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Abstract: We have developed a nanophotonic platform with microdisks
using epitaxial III-nitride materials on silicon. The two-dimensional plat-
form consists of suspended waveguides and mushroom-type microdisks
as resonators side-coupled with a bus waveguide. Loaded quality factors
up to 80000 have been obtained in the near-infrared spectral range for
microdisk diameters between 8 and 15 ym. We analyze the dependence of
the quality factors as a function of coupling efficiency. We have performed
continuous-wave second harmonic generation experiments in resonance
with the whispering gallery modes supported by the microdisks.
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1. Introduction

[II-nitride materials on silicon present a very high interest for photonics from the near-infrared
to the ultra-violet spectral range. As wide bandgap semiconducors, the III-nitride semiconduc-
tors like AIN or GaN have a very large transparency window. They exhibit a second-order non
linear susceptibility that can be exploited for electro-optics Pockel’s effects, harmonic gener-
ation experiments and comb generation when using a combination of second and third order
non linear susceptibilities [1]. The mechanical properties of AIN offer the possibility to fabri-
cate high-frequency opto-mechanical resonators [2]. In the visible or UV spectral range, active
layers can be embedded in nanophotonic structures thus leading to light emitting diodes or
lasers [3—6]. The direct growth of the III-nitride materials on silicon allows one to benefit from
a low-cost large-scale platform. The selective etching properties between nitride materials and
silicon make the fabrication of suspended structures straightforward.

To take advantage of the specificities of the III-nitride semiconductors for photonics, one
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has to develop two-dimensional photonic circuits for light routing and for efficient in- and out-
coupling of light with these circuits. Advanced results were obtained for photonic circuits with
sputtered AIN on oxide with the achievement of quality factors up to 600000 around 1.55 um
with microring resonators of 80 um diameter [7]. Using an hybrid GaN-on-silicon bonding
technology, loaded quality factors up to 40000 were obtained in the near-infrared with 40 um
diameter microrings [8]. With epitaxial GaN on silicon, high quality factors are more difficult to
achieve because of stronger residual absorption and scattering associated with interface defects.
Quality factors of 10000 were obtained with large microrings fabricated with bonding after epi-
taxial growth [9], recently improved to intrinsic quality factors of 71000 for 80 ym microrings
with GaN grown on sapphire [10]. For resonators with a much smaller volume, quality factors
up to 34000 were obtained with photonic crystal resonators on a silicon platform [11,12] as well
as up to 22000 in [13]. No results have been reported for small diameter III-nitride-on-silicon
microdisks.

In this article, we demonstrate a two-dimensional nanophotonic platform consisting of sus-
pended waveguides and microdisk resonators. The structures are fabricated from GaN/AIN
layers grown on silicon. We report quality factors up to 80000 in the near-infrared (1500-1620
nm), for microdisks diameters varying between 8 and 15 pum, i.e. much smaller diameters as
compared to previous reports. We analyze the dependence of the quality factors as a function of
the coupling between the side-waveguides and the microresonators. We have performed second
harmonic generation experiments with a continuous wave excitation. This allows us to collect
the frequency-doubled signal at 2@, which maps the spatial profile of the resonant modes at @.
The diffraction limit being twice as small at 2o than at @, this allows a direct observation of
the resonant modes in a far-field experiment with a much better spatial resolution than direct
observation at w. We can in particular identify the modes from their radial antinodes in such an
experiment.

(a)

500 nm

Fig. 1. (a) Optical microscopy image of a series of microdisks and their coupling waveg-
uides. The color contrast results from the underetching. (b) Scanning electron microscopy
image of a 8§ um diameter nitride microdisk and its suspended side-coupling bus waveg-
uides. One can observe the nanotethers that maintain the coupling waveguide. The clearer
zones correspond to underetched regions. The pedestal can be observed with a darker con-
trast at the disk center. (¢c) Zoom image of the microdisk sidewall

