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Aluminum nitride integrated photonics platform
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Abstract: We demonstrate a wide-bandgap semiconductor photonics platform based on nanocrys-
talline aluminum nitride (AIN) on sapphire. This photonics platform guides light at low loss
from the ultraviolet (UV) to the visible spectrum. We measure ring resonators with intrinsic
quality factor (Q) exceeding 170,000 at 638 nm and Q >20,000 down to 369.5 nm, which shows a
promising path for low-loss integrated photonics in UV and visible spectrum. This platform opens
up new possibilities in integrated quantum optics with trapped ions or atom-like color centers in
solids, as well as classical applications including nonlinear optics and on-chip UV-spectroscopy.
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1. Introduction

Aluminum nitride (AIN) is one of the widest bandgap (6.015 eV, ~205 nm) semiconductors with
attractive electronic and photonic properties, including transparency into the ultraviolet (UV)
regime (365 nm wavelength and shorter). This broad spectrum makes it attractive for applications
including UV spectroscopy [1, 2], optical waveguides for modular quantum computing with
atomic memories [3—7], nonlinear photonics throughout the UV to infrared [8], and solar-blind
communications [2]. Many atomic transitions are in the UV or visible (VIS) spectrum, including
Ytterbium ions (X71Yb*), Strontium ions (33Sr*), Barium ions (13¥Ba*), and nitrogen vacancy
(NV) centers in diamond, which have important optical transitions at 369.5 nm, 422 nm, 650 nm,
and 637 nm, respectively. Recent work demonstrates the utility of integrated optics to perform
quantum coherent operations on the optical qubit transition of 88Sr* at 647 nm [9]; the UV
transmission of AIN-on-sapphire would also enable 8 Sr* initialization at 422 nm or driving the
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369.5 nm wavelength of '71'Yb*. Autofluorescence of silicon nitride (SiN) presents a challenge
for pumping the diamond NV center at 532 nm [10]; this autofluorescence is greatly reduced in
AlN-on-sapphire, opening the path to large-scale photonic integrated circuits for atom-like qubits
in diamond.

Electro-optic modulation presents an important capability in many applications, such as
architectures for modular quantum computing. AIN has a relatively large electro-optic coefficient,
and fast electro-optic modulation (~4.5 Gb/s) has been demonstrated with AIN’s high c-axis
electro-optic coefficient (r33 = 1 pm/V) using sputtered AIN [11]. Piezo-electric actuation of
photonic devices has also been shown with optomechanical resonators [12] and can potentially
achieve very high modulation depth [13]. Lastly, AIN has a high second order nonlinear
susceptibility y® (4.7 pm/V) [14,15], as well as a third order nonlinear susceptibility with Kerr
coefficient comparable to that of stoichiometric SiN (the n; for transverse electric waveguide mode
in the (001) plane is estimated to be (2.3 + 1.5) x 10°'> ¢cm?/W) [16]. These nonlinear properties
allow for a number of nonlinear optical processes [17—19], including second harmonic generation
[14,20], sum/difference frequency generation [21], photon pair generation by spontaneous
parametric down conversion [22], and four-wave mixing [16,23]. The combination of the large
bandgap with these nonlinear and electro-optic properties make AIN a promising platform for
quantum devices and for other high-performance optics applications.

Here, we present a UV/VIS photonics platform based on AIN grown by plasma vapor deposition
of nanocolumns on a sapphire substrate. X-ray diffraction shows low defect densities, which
will help minimize propagation loss. We demonstrate essential photonic devices including ring
resonators, distributed Bragg reflectors, and directional couplers. We show ring resonators with
high intrinsic quality factor (Q) in visible (Q ~ 170k, loss ~ 5.3 dB/cm at 638 nm) and record-high
quality factor in UV (Q ~ 20k, loss ~ 75 dB/cm at 369.5 nm). We demonstrate both vertical and
edge coupling and compare them with simulation results. While autofluorescence is a problem in
materials such as SiN, we find it to be low in the AIN on sapphire platform.

