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Abstract: II-Nitride semiconductors are promising materials for on-chip integrated photonics.
They provide a wide transparency window from the ultra-violet to the infrared that can be
exploited for second-order nonlinear conversions. Here we demonstrate a photonics platform
based on epitaxial GaN-on-insulator on silicon. The transfer of the epi-material on SiO, is
achieved through wafer bonding. We show that quality factors up to 230 000 can be achieved
with this platform at telecommunication wavelengths. Resonant second harmonic generation is
demonstrated with a continuous wave conversion efficiency of 0.24%/W.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Integrated nonlinear optics offers wide variety of opportunities for creating useful quantum
and classical on-chip light sources such as optical parametric oscillators [1], frequency combs
[2], and heralded single photon sources [3]. Integration of light sources on chip provides an
important light confinement in the waveguides and often additional cavity field enhancement in
the resonator geometries such as rings or photonic crystals. Both light confinement and cavity
field enhancement lead to high power densities, which are extremely beneficial for efficient
nonlinear processes. To date, numerous platforms for integrated nonlinear optics have been
studied including LiNbO3, GaAs, GaP, GaN, AIN and of course Si [4—11], which remains
a champion that clearly benefits from a mature Complementary-Metal-Oxide Semiconductor
(CMOS) technology. All these platforms have their advantages and disadvantages and offer
variable nonlinear efficiencies and integration densities depending on the values of the nonlinear
coeflicients and on the refractive index contrast. An additional limiting factor is related to
losses which are both determined by the quality of the grown material and by the maturity of
the fabrication process such as roughness and the absorption of the surface passivation layer.
Although in the longer term, the growth and fabrication quality for all these materials will
eventually level up, there still remains one important limiting factor that clearly separates them
regarding high power densities, namely two photon absorption (TPA). TPA is determined by the
band gap of the materials and by the working wavelength, which is often in the telecom range
due to the historically developed infrastructure of sources, detectors, etc. In this regard, small
band gap semiconductors such as Si and GaAs are fundamentally limited and there seems to be
no way around this problem other than to change the working wavelength and all the surrounding
infrastructure.

In this light, wide band gap III-N semiconductors can play an important role in integrated
nonlinear optics since they can offer relatively high x®) second-order nonlinearities while not
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suffering from strong two-photon absorption at telecom wavelengths. Historically, these materials
have been suffering from high losses due to poor growth quality and process technology in
comparison to Si. Recently, however, an important progress has been made in the epitaxially-
grown AIN-on-sapphire platform leading both to a record second harmonic generation (SHG)
efficiency [12] and to the first demonstration of an integrated optical parametric oscillator (OPO)
with AIN ring resonators [13]. Meanwhile GaN, a major III-Nitride material, can offer a higher
% nonlinear coefficient as compared to AIN but up to now remained in the shadow of AIN
due to high losses reported so far. At telecommunication wavelengths, the absolute value of the
second-order nonlinear coefficient for AIN is around 6 pm/V [14] whereas it is around 16 pm/V
for GaN [15]. As the nonlinear processes scale with the square of this parameter, the advantage
of using GaN as the core material of the III-nitride photonics platform is thus substantial.

In this work, we address the issue of optical losses with GaN and show that epitaxial GaN
thin films can be reliably transferred onto oxide on a silicon substrate and at the same time
demonstrate 10 times improvement in terms of losses compared to the previously demonstrated
GaN-on-insulator platform [11]. We also demonstrate resonant second harmonic conversion
efficiency of 0.24%/W that represents as well an improvement as compared to the value of
1.5 x 1072%/W reported in Ref. [11] with a similar platform. The transfer of the III-nitride onto
oxide allows one to avoid the use of air-suspended structures for optical confinement [15-18].
The IlI-nitrides used in this work are grown on a silicon substrate, enabling an upper scaling of
the platform to 8 or even 12 inches substrates. The results presented here open up the prospect of
future high-efficiency, low-loss nonlinear photonic devices made of GaN that can be integrated
into silicon and are compatible with the silicon-based process environment.

