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Abstract: Integrated photonics based on silicon has drawn
alot of interests, since it is able to provide compact solution
for functional devices, and its fabrication process is
compatible with the mature complementary metal-oxide-
semiconductor (CMOS) fabrication technology. In the
meanwhile, silicon material itself has a few limitations,
including an indirect bandgap of 1.1 eV, transparency
wavelength of >1.1 pm, and insignificant second-order
nonlinear optical property. Aluminum nitride (AIN), as a
CMOS-compatible material, can overcome these limita-
tions. It has a wide bandgap of 6.2 eV, a broad transparency
window covering from ultraviolet to mid-infrared, and a
significant second-order nonlinear optical effect. Further-
more, it also exhibits piezoelectric and pyroelectric effects,
which enable it to be utilized for optomechanical devices
and pyroelectric photodetectors, respectively. In this re-
view, the recent research works on integrated AIN pho-
tonics in the past decade have been summarized. The
related material properties of AIN have been covered. After
that, the demonstrated functional devices, including linear
optical devices, optomechanical devices, emitters, photo-
detectors, metasurfaces, and nonlinear optical devices, are
presented. Last but not the least, the summary and future
outlook for the AIN-based integrated photonics are
provided.

Keywords: aluminum nitride; device; integrated photonics;
nanophotonics.

*Corresponding author: Nanxi Li, Institute of Microelectronics,
A*STAR (Agency for Science, Technology and Research), 2
Fusionopolis Way, Singapore, 138634, Singapore,

E-mail: linxl@ime.a-star.edu.sg. https://orcid.org/0000-0002-0524-
0949

Chong Pei Ho, Shiyang Zhu, Yuan Hsing Fu, Yao Zhu and Lennon Yao
Ting Lee, Institute of Microelectronics, A*STAR (Agency for Science,
Technology and Research), 2 Fusionopolis Way, Singapore, 138634,
Singapore. https://orcid.org/0000-0002-7691-0196 (Y.H. Fu)

1 Introduction

Integrated photonics, based on microelectronics fabrica-
tion technology, has been developed mainly for commu-
nication purpose [1-4]. Recently, it also demonstrates
the potential to be applied in many other areas including
optical ranging [5-7], bio/chemical sensing [8-12],
computing [13-16], and quantum information processing
[17-19]. The integrated photonics based on silicon (Si) has
attracted a lot of interests due to the following advantages:
Firstly, the high index contrast with its oxide material en-
ables high optical mode confinement factor within the
waveguide [20-22]. Secondly, its fabrication is compatible
with the mature complementary metal-oxide—semi-
conductor (CMOS) fabrication process currently used in
electronics industry. This enables the fabrication of pho-
tonics devices in large scale and with low optical propa-
gation loss [23-27]. Thirdly, its electro-optical and thermal-
optical effects enable the modulation and tuning of the
optical signal propagating through the devices [28-31].
Silicon photonics platform, including Si, silicon dioxide
(Si0,), silicon nitride (SisN,), and germanium (Ge), have
been used to demonstrate optical devices such as optical
phased array [32-35], nonlinear optical generator [36—-39],
optical frequency synthesizer [40-42], light source [43—45]
and photodetector [46-48]. Further, the photonics devices
can be integrated with electronic control circuits [49, 50].
However, Siis known as a relatively small indirect bandgap
material, with bandgap reported to be 1.1 eV [51], which
limits the working wavelength of Si-based integrated
photonics only above around 1.1 pm. Also, Si has centro-
symmetric crystal structure, which limits its application for
optical devices relying on second-order nonlinear optical
effects, such as optical modulator based on Pockels effect,
and second harmonic generator.

Among semiconductor materials, aluminum nitride
(AIN) has large bandgap of 6.2 eV [52, 53], and wide
transparency window covering from ultraviolet (UV) to
mid-infrared (MIR). This enables the AIN-based photonics
devices to work in UV, visible, near-infrared (NIR) and up
to MIR wavelength regime. Its fabrication process is
compatible with CMOS fabrication line, which enables the
wafer-level fabrication of AIN-based integrated photonics
devices with low cost and high reliability. Also, AIN has
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second-order nonlinear optical property (x(z) = 4.7 pm/V
[54]), contributed by its noncentrosymmetric crystal
structure. Furthermore, the piezoelectric effect of AIN
enables it to be utilized not only for electro-mechanical de-
vices [55-60], but also for optomechanical devices [61-63]. In
addition, AIN exhibits the pyroelectric property, which en-
ables it to be utilized for pyroelectric-based photodetector
[64—-66]. There are comprehensive reviews on AIN for inte-
grated optomechanics and nonlinear optics [67, 68]. In the
meanwhile, to the best of our knowledge, the review article
for integrated AIN photonics, covering both passive and
active devices demonstrated in recent years, is lacking.

In this review, we summarize the most recent research
works on AlN-based integrated photonics, including both
passive and active devices demonstrated in the past
decade. A summary of related AIN material properties is
presented in Section 2. The functional devices, including
linear and nonlinear photonics devices, optomechanical
devices, emitters, photodetectors, and metasurface-based
devices, are presented in Section 3. At last, in Section 4, the
summary of this review work, together with the future

Z
¥
Z‘x I UV and NIR

photodetector

UV light
emitting diode

uv

Large bandgap
metasurface

Piezoelectric
effect
Opto-
mechanical

device Aluminium

nitride (AIN)

Pyroelectric
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outlooks for AIN-based integrated photonics are presented.
The overall content of this review can be illustrated in
Figure 1, where the blue, orange, and green colored tags
represent the material, physical properties, and functional
devices, respectively.

2 Material properties

In this section, the material properties of AIN are covered.
These properties are related to the functional devices to be
discussed in later Section 3. Table 1 summarizes these
properties based on category, including optical, thermal,
electrical, and mechanical properties, with values and
references provided.

2.1 Optical property

The refractive index of AIN is around 2.1 at 1550 nm [74],
which enables enough index contrast with SiO, for mode
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frequencies, S. A. Tadesse, et al. Copyright 2014. (Top right) Schematic of single-crystalline AIN microring on sapphire substrate for Raman-
assisted Kerr comb generation, adapted with permission from [70]. Copyright (2018) American Chemical Society. (Bottom left) Schematic of
the wavelength-selective pyroelectric sensor, adapted from [71], with the permission of AIP Publishing. (Bottom middle) AIN crystal structure,
adapted with permission from [72], https://pubs.acs.org/doi/10.1021/acsphotonics.0c00528, further permissions related to the material
excerpted should be directed to the ACS. (Bottom right) Schematic of chirp-modulated taper waveguide, formed by cascading eight linear-
tapered segments, adapted with permission from [73]. Licensed under a Creative Commons Attribution.
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Table 1: Material property of AIN for integrated photonics.
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Property category Material property Typical values/Characteristics Reference/year
Optical Refractive index n=2.12(@1550 nm) [74]/2019
Optical Waveguide loss 0.42 dB/cm (@1550 nm) [75]/2019
Optical Bandgap 6.2 eV @ room temperature [52]/1979
Electrical & optical Nonlinear index ny,=2.3x10"" cm?/W (@1550 nm) [74]1/2019
Electrical & optical Electro-optic coefficient ryi3=0.67 pm/V, r33 =-0.59 pm/V [76]/1992
(measured using He-Ne laser @ 633 nm)
Electrical & optical Second-order nonlinear susceptibility )((2) = 4.7 pm/V (pump @ 1550 nm, second [54]/2012
harmonic @ 775 nm)
Electrical & mechanical Piezoelectric coefficient ds3 =5.53 pm/V, d3; = -2.65 pm/V [771/1985
Mechanical Poisson’s ratio 0.287 [78]/2008
Mechanical & optical Photo-elastic constant p13 =-0.019, p33 =-0.107 [791/2002
Thermal Thermal conductivity K =285 W/(m-K) [67]1/2012
Thermal & optical Thermal-optic coefficient dnan/dT = 4.26 x 107°/K (@1000 nm) [78]/2008
Thermal & electrical Pyroelectric coefficient 0.0033 pC/(cm?K) [80]/2014
Thermal & mechanical Thermal expansion coefficient 4.2 x 107%/K (for a axis) [78]/2008
5.3 x 107/K (for ¢ axis)
Structural Crystal structure Wurtzite [81]/2018
Fabrication CMOS-compatibility Yes [68]/2016

confinement in optical waveguide. After annealing pro-
cess, the AIN-based photonic waveguide achieves low loss
of ~0.4 dB/cm at around 1550 nm [75]. Also, AIN is one of
the largest bandgap semiconductor materials, whose
bandgap is reported to be 6.2 eV at room temperature [52].
The wide transparency window of AIN, covering from UV,
visible, and up to MIR [74, 82, 83], makes AIN an attractive
material for photonics integrated circuits. Integrated pho-
tonics functional devices working in UV and MIR have been
demonstrated. For UV wavelength regime, these devices
include microring resonator [84], emitter [85-87], and
metasurface [88]. For MIR wavelength regime, the devices
include waveguide and beam splitter (as reported in the
study by Lin et al. [89]), directional coupler, interferometer,
and microring resonator (as reported in the study by Dong
et al. [90]). More details of these functional devices will be
discussed later in Section 3.