2. Material

Figure 1(a) illustrates the commercially available AIN-on-Sapphire wafers from Kyma Tech-
nologies, Inc., consisting of 430 wm sapphire (Al,O3) with a 200 + 10 nm c-plane AIN film on
the top layer, which is used for fabricating photonic integrated circuits (PICs) in this work. The
c-plane AIN is grown on top of the sapphire substrate by pulsed DC magnetron sputtering, using
a process called plasma vapor deposition of nanocolumns (PVDNC). This method produces an
AIN thin film that is crystalline with the [0001] direction parallel to the growth direction. Atomic
force microscopy of the AIN thin film shown in the inset of Fig. 1(a) indicates a flat surface with
0.9 nm RMS roughness. High-resolution X-ray diffraction (HRXRD) measurements in Fig. 1(b)
indicate the high structural quality of the AIN thin film. The w scan of (002) and (015) AIN
peaks shows full-width-half-maximum (FWHM) of 0.12 degree and 0.20 degree respectively,
while previous work of AIN thin films deposited on amorphous silica reported a FWHM of the
XRD rocking curve to be less than 2 degrees with a 1 degree FWHM resolution limit in their
system [24]. The single crystalline wurtzite structure across the wafer is evidenced by the (015) ¢
scan showing six-fold symmetry [Fig. 1(c)]. This flat surface and improved structural quality
likely contribute to the low waveguide loss described below. Figure 1(d) plots the measured
refractive index of the AIN film spanning from UV to VIS to near infrared wavelengths.

Figure 1(e) shows the power dependence of this platform’s background autofluorescence using
a scanning confocal microscope with a A = 532 nm excitation pump laser (Coherent Verdi).
A 0.95 numerical aperture (NA) microscope objective (Olympus UMPIlanFl 100x) is used for
the scanning confocal microscope, and a 532 nm notch filter as well as a 550 nm long-pass
filter are used to filter out the 532 nm excitation pump in the fluorescence collection path. The
photoluminescence (PL) is then fiber-coupled from free-space to a single-mode fiber via a 0.4 NA



G

7 nm

o
>
3

o

®

T
1

o
©
o
o
T
1

o
1)

Intensity [a.u.]
Intensity [a.u.]

o
~

°r—“l‘?

430um Sapphire
100 0 100
617
!
I
(d) i(f)
i
2.4 e ©B0 ,
g ' ® Before| ]
B ] 7y = After ]
gas 1820f . 3
8 Ee=ss=toroctddiTl I 1
Toaf 3 e ‘2 . ]
5 : 1S F E
>0.5F 4 ]
221 E 5 ' . . 1
P BRI B o :“C’OO N B | AT Loy
400 600 800 1000 0 025 05 075 1 :E ‘580 620 660 700 740 780 1 0.3 0.7 1.1
Wavelength [nm] Power [mW] [ Wavelength [nm] __ 4 Power [mW]

Fig. 1. Properties of AIN-on-sapphire material. (a) Cross section illustrating each layer of
the wafer, along with their respective thickness; top inset: atomic force microscopy scan of
AIN film showing the nanocolumn size. Surface roughness is measured to be 0.9 nm RMS
with 26.5 nm grain size (b) High resolution x-ray diffraction (002) and (015) w scan of AIN.
(c) (015) ¢ scan of AIN showing six-fold symmetry wurtzite structure. (d) Refractive index
measurements using ellipsometry. (e) Background fluorescence from sapphire substrate
(yellow), unpatterned AIN (blue), patterned AIN (orange), and stoichiometric silicon nitride
(purple). Top inset (purple): Fluorescence spectrum of SiN. Bottom inset (blue): Fluorescence
spectrum of AIN. (f) Background fluorescence from SiON top cladding, before (blue circles)
and after (orange squares) bleaching.

microscope objective (Olympus MA 20). The fiber-collected PL signal is either detected using
single-photon avalanche photodiodes (Excelitas) or spectrally resolved on a grating spectrometer
(Princeton Instruments, Acton SP2500i). We are using the 4 pum diameter fiber facet as the
pinhole for confocal imaging. Since the size of this fiber facet is not matched perfectly to the spot
size at the sample plane, we collect a portion of the out-of-focus light. As such, when we measure
the AIN autofluorescence, we are also pumping the underlying sapphire that is out-of-focus and
collecting a portion of the sapphire PL. This claim is supported by the fluorescence spectrum of
the AIN, which is shown in the bottom inset spectrum of Fig. 1(e). The AIN fluorescence spectrum
is identical to that of the sapphire (not shown), which is in agreement with the fluorescence
spectrum of sapphire found in literature [25]. The narrow luminescence double peaks at around
695 nm correspond to the ruby luminescence from the 2E — 4A, transitions of Cr>* ions that are
substitutional in the Al sublattice.