2. Fabrication

The initial structure was grown by ammonia-assisted molecular beam epitaxy (MBE) on 2-inch
double-side polished Si(111) wafer. First, a 150 nm thick AIN buffer layer was grown at 1040°C
prior to the growth of the main active 520 nm thick GaN layer at 780°C. The AIN buffer layer is
needed in order to initiate the proper growth of GaN on Si(111) and to compensate for the residual
tensile stress, that occurs when cooling from growth temperature to room temperature. Despite
the small thickness and simplicity of the vertical stacking, the X-Ray diffraction measurement for
similar structures gives the following parameters for the GaN (002) - 1200*” (0.33° full width at
half maximum) and GaN (302) - 2400’ (0.66° full width at half maximum) indicating a good
material quality.

Atomic force microscopy (AFM) measurement of the surface roughness (o) of the as-grown
sample gives a root-mean-square (rms) value of 2.6 nm and a typical lateral scale (A) of about
300 nm for 10 um by 10 pum scans (Fig. 1(a)). A simple Payne-Lacey model [19] shows that this
roughness makes a negligible impact at 1.5 um but can lead to significant propagation losses
in the visible range as it was already experimentally confirmed in Ref. [20]. Therefore, an
additional 60 nm thick GaN layer was overgrown on top of the initial structure using metal
organic vapor phase epitaxy (MOVPE). This allowed to drastically reduce the amplitude of the
surface roughness down to 1.0 nm (rms value of 1.3 nm for 10 um x 10 um scans) and increase
the typical lateral scale of roughness as shown in Fig. 1(b) preventing the coupling between the
guided and the radiation modes.

Epitaxial GaN layers exhibit both very high quality of the bulk material and smooth surface,
but since they are grown on Si, they do not directly present a guiding layer because Si has a larger
refractive index than GaN. Previously, we and other groups have studied membrane-type structures
in forms of microdisks and photonic crystals by under-etching the Si with the Xenon difluoride
(XeF,) gas [15—18]. This is an interesting solution but it has its limitations since it restricts
the possibilities of GaN integration on a Si platform. Additionally, the nanotethers, required to
suspend the structures, introduce propagation losses. Thermal dissipation of suspended structures
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Fig. 1. (a) 10x 10 um? AFM image showing the GaN surface roughness (2.6 nm rms)
after MBE growth. (b) 10x 10 um? AFM image of GaN surface after MOVPE regrowth
of an additional 60 nm GaN layer, the roughness is significantly reduced with a typical
rms = 1.3nm. (c) 10 x 10 um? AFM image of N-polar AIN surface after Si substrate removal,
the surface is very smooth with a typical rms = 0.46 nm. (d) Autocorrelation function of
roughness amplitude (o) for the three cases.

is not as efficient as the one of bulk or encapsulated structures. Undesirable bending of the
suspended tapers can also introduce additional losses.

The goal of this article is to demonstrate that the high quality GaN epitaxial layers can be
transferred on an oxide (SiO;) while preserving low losses of the photonic structures. The
process flow is presented in Fig. 2. In order to do the transfer, first we have deposited a 2.2 ym
thick SiO; layer on top of GaN using plasma-enhanced chemical vapor deposition (PECVD).
Next, we evaporate Ti/Au layers on top of the SiO,. The same metals were also deposited on the
support Si handle wafer since these layers are needed for the wafer bonding which was performed
in a commercial bonder. The sample with the active GaN layer and the Si support wafer were
bonded through the metal interface by applying the required pressure at a temperature of about
320°C. The 2.2 um thick SiO, layer was needed in order to form a waveguide and to isolate
the active GaN layer from the metal and the Si(100) substrate that serves here as a carrier. It
should be noted that an alternative solution for bonding is as well available in the future using
benzocyclobutene (BCB) instead of gold. Depending on the application geometry, thinner layers
of the buffer oxide may be used and coupling between III-N and Si photonic structures can be
realized.

