved with AIN/GaN bilayers even if they are smaller
than the record values of single layers. For these structures, we did not obtain better results
following high temperature thermal annealing that can decrease the SiO; residual absorption [24].
The GaN layer cannot be annealed at temperatures as high as AIN thus limiting the added value
provided by high-temperature annealing for AIN. One specific advantage of the AIN/GaN bilayer
is associated with the fact that the first-order optical mode in the vertical direction like the TM 10
or the TE10 mode can have lobes distributed in the AIN and GaN region if the GaN thickness is
limited to 300-400 nm. This characteristic allows for an enhanced nonlinear conversion efficiency
by using the intrinsic polarity inversion that exists between AIN and GaN, i.e. opposite values of
the second-order nonlinear coefficient, as previously discussed in Ref. [16].
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Fig. 2. (a) Transmission of a photonic circuit made from the 600/800nm AIN/GaN bilayer
encapsulated in SiO; (sample B).The coupling distance between the bus waveguide and the
resonator is 400 nm. The measurement is performed in TM polarization. (b) Zoom on the
resonances R1 and R2 as indicated in (a).

Figure 4(a) shows the near-infrared transmission spectrum of the 640/570 nm thick AIN/GaN
bilayer structure (sample A). In this example, loaded quality factors up to 380 000 are achieved,
showing that the robustness of the process to fabricated photonic circuits with these epitaxial
layers on sapphire (see inset of Fig. 3(a)). For this structure, the quality of the facets was degraded
thus removing the Fabry-Perot oscillations associated with the waveguide extremities. The
transmission spectrum is modulated by a strong oscillation with a 15 nm period. This period
corresponds to a characteristic length of 40 um. Several factors could contribute to this type of
oscillation. Some buried cracks, present in the AIN layer, could possibly provide a reflection
mechanism and thus could lead to Fabry-Perot oscillations. The investigation of samples with
different crack densities rule out this possibility as the modulation pattern is not correlated with
the presence and density of cracks. Moreover, the modulation amplitude as observed in Fig. 4(a)
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is significant and larger than the one observed in Fig. 2(a) with clean cleaved facets. Thick layers
support both TE and TM fundamental modes and higher-order modes in the lateral and vertical
directions. The multimode waveguide can lead to mode interferences and the interaction between
the fundamental mode and a higher-order mode is at the origin of the oscillation pattern [25,26].
The mode beating can be observed either along the propagation direction [27] or in transmission
as reported here [28]. The beating period for such interference is given by : [28]

/12
" LAn
where An is the difference of effective refractive index of the modes and L the waveguide length.

When considering the interaction between two modes, the transmitted intensity can be written as
[28]:

AA

2nLAn

I1=1 +12+2\/1112008( )

A

() (b)

(c) TM0O (d) T™O1
n=2.1107 n=1.9741
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Fig. 3. (a) and (¢) TMO0O mode profile. (b) and (d) TMO1 mode profiles. The effective
refractive indexes are indicated on the figure

From the effective index of the fundamental mode and first-order lateral mode (TMO0O and
TMO1), we calculate a beating period of 13 nm as compared to 15 nm as observed experimentally.
Only this combination of modes provides a beating period around 15 nm. The profiles of these
modes is shown in Fig. 3. The values of refractive indexes of GaN and AIN were taken from Ref.
[29] and Ref. [30].

We have checked that the modulation pattern depends on the light injection in the waveguide
as both modes need to be excited to generate a significant interference pattern. The intensity of
the TMO1 mode coupled in the waveguide needs to be around 15 % of the intensity of the TMO0
mode in order to generate an oscillation that varies between 1 and 0.2. We note that high-order
multimode waveguide interferometers have been used for optical biosensing applications [31].
The introduction of higher-order modes in the design of photonic circuits has also been addressed
for multi-mode silicon photonics [32].

The main feature observed in Fig. 4 is that the spectrally-narrow microring resonances can
point either downwards or upwards. It indicates that the transmission can be either decreased by
coupling light to the microring resonator or enhanced. A similar feature was as well observed in
Fig. 2. While surprising at first glance, this behavior is a direct consequence of the coupling
of a ring resonator and of the mode interference associated with the multimode waveguide.
This feature is analog to the one discussed by S. Fan in 2002 when considering side-coupled
waveguide-cavity systems [33]. The most standard system in integrated photonics is formed by a
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Fig. 4. (a) Transmission of a photonic circuit made from the 640/550nm AIN/GaN bilayer
grown on sapphire and encapsulated in SiO, (sample A). Resonances with quality factors
up o 380 000 (see zoom in the inset) can be obtained. The gap distance between the
waveguide and the ring resonator is 400 nm. The transmission is modulated by interferences
generated by the multi-mode waveguide. The combination of the interferometer and the
microring resonator controls the line shape of the microring resonances, either symmetric or
asymmetric. (b) Zoom on the resonances R1 and R2 highlighting quality factors up to 380
000. (c¢), (d), (e) Zoom on different line shapes that result from the interferences.