For comparison, Fig. 1(e) also shows the autofluorescence results of a SiN sample under the
same excitation and collection conditions; the fluorescence spectrum of SiN is also shown in
the top inset of Fig. 1(e). The SiN sample has close to four times the amount of fluorescence
intensity as AIN; however, the amount of autofluorescence is dependent on the SiN composition
and method of deposition [26]. Furthermore, the PL from pumping the AIN is mainly from the
underlying sapphire substrate. Spectrally, this sapphire fluorescence is concentrated in a narrow
band sapphire Cr line at around 695 nm, which can be easily filtered out by a notch filter. This is
more favorable for quantum applications compared to the broadband SiN PL from 620 nm to
780 nm, which overlaps spectrally to NV in diamond spectrum [10]. A low autofluorescence
makes AIN promising for interfacing with atomic transitions of ions [27], neutral atoms [28],
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and atom-like defects in diamond [10]. Ultimately the maximum allowed background count
highly depends on the applications and protocol of the experiment. As long as the background
fluorescence is optically detuned from the optical transitions of the quantum system one is
working with, sufficient filtering can be achieved to improve signal-to-noise ratio.

Initially after deposition, the SiON cladding (to be discussed later) exhibits some fluorescence
comparable to SiN, but we found that the SiON fluorescence can be bleached away by optically
pumping the material with the excitation laser, as shown in Fig. 1(f). This photobleaching method
of the SiON top cladding did not have any effect on the AIN or SiN materials.

3. Fabrication

(a) () (ii) (iii)

(vi) (v) (iv)

(c)o.
5o 5
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“05 0 o 05 0 05
s ————— Xfml xtuml -
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E Ll L]
) I
-0.5 0 0
-0.5 0 0.5
X [um]

Fig. 2. (a) AIN on sapphire photonics fabrication process: (i) Start off with an unpatterned
AIN-on-sapphire chip diced up from a whole wafer. (ii) Spin coat HSQ (2% XR-1541),
pattern using electron beam lithography, and develop using an aqueous mixture of 1 wt %
NaOH and 4 wt % NaCl for high contrast. (iii) Etch by ICP-RIE using chlorine chemistry.
(iv) Strip HSQ. (v) Clad with silicon oxynitride using plasma-enhanced chemical vapor
deposition (PECVD). (vi) Edge polish for making the inverse-tapered edge couplers. (b)
Scanning electron microscope (SEM) image of a fabricated AIN waveguide at a 50 degrees
tilted view. (c) Transversal component of TE mode in AIN waveguide for PMMA and
SiON cladding for 638 nm (top) and 400 nm (bottom) wavelengths. The dimensions of the
waveguide for 638 nm wavelength are 450 nm wide X 200 nm thick. The dimensions of the
waveguide for 400 nm wavelength are 250 nm wide x 200 nm thick.

Figures 3, 4, and 5 demonstrate the various essential optical components, designed for top-
cladding with either (i) Poly(methyl methacrylate) (PMMA), which has a refractive index of
npmma = 1.50 to 1.49 in the wavelength range of 500 nm to 700 nm, or (ii) silicon oxynitride
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SiOxNy (SiON), with a refractive index matched to the underlying sapphire (ngapphire = 1.76 to
1.75 in the wavelength range of 360 nm to 480 nm) by adjusting the composition of oxygen and
nitrogen to achieve a refractive index between that of silica (1.45) and silicon nitride (2.1). The
PMMA cladding is used for the devices and measurements in the VIS wavelength range of 500
nm to 700 nm, while the SION cladding is used for the devices and measurements in the UV
wavelength range of 360 nm to 480 nm.