After bonding, we removed the initial Si substrate, which is in direct contact with the
active layers. For this purpose, we have used an inductively-coupled plasma (ICP) etching
reactor adapted for deep Si etching using fluorine gases. The initially-polished Si substrate was



Research Article Vol. 30, No. 12/6 Jun 2022/ Optics Express 20740

Optics EXPRESS

Si substrate 2

Si substrate 1

Si substrate 1

Au

] Au
Si substrate 2 Si substrate 2 Si substrate 2

Au
Si substrate 2 Si substrate 2 Si substrate 2

Fig. 2. (a) Initial growth of the Ill-nitride layer by MBE with the subsequent MOVPE
smoothing. (b) Deposition of SiO; optical cladding and Ti/Au layer for the wafer bonding.
(c) Wafer bonding followed by Si substrate removal by ICP deep etching. (d) III-N layer
successfully reported on the SiO,/Si substrate. (e) HSQ spin coating and e-beam writing.
(f) HSQ mask used for chlorine-based etching of the AIN/GaN layers. (g) IlI-nitride
etched photonic structure on the SiO; optical cladding layer. (h) Final structure after SiO,
encapsulation.



Research Article Vol. 30, No. 12/6 Jun 2022/ Optics Express 20741 |

Optics EXPRESS i N

successfully removed with a highly selective etching process between AIN and Si (1/1000). The
final AIN surface after removal of the Si substrate exhibits some macroscopic defects related
to micromasking. It should be emphasized that the density of these defects is relatively small
(0.1/um?) and the AIN surface is otherwise extremely smooth with a rms of 0.46 nm for 10 um
by 10 um surface as shown in Fig. 1(c), demonstrating the successful transfer of the epitaxial
GaN layer. This smoothness is as well highlighted on the autocorrelation function of the surface
roughness, as seen in Fig. 1(d).

GaN-on-oxide naturally forms a planar guiding layer while oxide serves as an optical cladding
that isolates our active layer from the metal interface and the Si support substrate. In order to
evaluate the photonic quality of this structure, we have fabricated ring resonators coupled to
bus waveguides as shown in the optical microscopy image in Fig. 3(a). The diameter of the
microrings is 90 um. The width of the ring is 1.1 um. The access waveguides have a width of 1.3
pm. This width is reduced to 0.9 um close to the microring resonator. The geometry was defined
using an electron-beam lithography equipment operating at 80 kV. Lithography was performed
with a 400 nm thick Hydrogen SilsesQuioxane (HSQ) negative electronic resist. After electron
beam (e-beam) insolation and the development processes, the HSQ resist was thermally annealed
and stabilized in an O, plasma so that it could be used as a mask for the semiconductor etching.
The AIN/GaN layers were etched using chlorinated gases in an ICP dry etching plasma reactor.
We observe the overall verticality to be about 76 degrees while it is even better (85 degrees) in the
coupling gaps between the rings and the waveguides, as shown in the SEM images of Fig. 3(b-c).
Once the semiconductors were etched, the residual HSQ resist was removed in a fluorine-based
plasma in a capacitively-coupled plasma (CCP) reactor. Finally, we symmetrized the structure by
depositing 2.5 um of SiO, by PECVD. Figure 3(d) shows scanning electron microscopy (SEM)
images of the final structure and its cross-section as it was cleaved after the optical measurements.

One could obviously add an additional etching step in order to remove, if needed, the AIN
top layer in order to keep an active layer for nonlinear photonics with the largest nonlinear
susceptibility. We first note that the thickness of the AIN layer can be smaller than 150 nm, as
reported in this work, and even below 100 nm while still keeping a good material quality for
samples grown by molecular beam epitaxy. The AIN buffer layer might thus represent a small
fraction of the total thickness. The additional etching step that requires a good control of etching
rate could be performed by the same ICP dry etching equipment or by atomic layer etching. One
needs to ensure that plasma dry etching of AIN does not induce plasma damages i.e. increase the
layer roughness that can be detrimental for optical scattering. It explains why we did not attempt
this procedure here. The best results might be expected with atomic layer etching.
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Fig. 3. (a) Microscope image of a general view of the fabricated structures. The inset shows
a SEM image of the gratings. (b) SEM image showing a view of a gap between the bus
waveguide and a ring resonator. (c) SEM images of smooth GaN walls after ICP etching. (d)
SEM images showing a general view of a fabricated structure with a zoom of a cleaved facet.
All images are represented in false colors.

3. Optical characterizations

In order to characterize the fabricated ring resonators, we have performed standard transmission
experiments. We used a TUNICS laser source with a fiber output, tunable in the 1600—1680 nm
telecom range.