Furthermore, compared with other CMOS-compatible
materials, e.g. Si, SizN,, and SiO,, AIN exhibits both
second-order y? and third-order x® optical nonlinearities.
Its second-order nonlinear optical property is due to the
noncentrosymmetric crystal structure. The Pockels effect of
AIN, with electro-optic coefficient of r;3 = 0.67 pm/V,
r33 = —0.59 pm/V (measured at 633 nm) [76], enables the
demonstration of phase shifter and optical modulator [75,
91, 92]. The significant second-order nonlinear suscepti-
bility (e.g. x? = 4.7 pm/V, obtained with pump at 1550 nm,
and second harmonic at 775 nm [54]) enables second har-
monic generation (SHG) [54, 93-96], sum/difference

frequency generation (SFG, DFG) [68, 97] and parametric
down-conversion [98]. The coexistence of second- and
third-order nonlinearity (nonlinear index reported to be
n, = 2.3 x 10 cm*/W at 1550 nm [74]) together with the
wide optical transparency window of AIN enable the
cascading of different nonlinear effects including SHG,
third harmonic generation (THG) and four wave mixing
(FWM) [99]. Also, for nonlinear process at telecom wave-
length, AIN is free of two photon absorption and related
free carrier refraction, while it happens in Si. In addition,
the Raman effect of AIN has also been utilized to extend the
optical frequency comb wavelength spanning [70, 100],
and to demonstrate the Raman-based laser [101].

2.2 Piezoelectric property

The crystal structure of AIN is wurtzite [81], with schematic
shown in Figure 1 inset (bottom middle). The structure is
noncentrosymmetric, which contributes to the properties of
piezoelectricity and pyroelectricity. The piezoelectric coeffi-
cient of AIN thin film has been reported to be ds; = 5.53 pm/V,
dz = -2.65 pm/V [77, 102]. Such piezoelectric property enables
the wide utilization of AIN in microelectromechanical systems
(MEMS) [55-57]. The piezoelectric property together with op-
tical properties and CMOS-compatibility of AIN discussed
earlier, make AIN a suitable material for optomechanical de-
vices. A number of MEMS-based optomechanical devices have
been demonstrated [62, 69, 103, 104]. Also, contributed by the
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piezoelectric property [77, 102] and photo-elastic constant
(p13 = -0.019, p3; = —0.107 [79, 105]), AIN has become a plat-
form to investigate the photon—phonon interaction within
solids [106, 107]. In addition, by doping with Scandium (Sc),
the noncentrosymmetry of the crystal structure can be
increased, and hence enables larger piezoelectric coefficient
[108, 109]. More details about Sc-doped AIN will be discussed
in later Summary and outlook section.

2.3 Thermal property

Compared with other semiconductor materials (e.g. Si,
K = 145 W/(m-K) [110]), AIN has significantly higher
thermal conductivity (K =285 W/(m-K) [67]). Also, AIN has
small thermo-optic coefficient (dnan/dT = 4.26 x 107°/K at
1000 nm [78]). These thermal properties make AIN-based
devices able to handle high optical power since it is more
tolerable to temperature fluctuations. One example for
such functional device is metasurface [88], which could
be utilized to handle high optical power. Furthermore, as
mentioned earlier, AIN exhibits pyroelectric property
due to its noncentrosymmetric crystal structure, with
pyroelectric coefficient reported to be 0.0033 uC/(cm*K)
[80]. Therefore, AIN can be utilized as pyroelectric
photodetector, as reported in [64, 65, 71, 111, 112]. Also,
ScAIN has been demonstrated to improve the perfor-
mance of AIN-based pyroelectric photodetector [66]. The
enhanced pyroelectric coefficient of ScAIN is also
attributed to the increase of noncentrosymmetry of the
crystal structure.

3 Functional devices

Contributed by the piezoelectric [102] and photo-elastic
properties [79] of AIN, AlN-based integrated photonics de-
vices have drawn a lot of interests in research, to enable
multi-functions for integrated photonics and opto-
mechanics. Although, in earlier time, AIN has been widely
used for sensors, actuators [55, 56, 113], and also demon-
strated for UV LEDs [114], to the best of our knowledge, there
is very limited investigation for AIN-based integrated pho-
tonics before the year of 2012. In this section, the AIN-based
functional devices demonstrated in the past decade have
been summarized and presented. It covers linear optical
devices (coupler, waveguide, resonator, etc.), opto-
mechanical devices, emitters, photodetectors, metasurface,
and nonlinear optical devices. The linear optical devices and
optomechanical devices are summarized in Table 2. Emit-
ters, photodetectors and metasurfaces are summarized in
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Table 3. x(2) and ¥(3) nonlinear optical devices are sum-
marized in Table 4 and Table 5, respectively.

As mentioned in the earlier Optical property section, one
of the key advantages of AIN-based photonics platform is the
large bandgap, which enables the functional devices to work in
UV and visible wavelength range. Such key advantage enables
AlN-based photonics platform to overcome the challenges of
current Si-based photonics integrated circuits. The photonics
integrated functional devices working in UV and visible
spectrum can find applications in various areas, including
integrated spectrometers for biochemical sensing, UV Raman
spectroscopy, beam steering by optical phased array, and
visible light communication [53]. Also, since many atomic
transitions are in UV and visible wavelength regime, such as
Ytterbium ions (369.5 nm) and Strontium ions (422 nm) [115],
these functional devices can also find application in integrated
quantum optics. Furthermore, the CMOS-compatibility of AIN
material shows the potential for manufacturable UV and
visible photonics integrated circuit in large scale and with low
cost. For UV wavelength, the AIN-based functional devices
covered in this section include light emitters [85-87, 116-118],
waveguide-based microring resonators [84, 115], photodetec-
tors [119-122], and nonlinear optical generators [73, 93, 123],
which enable the integrated UV photonic circuit. For visible
wavelength, the functional devices covered in this section
include adiabatic coupler [124], waveguides [82, 125], quantum
emitters [72, 126, 127], optical modulator [91], as well as
nonlinear optical generators based on both second-order
nonlinearity [54, 94-98, 128-130] and third-order nonlinearity
of AIN [99, 131-134].

3.1 Integrated linear optics devices

In order to couple light onto chip, the key optical device is
integrated coupler. In 2012, grating-based vertical coupler
has been demonstrated using a single-step lithography
without partial etch in the study by Ghosh et al. [135]. The
coupler works at 1550 nm communication wavelength,
with coupling efficiency of —6.6 dB and a 1 dB bandwidth of
60 nm. Furthermore, the coupling efficiency has been
significantly improved to —0.97 dB at 1550 nm recently in
the study by Zhao et al. [124], through a suspended adia-
batic coupler. The coupler also works for 780 nm, with
coupling efficiency of —2.6 dB.