Figure 2(a) outlines the complete fabrication process. The process starts off with an unpatterned
1 cm x 1 cm AlN-on-sapphire chip diced from a whole wafer. Then, hydrogen silsesquioxane
(2% XR-1541) is spun on after deposition of a 5 nm thick Cr discharge layer via electron beam
evaporation. The hydrogen silsesquioxane (HSQ) film thickness is measured to be ~70 nm by
using an AFM to measure the step feature profile after patterning. The patterns are written with
an Elionix ELS-F125 electron beam lithography system at 125 kV. The patterns are developed
using a salty developer, which is an aqueous mixture of 1 wt % NaOH and 4 wt % NaCl, for high
contrast [29]. The AIN waveguides and photonic components are etched at an etch rate of 200
nm/min by inductively coupled plasma reactive-ion etching (ICP-RIE) using a gas mixture of
BCl3/Cl,/Ar. We do not observe a significant change in the surface roughness from the etching,
and a sidewall angle close to 90 degrees is achieved due to the combination of physical sputtering
and plasma chemical etching. The BCl3/Cl,/Ar chemistry ICP-RIE etch does not result in any
noticeable etching of the underlying sapphire substrate. Hence, the underlying sapphire acts
as an etch stop layer in which we can overetch the AIN to ensure that it is completely cleared
through without creating a sapphire ridge underneath the AIN waveguide structures. The Cr and
HSQ are lastly removed with Cr etchant and buffered oxide etch (BOE), respectively. Figure 2(b)
shows a scanning electron microscope (SEM) image of the fabricated AIN waveguide. Finally,
the waveguides are clad with approximately 3 microns of SION using plasma-enhanced chemical
vapor deposition (PECVD) or spin coated with approximately 2 microns of PMMA. In the case
where the chip is cladded with SiON, the edges of the chip are mechanically polished back to the
inverse-tapered waveguides for edge coupling.

4. Chip design and components
4.1. Coupling methods

Figure 3 highlights two methods to couple light into and from the PIC: grating couplers and
inverse-tapered edge couplers. Due to the narrow frequency response of grating couplers, two
different grating couplers are used for testing components in the visible wavelength from 500
nm to 700 nm wavelength: a green wavelength grating coupler optimized for 500 nm to 600 nm
[shown in the top SEM image of Fig. 3(a)] and a red wavelength grating coupler optimized for
600 nm to 700 nm [shown in the bottom SEM image of Fig. 3(a)]. Figures 3(b) and 3(c) show
comparisons between the simulated coupling efficiency spectra and the experimentally measured
transmission spectra for the green and red wavelength grating couplers, respectively. The general
shape of the experimental grating coupler transmission spectra matches well with the simulated
coupling efficiency spectra. The experimental coupling efficiencies are listed in arbitrary units
because we do not experimentally mode-match the spatial modes of the grating coupler and
collection objective. The peak experimental transmission intensity for the green wavelength
grating coupler is 0.1544 [a.u.] at 532.9 nm, while the peak experimental transmission intensity
for the red wavelength grating coupler is 0.1565 [a.u.] at 625.3 nm.

Both green and red wavelength grating couplers are optimized for TE polarization, so the
simulated coupling efficiencies model the collection of TE polarized light injected into the 450
nm wide by 200 nm tall AIN waveguide on bulk sapphire and scattered by the grating coupler. For
the green wavelength grating coupler, the first gap width is 60 nm and the first grating period is
285 nm. Then, the gap width and grating period both linearly increase from 101 nm and 325 nm
to 150 nm and 346 nm, respectively (increasing linearly in each period for 17 periods). Finally,
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Fig. 3. (a) SEM images of the grating couplers. First gap of the grating coupler is 60 nm, and
the gaps are linearly increasing. Curvatures are set to be matched with mode evolution so that
there is no reflection. Top: green spectrum grating coupler. Bottom: red spectrum grating
coupler (b) Green line: simulated coupling efficiency vs. wavelength plot of green-spectrum
grating coupler optimized for 500 to 600 nm. Black line: measured experimental transmission
intensity vs. wavelength plot of green-spectrum grating coupler. (c) Red line: simulated
coupling efficiency vs. wavelength plot of red-spectrum grating coupler optimized for 600
to 700 nm. Black line: measured experimental transmission intensity vs. wavelength plot
of red-spectrum grating coupler. (d) Fiber edge coupling to the waveguides at 369.5 nm
using Nufern SM300 fiber. (e), (f) Free-space edge coupling using aspheric lenses into a
waveguides that are designed to be single mode in the traverse electric polarization at 468
nm and 369.5 nm, respectively.

the gratings maintain a gap width of 150 nm and grating period of 346 nm for the remaining 9
periods. In a similar fashion, for the red wavelength grating coupler, the first gap width is 60
nm and the first grating period is 285 nm. Then, the gap width and grating period both linearly
increase from 101 nm and 401 nm to 132 nm and 414 nm, respectively (increasing in each period
for 10 periods). Finally, the gratings maintain a gap width of 132 nm and grating period of 414
nm for the remaining 10 periods. For both the green and red wavelength grating couplers, the
dimensions of each individual grating periods are optimized in order for the spatial mode profile
of the diffracted light to be a Gaussian field profile. The grating couplers are also designed to
be cladded with PMMA, rather than simple air cladding, in order to increase the out-of-plane
coupling efficiency by pulling more of the optical mode away from the underlying sapphire
substrate as PMMA has a higher refractive index than air. Both grating couplers are designed
for an etch depth of 200 nm in order for ease of fabrication so that the grating couplers and
waveguides can be fabricated in the same steps with no additional processing. Therefore, we
believe grating couplers with even higher collection efficiency can be achieved with partially
etched gratings. All measurements done in the VIS wavelength range of 500 nm to 700 nm use
grating couplers for coupling light into and out of the chip.