I1. Sample fabrication

The studied samples were fabricated following the same process as for the III-nitride on silicon
two-dimensional photonic crystal platform [11]. The II-nitride layers were grown by molec-
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ular beam epitaxy on Si(111) substrates [14]. They consist of a 50 nm thick AIN layer first
grown on Si, followed by a 280 nm thick GaN layer. The total thickness is close to 2% thickness
where 7 is the refractive index of the nitride material. The processing was performed using a
combination of electronic beam lithography with UV-3 photoresist and chlorine-based induc-
tively coupled plasma etching. Dry etching was achieved at a global pressure of 12 mTorr with
25 standard cubic centimeters per minute (sccm) Clp, 10 sccm BCl3 and 5 sccm Ar. The global
length of the structure is 500 um. Straight waveguides are suspended by nanotethers on both
sides of the waveguides. The spacing between the tethers is around 25 pum with a stochastic
variation around this mean position to avoid resonant interference effects along the waveguide.
There are 18 pairs of tethers along the structure. The size of the tethers at the junction with
the waveguides is 100 nm. The nominal width of the waveguide is 600 or 700 nm except close
to the microdisk resonator where it is 450 nm large. Light is coupled in the photonic circuit
through inverted tapers with a length of 12 um. The width of the taper apex is around 100
nm. The global transmission losses from lensed fiber to lensed fiber are 13 dB in TE polariza-
tion. These transmission losses can be decomposed in 3 dB loss for each taper and 7 dB losses
due to the scattering at the nanotethers. The microdisk resonators have a diameter that varies
between 8 and 15 pum. The fabrication of the suspended-waveguides and mushroom-type mi-
crodisks was achieved following a XeF, selective etching between the nitride material and the
silicon substrate [15]. The underetching depth is between 2 and 3 pm. Figure 1(a) shows an
optical microscope image of a fraction of the structure where a succession of microdisks and
bus waveguides can be observed. Figure 1(b) shows a scanning electron microscopy image of 8
Um diameter nitride microdisk with its side-coupling bus waveguide. The distance between the
microdisk and the waveguide was varied from 350 to 1100 nm, thus allowing to finely tune the
coupling regime between both structures. This tuning control by design is a real advantage for
integrated platforms as compared to the coupling approach using an external fiber [16]. Figure
1(c) shows a zoomed view of the microdisk sidewall. The roughness is very limited and diffi-
cult to estimate precisely quantitatively. We observe a ripple with a period in the hundred of nm
range.

II1. Microdisk optical characterization

Figures 2(a) and 2(b) show the transmission spectra of structures with 8 and 15 um diameter
microdisks respectively. The coupling distance between the microdisk and the side-waveguide
is 550 and 350 nm for each structure. One observes marked resonances that correspond to the
coupling to whispering gallery modes in the microdisks. The free spectral range is 44 nm for the
8 um microdisks and decreases to 23 nm for the 15 um microdisk. This free spectral range is in
excellent agreement with the one that can be calculated using a finite-difference time-domain
(FDTD) formalism when considering a refractive index of 2.04 for the AIN layer and 2.29 for
the GaN layer in TE polarization at 1.55 pum. For the 8§ um microdisk, the modes at 1579
and 1583 nm are attributed to the TE(2,20) and TE(1,24) modes respectively where the first
integer n represents the radial order (n radial antinodes along one disk radius) and the second
integer m represents the azimuthal order (2m antinodes along one disk perimeter). All modes
stem from the fundamental TE mode characterized by one antinode along the z direction.
Their experimental spectral positions are in excellent agreement with those calculated (1578
nm and 1583 nm respectively). The best quality factors that have been obtained with these
structures are shown in Fig. 2(c) and 2(d). In the latter case, the air gaps between the microdisk
and the waveguide are 1050 and 850 nm, allowing to obtain better quality factors but smaller
transmission dips as compared to Figs. 2(a) and 2(b). The modes are split and the resonances
correspond to a linear combination of clockwise and counter-clockwise propagating modes.
We attribute this splitting to the scattering due to the sidewall surface roughness of the disk
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Fig. 2. (a) Transmission spectrum of a § um diameter microdisk with a gap distance be-
tween microdisk and waveguide of 550 nm. (b) Transmission spectrum of a 15 pm diameter
microdisk. Gap distance 350 nm. (c) Zoom around the resonances (1 - normalized trans-
mission) at 1583.9 nm for a gap distance of 1050 nm (different from Fig.(a)) for the 8§ um
diameter microdisk. The Lorentzian fits gives a loaded quality factor up to 80000. (d) Zoom
around the resonances at 1592 nm for a gap distance of 850 nm (different from Fig.(b)) for
the 15 um diameter microdisk. The Lorentzian fit gives a loaded quality factor up to 70000.

and eventually from an asymmetry in the disk [17]. The magnitude of the splitting varies from
disk to disk. As the spliting can be significant even when the gap between bus waveguide and
microdisk is large, we do not attribute the splitting to a coupling with the waveguide mode [18].
The loaded quality factors that are measured in these structures are 80000 and 70000 for the
8 and 15 pum microdisks. We have obtained similar results on disks with a 12 ym diameter
and different series of fabrication batches. These quality factors are the largest measured so
far at these wavelengths with epitaxial GaN on Si and are obtained in structures with a small
diameter as compared to the 80 um ring diameter reported in [10] with GaN on sapphire. They
are also much larger than those obtained with photonic crystal structures [11], although the
modal volume is significantly larger.