Also, in 2012, AIN has been proposed as a new material
system for integrated optics in the study by Pernice et al.
[82]. Wafer-scale sputtering process of AIN enables large-
scale photonics device fabrication. The optical images of
fabricated microring resonators for NIR and visible wave-
length are illustrated in Figure 2(a) and Figure 2(b)



2351

a review

N. Li et al.: Aluminium nitride integrated photonics

DE GRUYTER

(apInSanem IS)

020z/[€9] wo/gp S1°0> V'N SupeInds aAdeal uosjausSey doj uo Jahe] N1y yim apinSanem aspul 1S wu €291
€10¢/[19] 'V'N 0T X€ET 'V'N lojeuosal jedjueyddwoldo Dyd wugTest
(°*31) ,0T X 5°6
810¢/[29] V'N (°°31) 0T X TZ'T SupeInds aAldeal uosjdusSe 103RUOSA) [EdIUBYIRWOldo Sull yoriRIeY wu kST punoty
910¢/[901] ‘V'N (0T X 29/ Supeynds aAndeal uosjause 10jeuosal jeatueydswoido Sull yoeipdey wu 9791
s10Z/[£0T] ‘'V'N ,0TX§ Supieynds aAldeas uoslpuse lojeuosal jeajueydswoydo Hyd wu 0€ST
#102/[69] V'N LI XY Supannds aadeas uosjpuse 10jeuosal jeatueydswoldo Sull yoellpdey wu QSST
€102/[%70T1] ‘V'N 0T XT'T S19jem 10}ejnsul-uo-Njy uo Sujuiayjed  lojeuosal jedjueydawoldo Hyd papuadsng wu /%91
10]BU0S3. |BIIUBYIDW
z10z/l6¢€T] V'N 0T X9%7°'T Supends aAdeal uosjause -03do (Jyd) |e1sA1d d1uojoyd papuadsns wu TEST
z1oz/l€oT] ‘'V'N 0T XSZT'T Supeynds anndeas uosjpusely  Jojeuosal jedjueydawoido Suls papuadsng wu GHST
AADOW
810¢/[78] wu 06E @ wd/gp 8~ OTXTT elA 91elisqns aliyddes uo Ny jeixend3 10]eU0S3I SULOIIW wu 06€
wu §'69€ ® wd/gp 5/ wu §°69¢€ Sunannds aaoeal
8T0¢/[STT] wuge9 @ wd/gp €'s @, 0T X #'T ‘WUBE9 @ 0T X #'T uoljpuSew ejadlyddes uo N1y auljjeishi) 10jeUO0Sa) SULIOIW ¥l 0} (Wwu 0TZ~) AN
AADOW
910¢/[8€T] V'N 0T XT'€E elA 9jelisqns aliyddes uo Ny jeixend3 (8uruny jewayl Yyiim) 10jeU0SaL SULIOIDIN wu 0sST
pueq wodls|a) ®
001 10y wd/gp T°0 (Bupioidjw) OOp ] andow
£10T/[£€T]  *°03L 4oy wd/gp #T°0 10§ 0T X 6°T “°031 10§ 40T X §°C elA 9jesisqns alyddes uo Ny jeixend3 19]dno2 agpa pue 10}eu0Sal SULOIIW pueq wodv)a]
alyddes uo NIV (QADOW)
#10¢/[SCT] wu €59T@ wd/gp 20 'v'N uonisodap lodea jedwayd diuesio-|ela apInSane wu £991-05%
(apinSanem) 101eUO0S3I SulloJdIW 41913
6102/[06] ww/gp 80 (Bunoniw) wrl /9'¢ @ 0T X0°€E Supeynds aAndeal uosjpuSe|y  -woldpdlul 4491dnod jeuoi}dallp ‘apinganem wu 006£-099¢€
wu 0S4t
/102/[9¢€T] @ wd/gp 12°¢C V'N Supainds aAdeal uosBUSRI apInSanem NJy-uo-IS wu 000€£-004¢C
siennds
#7102/[68] wa/gp €8°0 V'N Suuennds aaljoeal uosjpuSely  weaq uounf-A ‘sapinSanem juaq/ysiells wu 0052
‘wu 0// punoie wu 0// punoie
710¢/[28] pueg-) @ wd/gp 8'0 ,0T X € ‘pueq-) @ 0T X 7'y Supieynds aAdeas uosjpusey 10jeuosal SuuoiIw ‘@pIinSanep ‘(wu 08ST-0CST) pueq-d
wu 08z
@ gp9'z/ap 9t
wu 0sst
@ gp 5S°1/4dp £6°0
0z0z/[vzIl 331/ WL ‘V'N Supeynds aAnoeal uosjpuse J19]dnod d13eqelpy wu 08/ ‘wu 0SST
z1oz/ls€t] ap 99 V'N Supannds aAdeas uospuse 131dnod Sunein wu 0SST
1eak
JERUEICIEN| sso) jeando 0 Ane) anbiuyaa) uonesrqey NIy EIL R T M EY | yiSuajerem

*S92IA9p |edIuRYI3WOldo pue ediido Jeaul) paseq-NJy 40 Alewwns :g ajqel



2352 —— N.Lietal.: Aluminium nitride integrated photonics: a review

respectively. The simulated fundamental transverse elec-
tric (TE) mode confined by the waveguide at 1550 and
770 nm are illustrated in Figure 2(c) left and right panel,
respectively. The waveguide width is designed to be 1 pm
and 350 nm respectively, with fixed height of 330 nm for
both. At NIR and visible wavelengths, the zoom-in spec-
trum of the microring resonator are presented in Figure 2(d)
left and right panel, respectively. Low-loss waveguide
(0.8 dB/cm at C-band) and high-Q broadband ring reso-
nator (4.4 x 10° at 1549 nm, 3 x 10* at 770 nm) have been
demonstrated, illustrating the potential of AIN as a low-
loss material for wide applications.

By using the same sputtering deposition process, in
2014, the working wavelength of AIN waveguide has been
extended to MIR wavelength regime (A = 2500 nm), with
0.83 dB/cm loss [89]. In the same work, Y-junction 50:50
beam splitter with over 200 nm spectral bandwidth has
also been demonstrated working in the same wavelength
regime. Furthermore, Si-on-AIN MIR photonic chips have
been demonstrated in 2017 in the study by Jin et al. [136]. In
the same work, the photonic waveguide has been applied
for label-free chemical sensing within the wavelength
range of 2500-3000 nm. Also, by leveraging on the sput-
tered AIN on SiO, platform, in 2019, the working wave-
length of the photonics devices has been further extended
beyond 3 pm [140]. The scanning electron microscopy
(SEM) image of the patterned AIN microring resonator
before upper cladding deposition is shown in Figure 2(e)
left panel. The transmission electron microscopy (TEM)
image of the waveguide cross-section after the upper
cladding deposition is illustrated in Figure 2(e) right panel.
A constant propagation loss is measured to be around
1.74 dB/mm in the wavelength range of 3.66-3.9 pm, and
the microring resonator cavity Q is obtained to be 1.9 x 10>
within the same wavelength range. The waveguide loss
and the cavity Q can be significantly improved by thermal
annealing for the chip [90]. The waveguide loss under
different thermal annealing conditions have been shown in
Figure 2(f) left panel. It can be found that the annealing
process at 400 °C for 4 h gives the lowest loss result. After
such annealing process, the loss can be reduced by half,
which is around 0.8 dB/mm, and the cavity Q can be
improved to 3.0 x 10°, with spectrum shown in Figure 2(f)
right panel. The power extinction ratio (ER) of 18 dB is
achieved at the drop port of the microring resonator. For
AlN-based photonics in MIR, one more point worth
mentioning is that although AIN material has wide trans-
parency window, the waveguide working wavelength in
MIR will be limited by the transparency window of clad-
ding layer material, typically either sapphire or SiO,, up to
4-5 or 3—4 pm, respectively [141].
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Besides using sputtering process for AIN thin film
deposition, in 2014, a low loss photonic waveguide using
epitaxial AIN on sapphire substrate deposited through
metal-organic chemical vapor deposition (MOCVD) has
been demonstrated in the study by Soltani et al. [125]. The
single-crystal AIN waveguide optical loss is reported to be
0.7 dB/cm at 1553 nm. The dispersion property and the low
optical loss further prove the effectiveness of wide bandgap
integrated photonics platform using AIN. Leveraging on the
same AlN-on-sapphire platform, AIN waveguide with
remarkably low loss has been demonstrated in the study by
Liu et al. [137]. The waveguide loss has been reported to be
0.14 and 0.2 dB/cm for TEq, and TMy mode, respectively,
at telecom wavelength. The microring cavity intrinsic Q
value has been obtained as 2.5 x 10° and 1.9 x 10°,
respectively.