Next, the fiber edge coupling is shown in Fig. 3(d), with UV fiber (Nufern SM300) and an
excitation wavelength of 369.5 nm. Figures 3(e) and 3(f) show free-space edge coupling using
aspheric lenses into waveguides that are designed to be single mode in the traverse electric
polarization at 468 and 369.5 nm, respectively. The inverse-tapered waveguides adiabatically
transform and expand the AIN waveguide mode to the fiber waveguide mode at the chip’s edge
facet. As such, for the inverse-tapered edge couplers, a SiON cladding is used in order for the



refractive indices of the materials surrounding the AIN waveguide to be to be uniform such that
the AIN waveguide mode can be expanded in a circularly symmetric way in order to match to the
Gaussian mode of a fiber at the chip’s edge facet. All measurements done in the UV wavelength
range of 360 nm to 480 nm use edge couplers for coupling light into and out of the chip. It is
difficult to quantify the experimental edge coupling loss based on the sources of loss we have. In
measuring the transmission loss of sending light into the input edge coupler facet and collecting
from the output edge coupler facet, the light propagates along a waveguide that spans across
multiple electron beam lithography write fields. At each write field boundary, a dislocation of
the waveguide due to stitching errors result in scattering points that contribute to the overall
facet-to-facet transmission loss. As such, measuring the transmission loss is not an accurate
estimation for the edge coupler coupling loss. However, we are able to achieve at least 40%
transmission from input edge facet to output edge facet in our devices.

4.2. Ring resonators
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Fig. 4. (a) SEM of the ring resonator. Inset shows a close up of the ring resonator at a
50 degrees tilted view. The gap between the waveguide and the ring is 300 nm for the
undercoupling regime, which was used to verify the unloaded Q. (b) Wavelength response
at 369.5 nm of the ring resonator cladded with SiON around resonance. The Lorentzian
fitting shows a Q of >24,000. (c) Quality factors of 40 um radius ring resonators measured
using an optical spectrum analyzer (OSA) for wavelengths spanning from 380 nm to 480
nm, along with the quality factors at 369.5 nm wavelength using both frequency doubled
pulsed and continuous-wave (CW) TIL:Sapphire lasers. (d) Wavelength response at 637 nm
of the ring resonator cladded with PMMA around resonance. The Lorentzian fitting shows a
0 of >140,000. Inset shows a zoom-in of the wavelength response.

Figure 2(c) shows simulated electric field profiles of the AIN waveguide modes for PMMA and
SiON cladding for 400 nm and 638 nm wavelengths. The waveguides support a single transverse
electric (TE) mode for their respective wavelengths. Wrapping these waveguides into rings
produces the high O resonators. The ring resonator measurements are summarized in Fig. 4.
Figure 4(b) shows the response at 369.5 nm of the 40 um radius ring resonator cladded with SION
around resonance; a Lorentzian fit indicates a Q of >24,000. The resonance in the ring is measured
by mapping the intensity of the light scattering from the ring by means of a UV sensitive camera
placed in a microscope above the device. After measuring several devices with increasingly
larger waveguide-ring gaps and finding the coupling of the waveguide to the ring decreases each
time without transitioning from overcoupled regime to critically coupled regime to undercoupled
regime (or at least just from the critically coupled regime to undercoupled regime), we find the
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smallest waveguide-ring gap resonator to be undercoupled. Since the resonator is undercoupled,
the ring resonance cannot be measured directly through an access bus waveguide. Hence, the data
shows a resonance peak rather than a dip. Figure 4(c) shows the quality factors of various 40 wm
radius ring resonators measured using an optical spectrum analyzer (OSA) for various sampled
resonance wavelengths spanning from 380 nm to 480 nm, along with the quality factors at around
369.5 nm using both a frequency doubled pulsed Ti:Sapphire laser (Spectra-Physics Mai Tai) and
a continuous-wave (CW) tunable Ti:Sapphire laser (M Squared SolsTiS). The spacings between
the sets of sampled wavelengths are not indicative of the ring resonator’s Free-Spectral-Range
(FSR). Rather, the Free-Spectral-Ranges of the various 40 pm radius ring resonators that we
measure from 360 nm to 480 nm span from 0.22 nm to 0.4 nm. If we assume that the propagation
loss is dominated by the sidewall scattering loss and linear absorption loss of the material, then
we can estimate the propagation loss using the following equation for calculating the loss rate «
given the resonator Q, where ng is the group index [30-34]:

3 2mng (1
0= o )
Then, the loss can be calculated by:
loss = 101og;, (¢™%) 2)

To calculate the loss in units of dB/cm, A in Eq. (1) should be in units of cm. Thus, the O of
>24,000 at 369.5 nm wavelength corresponds to a propagation loss of 75 dB/cm, where we
measure the n, to be 2.45 experimentally from the FSR of the ring by the equation:

/12
"¢ T FSR)(L)

where L is the length of one round trip around the closed cavity.

Figure 4(d) shows the frequency response of a 50 um radius ring resonator cladded with
PMMA around resonance in the red wavelength range. We probe the 50 pm radius ring with an
evanescently coupled access waveguide. The Lorentzian fitting shows a loaded Q of >140,000 at
638 nm, and we measure the ng to be 2.15 experimentally from the FSR of the 50 um radius ring.
In order to obtain the intrinsic Q of the ring resonator, we can use the following [30-34]:

_ 20

1 ++Ty
where Q; is the intrinsic Q, Qy is the loaded Q, Ty is the normalized transmitted power at the
resonance wavelength, and the + and — signs correspond to under- and over-coupled regimes,
respectively. Since the ring resonator is operating in the undercoupled regime, we find the intrinsic
Q to be >170,000, which corresponds to a propagation loss of 5.3 dB/cm.

These ring resonators are useful for measuring the waveguide propagation loss (in the
undercoupled regime). In the critically coupled regime, or in a drop-port configuration, they
serve as on-chip filters as needed for filtering atomic fluorescence, for example [10]. They can
also be used for on-chip photon pair generation [22].

In terms of ring resonator performance, the PMMA cladding should be better than SiON since
the PMMA can flow into the gap between the ring resonator and bus waveguide in order to
completely fill that up. By nature of PECVD deposition, the SION cannot completely fill in the
gap between the ring resonator and bus waveguide. However, the SiON is necessary for making
edge couplers with high coupling efficiency and mode matching to a fiber, so SiON is used for
cladding the ring resonators with resonance at around 369.5 nm. Furthermore, since PMMA is a
polymer, it is not suitable for UV wavelengths due to autofluorescence.

3
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4.3. Distributed Bragg reflector

Distributed Bragg reflectors (DBRs) represent another important PIC component as broadband
on-chip reflectors and filters. To further support this point, we develop a distributed Bragg
reflector with high extinction for 532 nm for use as on-chip filtering of the excitation pump light
used for exciting NV centers in diamond. The DBR has a period of 140 nm with 50% duty cycle,
and it is designed to have an adiabatic tapering from the regular waveguide into the DBR in
order to have low insertion loss. Also, the DBR is designed to structurally have rounded features
for ease of fabrication. Figure 5(a) shows an SEM image of the fabricated DBR. The overlay
blue plot in Fig. 5(b) shows the simulated transmission spectrum for the DBR, which has 45 dB
extinction for the 532 nm green pump light. The black plot in Fig. 5(b) shows at least 13 dB
extinction experimentally for the DBR. We expect the extinction to be even higher because the
attenuated 532 nm signal was at the noise floor of our experimental system.