waveguide coupled to a cavity either a microring cavity or a photonic crystal cavity. This has been
thoroughly discussed and experimentally investigated since the seminal investigation in 2000
of the universal relations for coupling and the potentialities of ring resonators coupled to bus
waveguides [34,35]. However, the transmission/reflection spectrum can be significantly altered
when partially reflecting elements are present in the waveguides, as illustrated in Fig. 1(b) of Ref.
[33]. Because of these reflections, the phase of optical waves transmitted through the waveguide
are drastically modified and it leads to complex interference phenomena. These interference
phenomena can be described through the formalism reported in Ref. [33]. The main feature is
that it leads to asymmetric line shapes that depend on their spectral position as compared to the
background provided by the Fabry-Perot oscillations. The resonances can be either symmetric
with Lorentzian-like line shapes or asymmetric. The shapes of the resonances are very similar to
the Fano resonances that result from interferences between a discrete level and a continuum of
modes [36]. Similar results were also reported in Ref. [37,38].

One can observe that in Fig. 4, the phase information can be directly obtained. The maximum
transmission at 1622 nm and 1637 nm correspond to constructive interferences with zero phase
shift. In this case, the ring resonator resonance is seen as a dip in the transmission spectrum as
reported in Ref. [33]. When destructive interferences occur (1615, 1630 nm), the phase shift is &
and the spectral shift of the resonance points to an enhanced transmission. Asymmetrical line

shapes are observed in between. Figure 4(b), (c) (d) shows examples of the different line shapes
that result from these complex interferences.

4. Discussion

In principle, the transmission at resonance could be switched from 0 to 100%, i.e full reflection or
full transmission. Here, the amplitudes are not so strong since the system is not fully optimized.
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The capacity to switch in a narrow spectral range between full transmission or full reflection
could be used for modulation in a narrow spectral range. A similar behavior could be observed if
partially refractive elements were introduced in the photonic circuit, either through cracks or
intentional reflectors. There are thus several ways to control complex transmission spectra that
can be engineered with the III-nitride photonic platform.

One striking feature is that the resonant asymmetrical line shapes in the transmission spectra
observed here directly with a multimode waveguide-cavity structure have been as well reported in
more complex photonic circuits made of Mach-Zehnder interferometers. Examples of resonances
pointing up or down in transmission along with asymmetrical line shapes were first reported
in the case of fiber-based resonators [39]. In the latter reference, it was noted that depending
on the strength of the coupling between waveguide and resonator (undercoupling, critical
coupling, overcoupling), the spectral dependence of the phase of the transmitted light can vary
significantly. The phase variation upon coupling between waveguide and ring resonator has
been investigated in many different systems including silicon photonic circuits [40]. A study
similar to the one with fiber-based resonators was performed recently with silicon nitride optical
quantum photonic circuits in order to extract resonant phase shifts [41]. In the latter case, the
structures consist of unbalanced Mach-Zehnder interferometers with integrated ring resonators.
The wavelength-dependent transmission of the Mach-Zehnder interferometer is sinusoidally
modulated by the phase difference when propagating through the two arms of the Mach-Zehnder
interforemeters. A top of a fringe corresponds to a constructive interference with a zero phase
shift while the bottom of a fringe corresponds to destructive interference through a 7 phase shift.
On a constructive interference, the microring resonance phase change reduces the constructive
interference and the resonance appears as a dip. On the destructive interference with phase close
to &, the resonance appears as a peak, i.e. an increased transmission. This is similar to what
is shown in Fig. 3. The microring resonances lineshapes depend on their respective spectral
position vs. Mach-Zehnder oscillations. Note that the phase can be either deduced from the
phase of the Mach-Zehnder arms, the maximum transmission corresponding to a zero modulo 2
m phase change or from the asymmetrical line shape. Figure 2(d) of Ref. [41] shows that both
methods lead to the same phase information. There is thus a strong similarity between a standard
Mach-Zehnder interferometer and a multimode waveguide where phase engineering can lead
to complex transmission spectra. This use of multimode waveguide to obtain a Mach-Zehnder
type device was in particular developed for in-fiber Mach-Zehnder interferometers for sensing
applications [28,31]. The same concept applies here for the case of the photonic circuitry with
II-nitride waveguides.

5. Conclusion

We have demonstrated that high quality factors reaching 410 000 for loaded quality factors, can
be achieved in microring resonators composed of AIN/GaN bilayers. These bilayer structures
offer specific advantages for nonlinear conversion as compared to pure AIN or nearly pure GaN
layers grown on sapphire. The quality factors do not significantly depend on the thickness of the
GaN layer. We have highlighted the role of multimode waveguiding in these structures. Complex
transmission spectra and asymmetrical resonant line shapes are observed when interferences
between different modes occur. This represents to our knowledge the first evidence of this
feature in III-nitride photonic circuits. We have discussed that the asymmetrical line shapes are
similar to the one described within the framework of a cavity coupled to a partially reflective
waveguide. We have also discussed the similarity of the modulation with in-line Mach-Zehnder
interferometers. The transmission spectra exhibit very similar features. This emphasizes the
interest in phase engineering in III-nitride photonic circuits.
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