Taking the advantage of wide transparency window of
AIN, and the low-loss of AIN-on-sapphire platform, wave-
guide and microring resonator cavity at UV wavelength
have been demonstrated in the study by Liu et al. [84].
Figure 2(g) shows the simulated optical mode confined
within AIN microring resonator at 390 nm wavelength,
with waveguide width variation from 0.4 to 0.8 pm. The
false-colored SEM image of one fabricated device
(patterned AIN without top cladding) is provided in
Figure 2(h). The zoom-in view of the coupling area between
waveguide and microring is shown in Figure 2(i) top panel.
The cleaved facet of the waveguide with SiO, top cladding
is illustrated in Figure 2(i) bottom panel. The spectrum
response (TE mode) of two cascaded microrings with
slightly different diameters has been measured, as illus-
trated in Figure 2(j). The zoom-in view of TE, resonances I
and II are presented in Figure 2(k) left and right panel,
respectively. The highest intrinsic Q of the cavity can be
obtained as 2.1 x 10°, which is a significant improvement
compared with the earlier reported result [115]. Based on
the cavity Q, the waveguide loss can be derived as ~8.0 dB/
cm, which is also a significant improvement compared with
the earlier reported value of 75 dB/cm at 369.5 nm [115].
Such low loss and high cavity Q are due to the good thin
film quality of single-crystalline AIN, engineered wave-
guide dimensions and the optimized fabrication process.

Besides the passive waveguide, the active tuning of the
AIN-based microring resonator has also been demon-
strated in the study by Liu et al. [138] for microwave pho-
tonics (MWP) application. The platform is still AIN-on-
sapphire for integrated optics. The reported MWP phase
shifter is able to tune the phase for broadband radio fre-
quency (RF) signal from 4 to 25 GHz using thermal-optic
effect. The thermal shift of AIN microring is achieved by
controlling the optical power in waveguide.
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Figure 2: AIN-based integrated linear optical devices.

(a) Microscopic image of fabricated microring resonator working at NIR. (b) Microscopic image of fabricated microring resonator working at
visible. (c) Simulated fundamental TE mode within AIN waveguide cross section at 1550 nm (left panel) and 770 nm (right panel). (d) Zoom-in
spectrum response of the microring resonator around wavelength of 1550 nm (left panel) and 770 nm (right panel). The corresponding cavity Q
are measured to be 4.4 x 10° at 1549 nm, 3 x 10* at 770 nm. (a)—(d) Adapted with permission from [82] © The Optical Society. (e) Left panel: SEM
image of patterned AIN microring resonator (without top cladding) designed for MIR wavelength range. Right panel: TEM image of fabricated
AIN waveguide for MIR working wavelength. Inset: zoom-in view of the AIN waveguide. (e) is adapted with permission from [140] © The Optical
Society. (f) Left panel: waveguide propagation loss under different annealing conditions within the wavelength range of 3.66-3.9 pm.
Annealing process at 400 °C for 4 h gives the lowest loss: 0.8 dB/mm, which is about half of the original loss. Right panel: spectrum
response of the microring resonator after annealing process, showing Q value of 3.0 x 10° and extinction ratio (ER) of 18 dB. (f) is adapted with
permission from [90] © The Optical Society. (g) Simulated optical mode confined by AIN microring resonator, with waveguide width variation
from 0.4 to0 0.8 pm. (h) False-colored SEM image of patterned AIN waveguide on sapphire substrate without top cladding. (i) Top panel: zoom-in
view of waveguide to microring coupling region. Bottom panel: waveguide facet with top SiO, cladding. (j) Spectrum response of two cascaded
microrings with slightly different diameters. (k) Zoom-in view of spectrum response of resonance | (left panel) and resonance Il (right panel).
The highest intrinsic cavity Q can be obtained as 2.1 x 10°. (g)-(k) Adapted with permission from [84] © The Optical Society.
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3.2 Integrated optomechanical devices

Contributed by the piezoelectric effect and excellent
electro-mechanical properties, AIN has been widely used
as material platform for microelectromechanical resona-
tors. Good optical properties mentioned earlier make AIN a
very suitable material for optomechanical devices. In 2012,
an integrated AIN-based suspended mechanical microring
resonator has been demonstrated with high optical Q factor
in the study by Xiong et al. [103]. The false-color SEM image
of the fabricated microring is illustrated in Figure 3(a). One
of the optical resonances at 1544.85 nm is shown in Fig-
ure 3(b), demonstrating optical Q factor of 1.25 x 10°. The
optically transduced RF spectrum of the mechanical modes
of the ring cavity has also been captured, with zoom-in
view shown in Figure 3(c). Top, middle and bottom panel
show the resonance at 30.6 MHz, 47.3 MHz, and 1041.5 MHz
respectively. At 30.6 MHz, the simulated displacement profile
for the wine-glass mode has also been included as inset. The
device can be used as an optical cavity for sensitive displace-
ment readout, to resolve the thermomechanical motions of the
ring contour modes with frequency over GHz.

Besides the microring cavity, photonic crystal (PhC)
optomechanical nanocavities have also been reported by
the same group [104, 139]. In the work reported in 2013 in
the study by Fan et al. [104], the piezoelectrically actuated
one-dimensional (1D) acoustic and PhC nanocavity has
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been demonstrated. The false-color SEM image of the
fabricated suspended PhC nanocavity is shown in
Figure 3(d). The red, green and blue color represent the PhC
nanocavity, optical waveguide, and stress release struc-
ture, respectively. The simulated optical and mechanical
mode profiles are presented in Figure 3(e) top and bottom
panel, respectively. Two modes have significant overlap at
the central area of PhC. Figure 3(f) illustrates the optical
spectrum response of the PhC nanocavity. At the resonance
wavelength of 1547.1 nm, the intrinsic cavity Q is reported
to be 1.2 x 10°. The S,; coefficient of the piezo-acousto-
photonic crystal nanocavity is measured by network
analyzer. The obtained results including the magnitude
and phase are shown in Figure 3(g), in which the inset
shows the magnitude from 2.0 to 4.0 GHz. The piezoelectric
actuation of mechanical mode at 3.18 GHz has been
demonstrated with mechanical cavity Q of >1 x 10%,

Since the optomechanical resonance cavities dis-
cussed above can be simultaneously used as optical and
mechanical cavity, they provide a platform for photon-
phonon interaction, which can be used as acoustic-optic
modulator [69, 107]. A schematic showing the interaction
between the surface acoustic wave (SAW) and the optical
wave is illustrated in Figure 4(a), in which the optical mode
is confined by the ridge waveguide formed by AIN on SiO,
layer. The simulated optical mode, acoustic mode (under
two acoustic wavelengths of 2W and W/2), and their
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Figure 3: AIN-based integrated optomechanical devices.