The ring resonators are coupled to a bus waveguide with gratings on both ends of the waveguides
for laser in and out-coupling. The grating period is 1.05 um divided into 0.63 um GaN and
0.42 um for SiO,, as shown in the inset of Fig. 3(a) before encapsulation. It should be noted
that the optical measurements were performed for the resonators both with and without SiO,
encapsulation layer. Therefore, we have worked with a reduced coupling efficiency varying
between —10 dB without SiO; layer and —15 dB with the encapsulation layer. The goal of this
experiment was only to analyze the quality factors of the ring resonators and not to optimize the
coupling efficiency. Moreover, this experiment does not require high power and high coupling
efficiencies. Alternatively, end-fire coupling would provide a more efficient coupling solution but
it would be difficult to perform the measurements both before and after SiO, deposition in this
case.

After optimizing both in- and out-coupling between fibers and gratings, the wavelength scan
was performed over a 30 nm spectral range and the output power was measured with a photodiode
detector synchronized with the laser scanning. Figure 4(a) depicts an example of such a scan.
Here we can see small background variation of the output power and a significant drop in
transmission efficiency at specific wavelengths. The background variation comes from the
varying coupling efficiency of the gratings and complex Fabry-Perot resonances between the 8§00
pm long waveguide with two coupling gratings on both ends. The deep drop in the transmission
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is due to the resonant frequencies of the rings. The 5 nm free spectral range perfectly corresponds
to the TEOO modes in the 90 um diameter ring. Figure 4(b) shows a zoom-in on a particular
transmission resonance dip. We can deduce the loaded quality factor by performing a Lorentzian
fit of the resonance, as it is shown in Fig. 4(b). This estimation gives access to the loaded quality
factor 1/Qioaded = 1/Qintrinsic +1/Qcoupling, Which consists of the intrinsic quality factor of the ring
determined by the intrinsic losses in the ring and the coupling quality factor determined by the
losses arising from the coupling between the ring and the waveguide.
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Fig. 4. (a) An example of the transmission spectrum of a 90 um diameter ring resonator. (b)
A zoom of one given resonance with its Lorentzian fit. (c) Loaded quality factor as a function
of the coupling gap with deduced quality factors both before and after SiO, encapsulation of
the ring resonators. (d) Transmission curve for the 1670 nm resonance for different coupling
gap distances.

Light is injected into the resonator by the evanescent coupling in a small gap between the
waveguide and the ring (see Fig. 3(b)). The injection efficiency depends both on the coupling,
mainly determined by the size of the gap, and the intrinsic quality factor of the ring resonator.
The injection can increase to 100% for the so-called critical coupling when the quality factor of
the coupling equals the intrinsic quality factory of the ring 1/Qcoupling = 1/Qintrinsic- By studying
the transmission spectra for the different structures with the coupling gaps varying from 250 up to
550 nm, we can observe the evolution of the transmission and the loaded quality factors for these
structures as shown on Fig. 4(d). Using basic models described in Ref. [21], we can deduce the
intrinsic quality factors for our resonators according to: Qjnsrinsic = 2Q1oaded /(1 + \/T_o), To being
the normalized transmitted power at the resonance wavelength, the minus sign corresponding to
the over-coupled regime and the plus sign corresponding to the under-coupled regime.

The measurements described above were performed on the same sample both before and
after SiO, encapsulations. In Fig. 4(c), we can see that prior to the SiO, deposition we quickly
reach the under-coupled regime by increasing the coupling gap above 300 nm. In this case the
loaded quality factor tends towards intrinsic quality factor of the ring estimated to be around
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Qine = 130 000. This is already a very good result in comparison to the previously reported
GaN-on-insulator structures [7]. We were able to reach even better performance after the
resonators were encapsulated with 2.5 um thick SiO, layer. For this type of structure and
following the evolution of the injection efficiency as a function of the coupling gap, we can
clearly observe the transition from the over-coupled to under-coupled regime going through the
near-critical coupling at Qjoaged = 115 000, which allows us to estimate the intrinsic quality factor
as Qjne =230 000 — record result for this type of GaN structures transferred to an oxide substrate.
The thickness of the bonding oxide layer (2.2 um) ensures that the observed losses are not due to
the metallic bonding layer, as confirmed by a 1-D modeling of the slab waveguide that does not
indicate significant overlap and losses between the optical mode and the metallic bonding layer.