Figure 3(a) shows the dependence of the loaded quality factor for the 15 pm microdisk as
a function of the gap distance measured for the mode at 1592 nm. The quality factor increases
steadily, as expected, as the distance increases. We have also measured the transmission am-
plitude of the resonance as a function of the gap distance. One observes a regular decrease of
this amplitude for gap distances above 400 nm. Similar results were also obtained on structures
with different diameters. The regular decrease of the transmission variation is explained by the
following features. There are three quality factors that need to be considered for the transmis-
sion: the intrinsic quality factors of the microdisk, Q;,, the coupling factor that results from
the overlap between the waveguide mode and the whispering gallery mode, Q., and the qual-
ity factor, Qgpyy, that results from the splitting between the clockwise and counter-clockwise
propagating modes (Qgpyir = %piak where A4 is the frequency difference between both res-
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onances). When there is no lifting of degeneracy, Q,;;; tends to infinite, and the coupling to
the microdisk is maximum when Q;,; = Q. [19]. In the latter case, the loaded quality factor
corresponds to half the value of Q;,;. When a splitting is present, the transmission amplitude
can be calculated from coupled modes equations accounting for the presence of clockwise and
counter-clockwise modes [20,21] and this gives the formula 1 where Q4 and Q_ are the loaded

quality factors of the split resonances (Q% = Qi;luzt + é)

2
dg;lo—wy) 1, 1
[2(0-wp) 1 1y | 2(0—a) 1 1
('] |: (21 Q.vplit:| + Q+) ('] |: (24 + Qsplil + o- )
The critical coupling is achieved when é = le + Qzl . When Qi is small as compared
c int split

to Qjy, the critical coupling is thus obtained when Q. is of the same order as Q. As the
experimental lower value of Q;; is around 15000 for the microdisks (value measured for the
15 pum diameter microdisk and a gap of 550 nm - 18000 for a gap of 350 nm), one expects a
maximum transmission variation for Q. around 15000-20000 and a regular decrease of trans-
mission variation at larger gap distances, as observed experimentally. From this modeling, we
can deduce the dependence of Q. as a function of the gap distance. Q. increases exponentially
as a function of the distance as shown in the inset of Fig. 3(b). All measurements reported in
Fig. 3(a) are thus obtained in the undercoupled regime. By combining the measurements be-
tween Figs. 3(a) and 3(b), we deduce an intrinsic quality factor that can vary between 40000
and 71000 in this example, the 71000 value being obtained for the larger gap distance.

The maximum quality factors were obtained with modes that show a splitting between the
clockwise and counter-clockwise propagating modes. In Fig. 2(b), the mode at 1586 nm for the
15 um microdisk has a significantly smaller quality factor. In order to experimentally identify
the origin of the modes, we have performed, in addition to FDTD calculations, resonant second
harmonic generation experiments with these microdisks. The experiments are performed at
room temperature with a continuous wave source using the same set-up as reported in [12].
The second harmonic is collected perpendicularly to the microdisk plane with a microscope
objective (NA 0.9) and the radiated pattern is imaged using an electron multiplying camera. We
have not attempted to achieve phase-matched second harmonic generation in these microdisks
and/or high conversion efficiency [22] and the harmonic generation is uniquely enhanced by
the resonance of the pump mode.