The decreased transmission of the DBR simulation at wavelengths around 500 nm is due to the
third order TE mode at around 500 nm wavelength for the ~735 nm wide waveguide portions of
the DBR. At the wider sections of the DBR, the first order TE mode can couple with this mode,
which is leaky since it cannot propagate through the entirety of the DBR due to the fact that the
third order TE mode is not allowed at the narrower sections of the DBR.
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Fig. 5. (a) SEM of the distributed Bragg reflector (DBR) with adiabatic tapering for low
insertion loss. Inset shows a zoom-in of the DBR. (b) Simulated and measured transmission
vs. wavelength for the DBR. In simulation, we achieve 45 dB extinction for 532 nm green
pump light typically used for NV excitation. Experimentally, we achieve >13 dB extinction
for 532 nm. (c) SEM of directional couplers with 50/50 splitting ratio at a 50 degrees tilted
view. Inset shows a zoom-in of the directional couplers at a 50 degrees tilted view. (d)
Measured transmission power at the two output ports of the directional couplers as a function
of coupling length in the straight, parallel waveguides region.
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4.4. Directional coupler

Figure 5(c) shows a directional coupler with a 50/50 splitting ratio, which is the integrated
photonics equivalent of a free space beamsplitter, for the wavelength of 637 nm. The directional
coupler is intended to be used with PMMA cladding. Directional couplers coherently couple
between adjacent waveguide modes and can be used as a building block for Mach-Zehnder
interferometers (MZIs) [35]. Figure 5(d) shows the power at the output two arms of the directional
coupler as the length of the straight, parallel waveguides portion of the coupling region (denoted
as "Coupling Length") is swept for different devices. The gap between the two straight, parallel
waveguides in the coupling region is 200 nm. A coupling length of 14 pum results in a 50/50
splitting ratio. We subtract the power measured at each of the two output ports of the directional
coupler by the background noise. Since the power at the output port 2 for a coupling length of 0
pum is at the noise floor of our system, we get that there is zero transmission for port 2. The same
can be said about output port 1 for a coupling length of 25 pum.

Theoretically, for a pair of coupled waveguides with the same geometry and dimensions, the
fraction of cross-coupled power K is given by the following, where An is the effective refractive
index difference between the symmetric and antisymmetric supermodes and L is the length of
the directional coupler [36]:

K = sin? (”Lf”) 5)

By using a mode solver to calculate An and solving for Eq. (5) to get 50/50 splitting ratio (K = 0.5),
we get that L should be 23 um. However, this does not take into account the coupling from one
waveguide into the other as the two waveguides are brought to the desired separation of 200 nm
in the evanescent coupling region via waveguide bends. In simulating the full directional coupler
structure with the evanescent waveguide coupling region and bent region, we find a coupling
length of 14 um necessary for achieving 50/50 splitting, matching well to the experimental result.

5. Discussion and conclusion

The UV propagation loss shown here at 369.5 nm is several tens of orders of magnitude lower
than the propagation loss shown by Stegmaier et al. for 400 nm wavelength in an AIN on SiO,
platform [37]. Furthermore, the crystalline materials in our AIN on sapphire platform allow for
refined Raman and other parasitic processes to be localized and minimized [38]. Although the UV
single mode propagation loss presented here is higher than that shown in SiN-on-SiO; multimode
and planar waveguides for wavelength at the lower end of the visible spectrum [39,40] and
silica-on-silicon waveguides in theory for UV and VIS [41,42], SiN-on-SiO; and silica-on-silicon
platforms are limited to passive components and thermo-optic tuners [43]. Furthermore, silica
waveguides are typically a couple of microns in dimension with large bend radii and are not
ideal for compact, high-density, large-scale photonic integration. Hence, our AIN on sapphire
platform, to date, has the record-low waveguide propagation loss down to UV wavelength for
active optical materials with y® properties and supports chip-scale, compact, CMOS-compatible
integration [37,44]. Nonetheless, we believe that there are many sources of loss that can be
eliminated or improved upon. One of the main causes for the propagation loss is interface
scattering from the roughness of the AIN waveguide sidewalls from etching. To reduce the
propagation loss by a few orders of magnitude, one can engineer the waveguide dimensions such
that the optical mode overlaps minimally with the sidewalls so that the light scatters minimally
from the waveguide’s faces [34]. Furthermore, the current waveguide fabrication is optimized for
vertical sidewalls so that the photonic components experimentally match well with the simulated
design. As such, the reactive-ion etching necessitates a fast physical etch that causes the sidewalls
to be rougher than could be possible with a more chemical etch. Sidewall roughness of less
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than 0.1 nm is often the benchmark for achieving interface scattering close to that of the bulk
scattering limit of optical materials [45]. It may be possible to further optimize the etching
parameters to reduce loss. In addition, there is an inherent roughness of the top surface of the
AIN thin film from the unoptimized growth. As AIN grown on top of sapphire is still not at the
level of silicon on insulator (SOI) wafers made by Smart-Cut® technology used in conventional
integrated photonic platforms [46], we expect there to be room for improvements. Finally, the
AIN thin film we use is crystalline in the growth direction and polycrystalline in the in-plane
direction. Replacing this material with a completely crystalline AIN thin film grown on top of
sapphire should result in a lower dislocation density and defect density, thereby improving the
purity of our material so that it would behave closer to what is expected of bulk AIN. Furthermore,
the crystallinity of single-crystal AIN grown on top of sapphire has been shown to improve
significantly by high temperature annealing [47]. The nonlinear susceptibilities y® and y©
of AIN are material dependent and approximately independent of the film crystallinity, even
when taking into account small variation due to crystal stress/strain during growth. However, the
effective nonlinearity experienced for nanocrystalline AIN will have a reduced percentage of that
intended crystal axis in the field propagation direction of the waveguide mode, thus reducing the
effective nonlinearity when compared to epitaxially grown single crystal AIN. As such, further
improvements on the crystallinity of AIN thin film grown on top of sapphire would be beneficial
for nonlinear applications as well.