A significant improvement of the intrinsic quality factor of the ring after the SiO; encapsulation
suggests that the waveguide sidewall roughness still remains the main source of propagation losses.
Indeed, the reduction of the index contrast at the waveguide/cladding interfaces allows to reduce
the impact of this roughness on the coupling between the guided and the radiation modes of the
ring and improves its quality factor. We emphasize that the results were obtained with a relatively
thin II-nitride layer (730 nm for the III-nitride stack in this study) while layers with a thickness
larger than 1 pm are usually used in the literature. The thickness is here limited by the appearance
of cracks when using only AIN and GaN bilayers. Larger thicknesses could be achieved by
growing more complex heterostructures. Previous studies for a similar AIN-on-insulator platform
show that even further improvement could be expected after high-temperature annealing of the
structure that would allow reducing the residual absorption in the PECVD-quality SiO; layer
[2]. Although we could not take advantage of this approach since high-temperature annealing is
limited by the mechanical stability of the bonded layers, the present work remains a very good
result in terms of propagation losses and is the best reported to the best of our knowledge. An
alternative option to replace the PECVD SiO; in order to minimize the optical losses could be to
use oxides grown by low-pressure chemical vapor deposition or a silicon handle substrate with a
thick thermal oxide.

Direct growth of GaN on sapphire can offer as well high intrinsic quality factors [22-24].
The crystalline quality of GaN might be in some cases better on sapphire than on silicon since
the strain issues associated with the mismatch of thermal dissipation coefficients are relaxed.
The difference in material quality on silicon or on sapphire is nonetheless dependent on the
material thickness. For materials with an equivalent 750 nm thickness as reported in this work,
one cannot take advantage of a 3D to 2D growth mode and the difference between sapphire or
silicon substrates is not so stringent. Developing a platform with III-nitrides on a silicon substrate
exhibits nonetheless specific advantages as compared to photonic circuits on sapphire. A key
feature for photonic circuits is the co-integration or hetero-integration of multiple functionalities.
Many options are available with silicon substrates as silicon photonics is a mainstream technology,
one basic advantage being its compatibility with the CMOS environment and the processing tools.
On the contrary, sapphire is rather a stand-alone platform without the opportunity to bring easily
control electronics on chip. The electronics integration is one additional asset to benefit from
the specific features of Ill-nitrides like Pockels or piezoelectric effects through high-frequency
modulations. Starting from IIl-nitrides grown on silicon offers as well the advantage of epitaxial
growth on large substrates, up to 300 mm. The transfer of III-nitrides grown on silicon is moreover
easier as compared to III-nitride on sapphire that requires laser lift-off of sapphire substrate and
leads to a less-controlled interface in terms of roughness [25]. This is a direct consequence of the
laser beam inhomogeneity and its serial scanning that lead to physical damages and residues. The
index contrast for III-nitrides on oxide (n ~1.45 at 1550 nm) is larger as compared to III-nitrides
on sapphire (n ~1,74 at 1550 nm) thus allowing a better modal confinement and smaller bending
radius for waveguides and microrings while minimizing radiation losses. It is thus an opportunity
to engineer more compact photonic circuits. The bonding process allows as well one to manage
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the interface between substrate and the first epi-layer, the AIN layer in this case. Defects are
specifically located at this interface and can lead to short non-radiative lifetimes, detrimental to
the recombination dynamics in lasers [26].

4. Second harmonic demonstration

In order to highlight the interest of the GaN-on-insulator on silicon platform for nonlinear
photonics, we have investigated second harmonic generation with the microring cavities. The
experiments were performed at room temperature under continuous wave excitation. The injection
of the pump laser was achieved through a cleaved facet. The second harmonic signal was collected
through the opposite cleaved facet following its propagation through the bus waveguide. As
compared to the structures shown in Fig. 3(a), we did not use the gratings for light coupling but
facets as shown in Fig. 3(d). The harmonic signal was collected through the same bus waveguide
as for pump injection. This is not an ideal case since the coupling distance around 800 nm is very
different from the coupling at 1600 nm. We did simultaneously record the harmonic signal with
a camera as seen perpendicularly to the propagation plane. Specific filters were used to reject the
pump and ensure that the collected signal is indeed at twice the frequency of the pump signal.
For some structures, the width of the ring was varied by steps of 1 nm, thus allowing one to look
for phase matching. The microrings were indeed designed (ring width) in order to be as close
as possible from phase matching. We did investigate both TE and TM polarizations for pump
injection.