(a) False-color SEM image of microring-shaped optomechanical resonator. Suspended microring resonator is marked in green. Photonic
coupling waveguide is marked in red. (b) One of the optical resonance spectral, showing optical cavity Q of 1.25 x 10 at resonance
wavelength of 1544.85 nm. (c) Top, middle and bottom panel: zoom-in spectra of mechanical modes at 30.6, 47.3 and 1041.5 MHz,
respectively. The fitted curves give the mechanical cavity Q of 1200, 1742, and 2473, respectively. Inset in top panel shows the simulated
displacement profile for wine-glass mode at 30.6 MHz. (a)-(c) Adapted from [103], with the permission of AIP Publishing. (d) False-color SEM
image of piezo-acousto-photonic crystal nanocavity. Piezo-acousto-photonic nanocavity, photonic coupling waveguide, and stress release
structure are marked in red, green and blue color, respectively. (¢) Top and bottom panel: simulated optical and mechanical mode profile
within the piezo-acousto-photonic crystal nanocavity. (f) Optical spectrum of PhC cavity. Intrinsic cavity Q can be obtained as 1.2 x 10° at
1547.1 nm. Inset shows the zoom-in view near the optical resonance. (g) S,; magnitude and phase of the piezo-acousto-photonic crystal
nanocavity. Inset shows S,; magnitude at the frequency between 2.0 and 4.0 GHz. (d)-(g) Adapted from [104], with the permission of AIP
Publishing.
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overlap are presented in Figure 4(b). The optical mode is
launched by coupling light into the racetrack resonator.
The acoustic mode is excited by inter-digital transducer
(IDT) placed nearby the racetrack. The microscopic image
is shown in Figure 4(c), together with the SEM image
showing zoom-in view of IDT electrode fingers having a
period D of 400 nm. The optical characterization result of
the racetrack resonator is shown in Figure 4(d), achieving
intrinsic Q value of 8 x 10*. The acoustic modulation of the
optical resonator is illustrated in Figure 4(e). The left panel
shows the spectra of S, transmission coefficient of the
acousto-optic device, with peaks labeled with Rayleigh
mode orders. The right panel shows the modulation
response with respect to the laser detuning relative to the
optical resonance wavelength for R6 mode under acoustic
wavelength of 0.9 pm. The dip at the center indicates that
the acoustic wave adds modulation on optical phase.
Besides the racetrack/ring resonator discussed above,
the PhC nanocavity has also been used as optomechanical
system for phonon-photon coupling, through SAW [107] or
suspended optomechanical system [61], achieving RF
modulation with frequency up to 12 and 4.2 GHz, respec-
tively. The schematic of SAW generated by IDT propagating
towards the PhC nanocavity is illustrated in Figure 4(f) top
panel. The microscopic image of the fabricated device is
provided in Figure 4(f) middle panel. Two grating-based
vertical couplers are used to couple light into and out of the
waveguide, which is side-coupled to the PhC nanocavity.
The Figure 4(f) bottom panel shows the false-colored SEM
image of PhC nanocavity side-coupled to a straight wave-
guide (marked in green). The IDT (marked in yellow) for
SAW generation can also be clearly observed. The spectra
of fundamental mode resonance (around 1530 nm) of the
PhC nanocavity is presented in Figure 4(g), showing a
narrow linewidth of 3.88 GHz. The system transmission
coefficient S, and reflection coefficient S;; are measured by
vector network analyzer (VNA), with obtained spectrum
shown in Figure 4(h). Different Rayleigh modes (R1-R15)
can be observed from the spectrum of transmission coef-
ficient S,;. The right panel of Figure 4(h) shows the zoom-in
view of the transmission and reflection spectra for R14
mode. At such R14 mode, the peak value of S,; under
various laser detuning relative to the cavity resonance is
recorded and shown in Figure 4(i), in which the measured
data (red dots) are fitted with theoretical model (blue line).
Through phonon-photon coupling, the SAW not only
can modulate the optical signal, but also can be used to
achieve optical isolation on chip [62, 63]. Under the con-
dition that the SAW propagation direction is perpendicular
to the optical wave propagation direction, the device
functions as an acousto-optic phase modulator. There will
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be two side-bands evenly located on both sides of the op-
tical signal in frequency domain. While under the condi-
tion that the SAW direction has an angle rather than 90°
with respect to the waveguide direction, the device will
function as an optical isolator or nonreciprocal modulator,
due to the breaking of geometric symmetry. Such optical
isolator provides a solution to make monolithically inte-
grated optical isolation using CMOS-compatible fabrica-
tion process, rather than using magneto-optical material
[142, 143], or PhC structure which requires patterning with
small critical dimension (CD) [144]. An additional note is
that the optical waveguide in the study by Kittlaus et al. [63]
is Si ridge waveguide embedded in SiO, with an AIN layer
on top, while in the study by Sohn et al. [62], both optical
mode and acoustic mode are confined in AIN ridge wave-
guide. Furthermore, the earlier case of building AIN elec-
tromechanical transducer on Si (AIN-on-Si platform [145])
to achieve optomechanical functionality has also been
used to make the quantum optomechanical devices, as
reported in [146, 147].

3.3 Optical emitters and photodetectors

Contributed by the large bandgap and wide transparency
window down to UV range, AIN has also been used in
combination with Gallium Nitride (GaN) as light emitting
material for UV light generation [85-87, 116118, 148]. The
study by Mexis et al. [148] reports high Q factor microdisk
cavity with GaN quantum dots grown on AIN and AlGaN
barriers. The GaN/AIN microdisk shows a Q value of more
than 7 x 10°. In the study by Sam-Giao et al. [116], a high
Q factor AIN nanocavity has been demonstrated, which is
based on PhC membrane. The AIN thin film is grown on Si
through ammonia molecular beam epitaxy (MBE), and
contains the GaN quantum dots. The SEM image of the
patterned PhC nanocavity is shown in Figure 5(a),
including a waveguide structure in the middle. The room-
temperature photoluminescence results of the nano-
cavities with different PhC designs are illustrated in
Figure 5(b). The Q factor of 4.4 x 10° and 2.3 x 10> have been
obtained at wavelengths of 395 and 358 nm, respectively.
In order to reduce the lattice mismatch on Si substrate, in
the study by Sergent et al. [117], the GaN/AIN quantum dots
are first grown on SiC substrate, and then transferred to Si
substrate using a bonding process. The PhC structure is
then patterned using electron-beam lithography, followed
by hydrofluoric acid etching to remove the bonding mate-
rial beneath to form suspended membrane. The SEM im-
ages of the fabricated PhC suspended nanocavity are
presented in Figure 5(c). At the wavelength of 399 nm, the
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Figure 4: AIN-based integrated devices with SAW induced photon—-phonon coupling.

(@) Schematic of AIN waveguide illustrating the coupling between the SAW and optical mode. (b) Simulated optical mode, acoustic mode
(under two acoustic wavelengths of 2W and W/2), and their intensity overlap within the AIN-based waveguide. (c) Left panel: optical
microscopic image of fabricated system, showing IDT placed beside the racetrack ring resonator for SAW coupling. Two vertical couplers are
used for optical mode coupling. Right panel: SEM image of IDT electrode fingers with a period D of 400 nm. (d) Optical transmission spectrum
of the racetrack resonator, showing loaded Q of 4 x 10*, corresponding to an intrinsic Q of 8 x 10*. (e) Left panel: measured system spectra of
S, transmission coefficient with peaks labeled with Rayleigh mode orders. Right panel: R6 mode modulation response with respect to the
laser detuning relative to the optical resonance wavelength under acoustic wavelength of 0.9 pm. (a)-(e) Adapted with permission from
Springer Nature, Nature Communications [69]. Suboptical wavelength acoustic wave modulation of integrated photonic resonators at
microwave frequencies, S. A. Tadesse, et al. Copyright 2014. (f) Top panel: schematic of SAW generated by IDT propagating towards the PhC
nanocavity. Middle panel: microscopic image of the fabricated device, with two grating-based vertical couplers to couple light into and out of
the waveguide, and metallic IDT for SAW coupling. Bottom panel: false-colored SEM image of PhC nanocavity side-coupled to a straight
waveguide (marked in green), and IDT (marked in yellow) for SAW generation. (g) Spectra of fundamental mode resonance (around 1530 nm) of
the PhC nanocavity, showing a narrow linewidth of 3.88 GHz. (h) Left panel: spectra of system transmission coefficient S,; and reflection
coefficient S;;. Right panel: zoom-in view of the transmission and reflection spectra for R14 mode. (i) Peak value of S,; under various laser
detuning relative to the cavity resonance for R14 mode. Measured data (red dots) are fitted with theoretical model (blue line). (f)-(i) Adapted
with permission from [107] © The Optical Society.
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Q factor of nanocavity is reported to be 6.3 x 10> with
Lorentzian fitting, and 1.1 x 10* with Voigt fitting. The
measured Q factors of PhC with varied hole radius at
different wavelengths are presented in Figure 5(d).

To overcome the limitation on the internal quantum
efficiency in UV wavelength, in the study by Zhao et al.
[118], nitrogen (N)-polar AIN nanowires grown directly on
Si substrate have been demonstrated with a record high
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internal quantum efficiency of 80% at room temperature.
The schematic of AIN nanowire grown on GaN nanowire
and Si substrate is illustrated in Figure 5(e). The SEM image
of the fabricated nanowire is presented in Figure 5(f), in
which the highly uniform and vertically aligned nanowires
can be clearly observed. The photoluminescence spectra of
the nanowires are captured with 1 mW excitation power
and under 20 and 300 K, as shown in Figure 5(g). By taking
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Figure 5: Al(Ga)N-based semiconductor UV emission light sources.