Table 1 shows a comparison of this work with other previously demonstrated UV/VIS photonics
platforms that are chip-scale and highly compact, particularly AIN on SiO; and SiN on SiO,.
This work shows the highest demonstrated resonator Q factor in the UV, as well as higher VIS
resonator Q factor than in previous AIN on SiO; work [8]. As the AIN thin film shown in this work
is crystalline with fewer absorptive defects and dislocation density than the polycrystalline AIN in
previous work, AIN on sapphire can in principle support wavelength into the deep UV; SiN has
been shown to have significant optical absorption in wavelengths less than 470 nm and down into
the UV range due to silicon incorporation into the layers inherent in the SiN growth [48]. Due to
this, even though state-of-the-art SiN on SiO, has lower single mode waveguide loss compared
to AIN single mode waveguides in the visible wavelength, AIN photonics platforms have the
capability to operate in the UV regime. Furthermore, AIN has a high piezoelectric coefficient and
moderately high electro-optic coefficient compared to materials used in commercially available
phase and amplitude modulators, allowing for active optical components. Finally, AIN’s high
thermal conductivity « and small thermo-optic coefficient dn/dT allows devices to be less sensitive
to temperature fluctuations, which is important for its many potential applications that require
high-precision manipulation, routing, and read-out.

In conclusion, we have demonstrated a PIC platform based on the crystalline, wurtzite AIN
on top of a sapphire substrate. Both AIN and sapphire are wide bandgap (6.015 eV [49] and
8.8 eV [50], respectively) and transparent from the UV to the mid-infrared [11,51,52]. We
observe record-high quality factors exceeding 20,000 down to 369.5 nm, which corresponds to
record-low propagation loss at 369.5 nm for active optical materials that have y® properties.
The nonlinear, electro-optic, and piezo-electric properties of AIN make it a promising active
material for controlling and connecting atomic and atom-like quantum memories, as well as for
other applications such as UV spectroscopy and solar-blind communications.



Research Article

Optics EXPRESS

Table 1. Comparison of different demonstrated UV/VIS photonics platforms.

AIN on sapphire

(this work) AIN on SiO, [8,11] SiN on SiO; [53,54]

Resonator Q Q =24k (369.5 nm) 0 =7k (410 nm) ) [55] 0 = 4.4k (290 nm) b) [56]

factor 0 = 140k (638 nm) 0 =110k (774 nm) [8]
Supporting UV (~210 nm) to IR
wavelength [11.51.52] UV (~320 nm) to IR [8] VIS (~470 nm) to IR [39]
Crystallinity Crystalline Polyc‘r ystalline Stoichiometric
(c-axis grown)
Active electro-optic: 133 = ~1 pm/V .
properties piezoelectric: d33 = ~5 pm/V [52,57,58] electro-optic: 8.31 fm/V [59]
Single mode 75 dB/cm (369.5 nm) 9 | 650 dB/cm (400 nm) [37] < 1 dB/cm (532 nm) [60]
WG loss 5.3 dB/cm (638 nm) © 6.4 dB/cm (774 nm) © 1.5 dB/cm (850 nm) [61]
Thermal
properties k =285 W/m-K k=14 W/mK
(waveguide dn/dT =232 x 10°9/K [11] dn/dT = 1.0 x 10°/K [62]
material)

& AIN disk resonator on Si pedestal
b Disk resonator
¢ Loss estimated from resonator Q factor
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