Figure 4 summarizes the results obtained by second harmonic generation. Figure 4(a) shows
the transmission of the microdisk measured in TE polarization with a gap distance of 450 nm.
Figure 4(b) shows the optical image of the microdisk under white light illumination measured
with the same set-up that collects the harmonic. Figures 4(c) and 4(d) correspond to the spatial
profiles for an excitation at 1588 nm and 1592 nm respectively. The spatial profiles are strik-
ingly different. For the excitation at 1588 nm corresponding to a low quality factor mode, the
profile is dominated by a ring located inside the microdisk and close to the microdisk periph-
ery. One also observes a more diffuse ring with a smaller diameter inside the microdisk and
weaker additional features inside and outside of the microdisk that result from the propagation
of the harmonic polarization [12]. For the mode excited at 1592 nm, there are clearly two rings
composed of multiple lobes, in particular for the inner ring in Fig. 4(d). Both rings have sim-
ilar amplitudes with the largest ring slightly at the outer periphery of the microdisk while the
inner pattern is inside the microdisk. The same spatial profile is obtained for both split reso-
nances that correspond to the standing wave created from the combination of clockwise and
counter-clockwise propagating modes. The standing wave of the fundamental mode can ex-
cite both clockwise and counter-clockwise modes at the harmonic frequency, the low frequency
mode having more energy in the high dielectric region while the high frequency mode has more
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Fig. 3. (a) Dependence of the quality factor for the resonance at 1592 nm for the 15 um
diameter microdisk as a function of the gap distance between waveguide and microdisk.
(b) Variation of the peak amplitude (1 - normalized transmission) as a function of the gap
distance. The inset shows the value of Q. in log scale as deduced from formula 1. One
obtains an exponential dependence of Q. vs. gap distance, as expected and illustrated by
the full line.
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Fig. 4. (a) Transmission for a 15 um diameter microdisk with a gap distance of 450 nm. (b)
optical microscopy image measured with the same set-up as the one used for the collection
of second harmonic generation. (c) Profile of the second harmonic radiated pattern for
the mode at 1586 nm with a low quality factor. The laser power is 13 dB. (d) Profile of
the second harmonic radiated pattern for the mode at 1592 nm with a high quality factor.
These modes are those that provide the highest quality factors. (e) Near-field H; profile
of the second-order radial mode TE(2,43). (f) Near-field H; profile of the first-order radial
mode TE(1,48). The dashed lines are guide to the eyes to highlight the disk periphery and
the average radial positions of the lobes. (g) and (h) Superimposed images of the near-field
and second harmonic patterns
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energy in air [23]. The occurence of lobes results from a spatial beating between the excited
harmonic modes with different propagation constants [24]. We also show in Figs. 4(e) and 4(f)
the near-field profiles of the second-order TE(2,43) and first-order TE(1,48) radial modes cal-
culated for these microdisks by finite difference time domain calculations at 1588 and 1592 nm
respectively. Superimposed near-field and second harmonic patterns are shown in Figs. 4(g)
and 4(h). The spectral positions of the different modes are in agreement with those calculated
by FDTD. We associate the pattern observed in Fig. 4(d) to the one generated by the first order
radial mode [16] while the pattern shown in Fig. 4(c) is associated with the second-order ra-
dial mode. For both configurations, the average radial positions of the main rings correspond to
those calculated by FDTD for the near-infrared modes that represent the source terms generat-
ing the second-order polarization. Only the second-order radial mode can generate significant
harmonic at 1.6 um from the disk periphery due to its second-order radial lobe. We note that
the ability to observe these features is a consequence of the higher spatial resolution achieved
with the harmonic as compared to the pump mode. This mode identification was confirmed by
performing measurements using disks with different underetching lengths. The second-order
radial mode can only be observed when the underetching is above 2.5 um. The first order ra-
dial modes are those that exhibit the largest quality factors. On the contrary, the second-order
radial modes are limited by their interaction and absorption with the microdisk pedestal. In the
latter case, the maximum quality factors for the higher-order radial modes are measured around
20000-30000 whereas they can be as large as 80000 for the first-order radial mode.

There are different factors that limit the quality factors: i. the scattering linked to the epitax-
ial material and the defects generated when growing nitride on silicon [25]. ii. the asymmetry
of the structures due to AIN/GaN stacking and the coupling between TE and TM modes in-
duced by this asymmetry. iii. the side-wall roughness of the microdisks and possibly the sur-
face roughness due to underetching of N-polarity bottom nitride surface. We will attempt in
future experiments to further increase the quality factors by minimizing the influence of these
different features.

IV. Conclusion

In conclusion, we have reported on a near-infrared III-nitride-on-silicon nanophotonic platform
with microdisks as resonators. We have obtained quality factors up to 80000 in the near-infrared
spectral range for disk diameters varying between 8 and 15 ym. We have shown that the cou-
pling efficiency in the microdisk is controlled by the gap distance between the disk resonator
and the bus waveguide and that the maximum coupling efficiency is obtained for a coupling
quality factor close to the quality factor associated with the splitting between clockwise and
counter-clockwise propagating modes. We have analyzed the whispering gallery modes through
their second harmonic generation radiated patterns. This III-nitride-on-silicon photonic plat-
form is well suited for performing further nonlinear experiments with a near-infrared pump. It
can also be down-scaled to reach by design the visible range or the ultra-violet spectral range.
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