(a) SEM image of AIN suspended structure with PhC and waveguide formed in the middle. (b) Photoluminescence spectra of PhC nanocavity
obtained at room temperature, showing high Q factor. (a)-(b) Adapted from [116], with the permission of AIP Publishing. (c) Top and Bottom:
top and tilted view SEM images of transferred suspended PhC nanocavity from SiC to Si substrate. (d) Q factors obtained from
photoluminescence spectra with varied PhC design at different wavelengths. Top: Lorentz fitting. Bottom: Voigt fitting. (c)-(d) Adapted from
[117], with the permission of AIP Publishing. (e) Schematic of AIN nanowire on GaN nanowire and Si substrate. (f) SEM image of fabricated AIN/
GaN nanowires on Si, showing uniform distribution and vertical alignment. (g) Photoluminescence spectra of AIN nanowires under 1 mW
excitation power at the temperature of 20 and 300 K. (h) Schematic of AIN-nanowire-based LED. (i) Electroluminescence spectra of
AlIN-nanowire-based LED under different injection levels at room temperature, showing strong emission at 210 nm. Inset: linear relation
between output power and injection current. (e)—(i) Adapted with permission from [118]. Licensed under a Creative Commons Attribution.
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the ratio of intensity at 300 and 20 K, the internal quantum
efficiency can be estimated to be 80% assuming a near-
unity internal quantum efficiency at 20 K. In the same
work, the first nanowire-based 210 nm LED has also been
demonstrated, whose schematic is shown in Figure 5(h). The
electroluminescence under different injection levels are ob-
tained at room temperature, as shown in Figure 5(i). The
emission peak at 210 nm can be clearly observed. Also, the
linear relation between the output power and injection cur-
rent can be found from inset of Figure 5(i).

Furthermore, GaN/AIN quantum wells with improved
performances are recently reported [85-87]. In the study by
Growden et al. [85], a unipolar n-doped GaN/AIN hetero-
structure has been reported, with electroluminescence
spectra peak located at near-UV wavelength (360 nm). The
light emitter overcomes the challenge of the p-type doping
and contact, with holes created through Zener tunneling
from valence band to conduction band. In the meanwhile,
the study by Haughn et al. [86] reports the highly radiative
nature of ultra-thin A1GaN/AIN quantum wells for deep UV
emission. Also, in the study by Kobayashi et al. [87], GaN
monolayer quantum wells with emission wavelength
below 250 nm have been demonstrated. The internal
quantum efficiency of GaN/AIN is reported to be 5% for a 1
monolayer GaN/AIN quantum well and 50% for a 2
monolayer GaN/AIN quantum well.

AIN has been used not only as one of the key semi-
conductor optoelectric materials for light emitters in UV,
but also as host material of point detects for quantum
emitters in visible and IR wavelength regime [72, 126, 127].
In the study by Xue et al. [126], the single photon emitter in
single-crystalline AIN film that can emit in visible and NIR
at room temperature has been reported for the first time.
Figure 6(a) shows the photoluminescence spectra
measured at 300 and 10 K. Two single photon emitters
(SPE1, SPE2) are selected for autocorrelation measure-
ment. The histogram of 74 emitters at 10 K in Figure 6(b)
shows the emission wavelength coverage from 550 to
1000 nm. The autocorrelation results of SPE1 and SPE2 are
presented in Figure 6(c). g(Z)(O) of 0.10 + 0.05 and
0.34 + 0.05 are obtained for SPE1 at 10 K and SPE2 at
300 K, respectively. Also, based on AlN thin film on sap-
phire substrate, in the study by Bishop et al. [72], bright
(>10° counts/s) and pure (g(z)(O) < 0.2) quantum emission
has been demonstrated at room temperature from color
centers of AIN located around 2.1 eV. While the two works
mentioned earlier ([72, 126]) are based on AIN thin films,
the work reported in the study by Lu et al. [127] has moved
one step further. It demonstrates the direct integration of
quantum emitter within an AIN-based photonic
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integrated circuit. The schematic of the system is illus-
trated in Figure 6(d). The inset on the left shows the
wurtzite crystal structure of AIN, and the inset on the right
shows the microscopic image of the fabricated AIN
waveguides and grating couplers. The cross-section of
single-mode AIN-on-sapphire waveguide is shown in
Figure 6(e), with quantum emitter embedded within AIN
waveguide. The autocorrelation measurement result of
the emitter via waveguide collection is presented in
Figure 6(f), with g? (0) = 0.21 + 0.08 reported. The pho-
toluminescence intensity saturation response has also
been plotted in Figure 6(g). The saturation rate of >
8.6 x 10* counts per second is obtained. Further, in the
same work, for unpatterned AIN thin film, high photon
counting rate of >8 x 10° counts per second and
2(0) ~ 0.08 have been reported at room temperature. An
additional note worth mentioning is that, besides the
quantum emitters discussed earlier, AIN has also been
used as waveguide for single-photon transmission [150]
and quantum optics system [151].

Besides the emitters mentioned earlier, AIN has also
been used as a key semiconductor material for photode-
tectors [119-122, 149]. In the study by Zheng et al. [119], an
AIN nanowire structured photodetector working at 193 nm
wavelength with short response time (<0.2 s) has been
demonstrated. The method to prepare the defect-free, high-
quality AIN nanowire has been reported in the same work.
Also, GaN nanowire photodetectors with GaN/AIN super-
lattice embedded have been demonstrated, with working
wavelength in UV [120] and NIR [149]. The NIR (1.55 pm)
photodetection reported in the study by Lahnemann et al.
[149] is claimed to be the first nanowire-based inter-sub-
band photodetector. Furthermore, in the study by You et al.
[121], ZnO/AIN core/shell nanowires for UV emission and
detection have been demonstrated. Compared with the
bare ZnO nanowires, the core/shell nanowires achieve 24
times enhancement of UV emission, higher photo-
responsivity (from 3.8 x 10° to 2.05 x 10* A/W), and shorter
response time (from 397 to 28 ms) for photodetection. These
performance enhancements are mainly contributed by the
higher crystal quality of core—shell nanowires and
passivation of surface states of ZnO nanowires by crystal
AIN shell. The photodetector performance reported in [121]
has also been benchmarked with the earlier discussed
work in [119], showing superior performance in terms of
response speed and responsivity. Moreover, a recent work
reported in the study by Kaushik et al. [122] makes use of a
monolayer of organic molecules to passivate the surface
states of AIN, and hence, to improve the performance of
AIN-based UV photodetector. The surface modification
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Figure 6: AIN-based quantum emitters.

(a) Photoluminescence spectra measured at 300 K (top panel) and 10 K (bottom panel). (b) Histogram showing the emission wavelength
distribution of 74 emitters. (c) Normalized autocorrelation data for selected single-photon emitters (SPE1 and SPE2). g(”(o) of 0.10 + 0.05 and
0.34 + 0.05 are obtained for SPE1 at 10 K and SPE2 at 300 K, respectively. Red dotted lines indicate the classical threshold of 0.5. (a)-(c)
Adapted with permission from [126], copyright (2020) American Chemical Society. (d) Schematic of quantum emitter integrated within the
photonic integrated circuits. Inset on the left: wurtzite crystal structure of AIN. Inset on the right: microscopic image of the fabricated AIN
waveguides and grating couplers. (e) Cross-section of single-mode AIN-on-sapphire waveguide, with quantum emitter embedded within AIN
waveguide (not necessarily to be right in the center). (f) Autocorrelation measurement of the emitter via waveguide collection, showing
g(z)(o) =0.21+ 0.08. (g) Photoluminescence intensity saturation response of the emitter, with saturation rate of >8.6 x 10* counts per second.
(d)-(g) Adapted with permission from [127], copyright (2020) American Chemical Society.

enables the reduction of photodetector dark current by The pyroelectric property of AIN also makes it a suit-
10 times, and doubling of the responsivity from 0.3 to able material for MEMS-based thermal detector for sensing
0.6 mA/W. in IR wavelength [64, 65, 71, 111, 112]. Differentiating from
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the above mentioned photodetector based on bandgap of
semiconductor material, the mechanism of pyroelectric
thermal detector is based on electrical voltage or current
induced by the heat from electromagnetic radiation. In the
study by Yamamoto et al. [71], a wavelength-selective py-
roelectric sensor has been demonstrated, with schematics
shown in Figure 7(a) (projected view) and Figure 7(b)
(cross-sectional view). The wavelength selectivity is real-
ized by periodic holes patterned on top molybdenum (Mo)
metal layer. The patterned Mo layer forms the optical
resonance within MIR wavelength. At the same time, the
Mo layer is used for the collection of pyroelectric charge
signal. The SEM images of the fabricated sensor and the
patterned top Mo layer are shown in Figure 7(c) and
Figure 7(d), respectively. The pitch and diameter of these
holes determine the resonance wavelength for the sensor.
The comparison between the measured absorption spectra
of detectors with top Mo layer patterned and unpatterned
are shown Figure 7(e) top panel. The patterned detector,
with hole pitch size of 2pm and hole diameter of 1.5 pm, has
significant absorption near 4.5 and 5.5 pm wavelengths.
The detector with unpatterned top Mo layer has close to
0 absorption due to the high reflectivity of the Mo metal at
IR wavelength. The inset of Figure 7(e) top panel shows the
result from finite difference time domain (FDTD) simula-
tion, for the absorption of TE and TM polarized light. The
pitch and diameter of hole array are fixed at 2 and 1.5 pm,
respectively. The absorption under incident angles of 0°
and 25° are investigated. For TM polarized light, the ab-
sorption spectra are similar for both 0° and 25° incident
angles. While for TE polarized light, the main peak splits
when the angle changes from 0° to 25°. Considering the
light in measurement is continuously distributed within
25(+10)°, the measured broadening of the peaks may be
contributed by the splitting of the TE absorption lines, as
stated in the analysis of [71]. The absorption peak wave-
length can be engineered by adjusting the etched hole
array dimensions, as supported by the simulation results
provided in Figure 7(e) bottom panel. The pitch is
increasing from 1.75 pm to 2.0 pm and 2.25 pm, with hole
array pitch and radius ratio fixed at 0.75. The red shift of the
peak absorption can be observed with the increase of hole
array dimension. Also, one more work related to wave-
length/spectral selectivity worth mentioning is that in the
study by Stewart et al. [65], AIN pyroelectric thin film has
been integrated with a plasmonic metasurface to demon-
strate spectrally selective (660-2000 nm), ultrafast (700 ps
rise time) pyroelectric photodetector working at room
temperature.