The second harmonic experiments were performed by investigating the pump wavelength
variations and the width of the rings. Figure 5 shows the results as obtained with the camera
following this multi-parameter investigation. Figure 5(a) shows images recorded from the top
surface for a specific microring as the pump laser is tuned to match resonances in the transmission
dip as shown in Fig. 4(a). The labeling of the resonances corresponds to the one shown in
Fig. 5(c). A series of resonances is thus investigated. For all structures, we can observe a spot at
the output of the waveguide corresponding to scattered harmonic light. The brightness of the
spot varies significantly as a function of the pump resonance. The brightness is maximal for
the resonance at 1676.018 nm. In the latter case, the scattered second harmonic signal can be
clearly observed as well on the microring. Figure 5(b) shows an image of the harmonic signal
for an optical pump tuned on resonance 3 for microrings with different widths. The microring
width varies by steps of 1 nm around 775 nm. There is clearly a very strong dependence of the
harmonic signal as a function of the microring width, with a signal that vanishes when the width
deviates by more than 2 nm.

The same results can be quantitatively analyzed as shown in Fig. 5(d) and (e). Figure 5(d)
shows the SHG conversion efficiency in %/W as a function of the ring width. It corresponds
to the data shown in Fig. 5(b). A more global view of the harmonic conversion efficiency for
the different resonances is shown in Fig. 5(e) and for the different ring widths. The conversion
efficiency was obtained from the ratio of the harmonic power outcoupled from the microring to
the waveguide and the square of the pump signal injected into the microring. We did account
for typically a 10 dB coupling loss at the facet and propagation through the waveguide for the
pump. A typical 10 dB coupling loss was as well considered for the propagation of the harmonic
through the output waveguide and the out-coupling from the facet. In each case we did account
for the specific coupling losses as measured for each structure. The striking feature is that the
conversion efficiency is highly resonant and becomes significant up to 0.24%/W for only one
resonance and one microring width. As illustrated as well in Fig. 5(d), the conversion efficiency
drops significantly when the microring width is varied by only 1 nm. This resonant behavior
is a direct indication that we are close to the doubly resonant phase matching conditions This
resonant character is further evidenced quantitatively in Fig. 5(e) where we see that the resonance
enhancement only occurs for one specific resonance. The double resonance condition both for
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Fig. 5. (a) Spectrally-filtered optical image to highlight the second harmonic signal. The
pump wavelength is tuned to the successive microring resonances corresponding to the
transmission spectrum shown in (c). The waveguide width (W3) corresponds to a ring
width of 775 nm. The second harmonic signal is maximum for resonance 3, as observed by
scattered light at the waveguide output and on the microring. (b) Same type of measurement
but with the pump wavelength tuned on resonance 3. The waveguide width varies by steps
of 1 nm, as defined on the e-beam mask. The image taken for the waveguide width of
775 nm corresponds to the middle image in (a). (c) Transmission spectrum of the microring
indicating the labeling of different resonances. (d) Second harmonic conversion efficiency
as a function of waveguide width for a pump tuned to resonance 3. (e) Second harmonic
conversion efficiency for different waveguide widths and different resonances. Only the
combination of W3 and resonance 3 shows a marked enhancement of conversion efficiency.
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pump and harmonic can only be reached for a narrow window of parameters because of the
high-quality factors.