The CMOS-compatible pyroelectric photodetectors
have also been explored and demonstrated in [64, 112]. The
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study by Ng et al. [112] reports the demonstration of AIN-
based MEMS pyroelectric detectors fabricated on an 8-inch
Si wafer. Hence, the detector devices have the potential to
be integrated with the MEMS-based thermal emitter [10],
and to realize miniaturized optical gas sensor for chemical
gas sensing application. Furthermore, by doping Sc into
AIN thin film, the pyroelectric coefficient of AIN can be
enhanced [152]. As a result, the performance of the pyro-
electric photodetector can be improved [66]. The schematic
of ScAIN-based pyroelectric photodetector is shown in
Figure 7(f), including the thicknesses of different layers.
The SiO, rib array, as magnified in the figure, is designed to
increase the mechanical stiffness of the device. The
microscopic image of the fabricated device wire bonded on
a Transistor Outline (TO)-39 header is illustrated in
Figure 7(g). The detector die dimension is 3 x 1.8 mm. The
membrane sensing area with ScAIN has a dimension of
536 x 536 um, as marked out in the figure. The functionality
of the detector can be visualized in Figure 7(h). A com-
mercial MEMS thermal emitter has been used, driven by
1Hz square wave modulated voltage. Figure 7(h) shows the
time domain response from the detector. The positive and
negative current peak corresponds to “on” and “off” of the
thermal emitter, respectively. When the emitter is switched
on, the pyroelectric photodetector senses the increase of
temperature, and gives a positive current peak. When the
emitter is switched off under square wave modulation, the
pyroelectric photodetector senses the decrease of temper-
ature, and hence gives a negative current peak. The current
amplitude is measured to be around 2 nA. The performance
of the ScAIN pyroelectric detector is compared with the
AlN-based pyroelectric detector, showing improved per-
formance in terms of  specific  detectivity
(~6.08 x 10" cm+vHz/W) and noise equivalent power
(~8.85 x 107° W/VHz).

3.4 Flat optics/metasurfaces

Flat optics/metasurface has attracted a lot of interests from
both academic research and industry in the past decade. It
is a thin layer of nanostructures patterned on a substrate,
and has the potential to replace the bulky optical compo-
nents. Differentiating from the traditional in-plane inte-
grated photonics, metasurface-based devices are patterned
to manipulate light that is incident on it. Similar to surface
LED and earlier mentioned pyroelectric photodetectors,
metasurfaces manipulate light under out-of-plane scheme.
In the meanwhile, the optical phase profile after the met-
asurface can be engineered to achieve designed function-
ality. Optical devices with various functionalities have
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(@) and (b): Schematic and cross-section of the wavelength-selective pyroelectric sensor. (c) and (d): SEM images of the fabricated sensor and
the patterned top Mo layer with hole array. (e) Top panel: measured absorption spectra of detectors with top Mo layer patterned (black solid
line) and unpatterned (gray dashed line). Inset: FDTD simulated absorption spectra for TE and TM polarizations at 0° incident angle (black solid
line) and 25° incident angle (TE: gray dashed line; TM: gray solid line). Bottom panel: simulated absorption spectra with hole dimension
variation, indicating the absorption peak can be engineered by adjusting the hole array dimension. (a)-(e) Adapted from [71], with the
permission of AIP Publishing. (f) Schematic of ScAIN-based pyroelectric photodetector, showing each layer and the respective layer thickness.
Magnified schematic of SiO, rib array is included. It is designed to increase the mechanical stiffness of the device. (g) Microscopic image of the
fabricated device wire bonded on a TO-39 header, with membrane sensing area and contact pads marked out. (h) Time domain response from
the pyroelectric photodetector illuminated by commercial MEMS thermal emitter under 1 Hz square wave driving voltage. The response
amplitude is measured to be around 2 nA. (f)-(h) Adapted from [66], with the permission of AIP Publishing.

been demonstrated including metalens [153-155], color
filters [156-158], beam deflectors [159-161], waveplates
[162-164], and holograms [165-167]. Also, metasurface can
be patterned in large-area, and mass-produced on
CMOS-compatible fabrication facilities [168—170], which
brings down the manufacturing cost. The fabrication pro-
cess is also compatible with the one used for traditional in-
plane photonics platform. As mentioned earlier, among the
materials available in CMOS-compatible fabrication line,
AIN has advantage of large bandgap (6.2 eV at room tem-
perature [52, 53]) and relatively high refractive index (2.2 @
375 nm [171]) compared with SiO, cladding. Furthermore,

the low thermo-optic coefficient of AIN (4.26 x 107°/K at the
wavelength of 1000 nm [78]) contributes to high power
handling capability. Hence, AIN is a very suitable material
for metasurface, especially in UV wavelength regime where
most semiconductor materials have absorption. Recently,
the designs of AIN-based metasurface, including metalens
and holography, have been reported in the studies by Gao
et al. and Guo et al. [171, 172]. The experimental demon-
stration of AIN metalens working at UV wavelength has
also been reported in the study by Hu et al. [88]. The
schematic of 3D on-axis focusing by metasurface in trans-
mission mode is illustrated in Figure 8(a). The working
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wavelength (A) of the device is 375 nm. Figure 8(b) shows
the simulation model, with scale bar length of 1.6 pm. The
metalens has ripple-like patterns, with designed numerical
aperture (NA) of 0.88 and focus length (f) of 2 pm. The
phase distribution of scattered light follows the hyperbo-
loidal profile. Laser writing is used to pattern the resist after
AIN deposition with a sputtering system. The fabricated
AIN metasurface on sapphire substrate is illustrated in
Figure 8(c), with scale bar length of 60 um. The device has
an NA of 0.08 and f of 2 mm. The simulated and measured
beam intensity profile at the focal plane are shown in
Figure 8(d) and Figure 8(e), respectively. At the focal plane,
the simulated beam intensity along the x-axis is illustrated
in Figure 8(f), showing full-width-half-maximum (FWHM)
of 232 nm, which is close to diffraction limit of 212 nm (A/
2NA ~ 212 nm). While the measured FWHM along x-axis is
6.7 um, as shown in Figure 8(g). This is wider than
diffraction limit of 2.3 pum (1/2NA ~ 2.3 pm), contributed by
the fabrication inaccuracy and also the low NA of the
fabricated device. Furthermore, the 3D routing of UV light
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has been demonstrated by focusing the light in two
different planes, with schematic shown in Figure 8(h).
For simulation, the location of plane I and plane II are at
z =3 and 7 pm, respectively. While for real fabricated de-
vice, these locations are at z = 2 and 5 mm. The designed
and fabricated metasurface devices are illustrated in
Figure 8(i) and Figure 8(j), respectively. The simulated in-
tensity profile at plane I (z = 3 pm) and II (z = 7 um) are
shown in Figure 8(k) and Figure 8(m), with FWHM of 336
and 266 nm, respectively. The experimental intensity dis-
tribution measured at plane I (z =2 mm) and II (z = 5 mm)
are illustrated in Figure 8(1) and Figure 8(n), with FWHM of
20 and 36 pm, respectively.