The conversion efficiency of 0.24%/W is significantly higher than the one reported previously
in Ref. 11 for a similar platform (~ 1.5 x 1072%/W). It remains nonetheless significantly below
the record values reported for AIN microring waveguides (17000%/W) [14]. Many factors
contribute to the difference. We collect the harmonic signal through the same waveguide used to
inject the pump. The ideal configuration would be to use a different waveguide engineered to be
more efficient at shorter wavelength (waveguide width, coupling distance with the microring).
The experiments reported above were performed with a TE-polarized pump (see modeling below),
thus preventing to use the highest nonlinear susceptibility (ds3) for the III-nitrides, i.e. conversion
between a TM-pump and a TM-polarized harmonic. The quality factors for the pump are lower
in this work as compared to the quality factors in the Million range reported in Ref. [27]. A finer
tuning of the resonant enhancement that allows the phase matching conditions to strictly coincide
spectrally for pump and harmonic resonances should as well boost the conversion efficiency.

We emphasize that we could only get close to phase matching in these experiments for a
pump in TE polarization. Phase matching should as well be observed for TM-polarized pump
but at longer wavelengths as indicated by modeling. This is illustrated in Fig. 6 that shows
the phase matching prediction for TE and TM-polarized pump modes in the case of a linear
waveguide. The pump mode is TEOO or TMOO while the only available harmonic mode for phase
matching is TMO02 (see modal profile in Fig. 6(a)). The labeling refers to the number of nodes
in the profile along the vertical and horizontal directions. The TM11 and TM10 modes do not
allow for phase matching with the TEOO or TM0O pump modes. Figure 6(b) shows that the
effective index for the modes can be identical around 1610 nm for the TEOO mode and the TM02
mode at half of the wavelength. This crossing of effective index lines explains that an enhanced
conversion efficiency corresponding to phase matching can indeed be expected, as reported in
Fig. 5. There is a shift between the modeling and the experimental observation of phase matching
by about 60 nm that we attribute to a deviation of the refractive index and structural parameters
accounted in the modeling as compared to their real values. Phase matching for TM0O pump
mode is predicted to occur at longer wavelength (~ 40 nm) as compared to TE polarization. It is
beyond the spectral range of the laser that we use in the experiments and it could not be observed.
As mentioned when discussing the conversion efficiency, the harmonic conversion from TE
polarizations to TM polarizations does not benefit from the highest second-order coefficient of
nonlinear susceptibility.

() 210
TEO0O0 TMO00 TMO02
A=1650nm A=1650nm A=825nm 205 F

) T nTM10(M2)

el bl °
2195 nTEOO(A)
é nTMOO(A)
TM10 TM11 1.90 f TMO2(N2
A—8250m A—8250m w NTMA1(V2) nTMO2(M2)

i—? _— 185 f
! L - 1550 1600 1650 1700 1750
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Fig. 6. (a) Mode profiles for the pump mode (TE and TM polarizations) and harmonic (TM
polarization). (b) Dependence of the effective index as a function of the wavelength for the
different pump and harmonic modes. The intersection of the lines between TEOO (TMO00)
and TMO2 indicates that phase matching can be obtained.
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5. Conclusion

In this work, we have demonstrated a low-loss GaN-on-insulator platform with waveguides coupled
to ring resonators exhibiting a record intrinsic quality factor of 230 000 at telecommunication
wavelengths. The III-nitrides which form the core and active layers are transferred to a standard
Si(100) substrate through an intermediate oxide layer that provides the optical confinement.
We have demonstrated a second-harmonic conversion efficiency of 0.24%/W for continuous
wave excitation. This platform opens thus new exciting possibilities for integrated nonlinear
optics. It offers several advantages over similar alternative solutions: high nonlinear y®
coeflicient, wide direct band gap and possible integration with silicon photonics. Being a
non-centrosymmetric material, GaN offers a %‘?) nonlinearity which is the highest in the group of
III-Nitride semiconductors, significantly larger than for AIN. Wide band gap materials could
solve the TPA bottleneck for nonlinear photonics in the telecom range. It should be underlined
that we demonstrated reliable transfer of the epitaxially-grown layers on oxide/silicon substrate.
Epitaxially-grown layers have much better crystalline properties in comparison to the layers
obtained by sputtering deposition. Consequently, it can both improve the nonlinear conversion
and opens future opportunities for using the material active properties such as light emission. In
addition, this transfer gives much better mechanical stability in comparison to suspended GaN
structures and opens a possibility of future co-integration of GaN with Si photonics.
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