3.5 Optical modulator based on Pockels
effect

Optical modulator is an essential building block in pho-
tonic integrated circuit. The phase shifting requires

(h) Plane Il

Plane I

-200 -2 0.0
.200_1(3(()“’%;()3 200 D&OGJ&U(HOm}OO 200

Figure 8: AIN-based metasurface devices working at UV wavelength (A = 375 nm).

(a) Schematic of AIN-based metalens focusing in transmission mode. (b) Metalens simulation model, with ripple-like AIN pattern on sapphire
substrate, and scale bar length of 1.6 pm. (c) Optical image of fabricated metalens sample, with scale bar length of 60 ym. (d) Simulated
intensity distribution at the focal plane. (e) Measured intensity distribution at the focal plane. (f) Simulated intensity profile at focal place
along x-axis, with FWHM of 212 nm. (g) Measured intensity profile at focal place along x-axis, with FWHM of 6.7 pm. (h) Schematic of AIN-based
3D routing in transmission mode, which is able to focus incident light into two different focal planes. (i) Simulation model of 3D router, with
scale bar length of 1.7 ym. (j) Fabricated metasurface for 3D routing, with scale bar length of 90 pm. (k) and (m): Simulated light intensity
distribution after normalization at focal plane | (z=3 pm) and focal plane Il (z=7 pm), with FWHM of 336 and 266 nm at focal spot, respectively.
(1) and (n): Measured light intensity distribution after normalization at focal plane | (z= 2 mm) and focal plane Il (z=5 mm), with FWHM of 20 and
36 pm at focal spot, respectively. (@)-(n) Adapted with permission from [88] © The Optical Society.
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electrical tuning of waveguide refractive index. Contrib-
uted by low optical loss, wide transparency window, and
noncentrosymmetric crystalline structure, AIN-based op-
tical modulators have been designed and demonstrated
[91, 92, 173]. Compared with the phase shifting using
thermal-optic effect, the electro-optic (Pockels) effect has
the advantage of low power consumption and fast tuning
speed. A recently demonstrated AIN-based optical modu-
lator design is illustrated in Figure 9(a) [91]. The top and
bottom panel shows the optical and electrical field distri-
bution at the cross-section, respectively. The plasma-
enhanced chemical vapor deposition (PECVD) SiO, thick-
ness (tox) has been optimized to be 0.8 um to balance the
trade-off between the electro-optic overlap integral and
optical absorption due to electrodes (<1 dB/cm). The
microscopic image of the fabricated AIN microring with
metal contacts is shown in Figure 9(b) left panel. Two
vertical couplers at the bottom are used to couple light in
and out of the device. The wavelength shifts of 8 pm due to
the Pockels effect is shown in Figure 9(b) right panel. The
functionality of the modulator in a communication system
has been demonstrated. The modulation speed of 4.5 Gbps
at 1550 nm has been achieved, through the clear eye
pattern as shown in Figure 9(c). In order to increase the
electro-optic overlap, in the study by Zhu et al. [92], the
electrodes are placed at the top and the bottom of the AIN
waveguide, as shown in Figure 9(d). In this way, the
maximum electric field created by the voltages applied on
electrodes can go through the AIN waveguide. Compared
with the earlier modulator design shown in Figure 9(a), the
design in Figure 9(d) not only provides increased electro-
optic overlap, but also can be fabricated by the standard
planar CMOS-compatible fabrication process, and hence
enables the integration of multiple layers on Si. The
numerically calculated optical mode (TE) within the
fabricated waveguide and the microscopic images of the
fabricated microring and Mach-Zehnder interferometer
(MZI)-based modulator are illustrated in Figure 9(e). The TE
resonance shift of the microring and MZI modulator are
shown in Figure 9(f) left and right panel, respectively. The
MHz-level modulation frequency of the MZI is illustrated
through the time-domain response of the signal shown in
Figure 9(g). The modulation speed is limited by the speed
of the voltage supplier. Much higher modulation speed is
expected to be demonstrated, contributed by the high-
speed of the electro-optic effect. Furthermore, in a follow-
up work by the same group, a push-pull structure is
implemented to reduce the V,, of the MZI modulator by half
[75]. The schematic cross section and the cross-sectional
TEM image of the push-pull modulator are illustrated in
Figure 9(h) left and right panel, respectively. The optical
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spectra and the phase shift with respect to applied voltage
are shown in Figure 9(i) left and right panel, respectively.
V. of 21 V has been achieved by the modulator working at
the wavelength of 1550 nm.

3.6 Second harmonic generation

As mentioned in Optical property subsection, for nonlinear
process at telecom wavelength, AIN is free of two photon
absorption and related free carrier refraction, while it
happens in Si. Also, AIN thin film has been reported for
significant second order nonlinear effect on either sapphire
or Si substrate [174-176). After the patterning of the thin
film to form the waveguide, the phase matched AIN
waveguides and microring resonators have been demon-
strated for efficient SHG [54, 93]. In a waveguide, the phase
matching condition for SHG requires the following:

Ak = k(w,) — 2k (w1) = Walnefr2 — 2W1Mnetr1 = O )

where ny; and nye, represent the effective refractive
index of the pump mode and SH mode within the wave-
guide, respectively. Considering SHG case, w, = 2w, which
implies that Npegr> = Nyerr1. Figure 10(a) shows the calcu-
lated dispersion relations of waveguides. For a fixed
waveguide height, as the waveguide width increases, the
effective index of the fundamental mode at 1550 nm in-
creases slower than the higher-order modes at SH wave-
length 775 nm. By making use of this property, the phase
matching condition can be fulfilled at the cross-over point
of dispersion curves at pump and SH wavelengths.
Figure 10(a) bottom part illustrates the phase-matched
optical modes, which are fundamental mode at 1550 nm,
and fifth-order mode at 775 nm. Based on the phase
matching condition mentioned earlier, sputtered poly-
crystal AIN waveguide has been fabricated, with optical
image shown in Figure 10(b). The SHG output port is con-
nected to an optical spectrum analyzer (OSA) working at
visible wavelength range. Figure 10(c) shows the captured
SHG spectra with different waveguide width, in which the
increase of phase-matched wavelength can be observed as
the waveguide width becomes larger.

In a follow-up work published in 2016, an optimized
polycrystalline AIN microring cavity has been demon-
strated with SHG efficiency of 2500%/W in the study by
Guo et al. [94]. Perfect phase-matching condition is fulfilled
through thermal tuning of the cavity. The SHG experi-
mental setup is illustrated in Figure 10(d). Off-chip wave-
length division multiplexers (WDM) are used to split/
combine the pump signal at IR and SHG signal at visible
wavelengths. On the chip, two sets of waveguides are used
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Figure 9: AlIN-based integrated optical modulator using Pockels effect.

(a) Top panel: simulated optical field intensity distribution (TE mode) in designed AIN waveguide at telecom wavelength. Bottom panel:
simulated electrical field distribution at the cross section of designed modulator. (b) Left panel: microscopic image of the fabricated AIN
microring with metal contacts and vertical couplers for light coupling onto and out of the device. Right panel: optical resonance around
1542 nm with Qvalue of 8 x 10, showing wavelength shifts by 8 pm induced by applying bias voltage from —7.5 V to +7.5 V. (c) Clear eye pattern
generated using the optical modulator under modulation speed of 4.5 Gbps at 1550 nm. (a)-(c) Adapted with permission from [91], copyright
(2012) American Chemical Society. (d) Schematic of AIN-based phase shifter cross section for optical modulator. () Left panel: simulated TE
mode profile at 1550 nm. Right top and bottom panel: optical images of fabricated modulator with microring and MZI structure, respectively. ()
Left and right panel: transmission spectra of microring-based and MZI-based modulator (TE mode), respectively. (g) MZI modulator output
waveform at 1549 nm TE mode. (d)-(g) Adapted with permission from [92] © The Optical Society. (h) Left panel: schematic of AIN-based phase
shifter cross section with push-pull structure. Right panel: cross-sectional TEM image of one arm in MZI optical modulator. (i) Left panel:
optical spectra under different bias voltages on MZI modulator. Right panel: phase shift with respect to voltage at 1550 nm. (h) and (i) Adapted
with permission from [75] © The Optical Society.

to couple light into and out of the microring cavity sepa- been implemented. Firstly, to achieve high nonlinear
rately. The cavity transmission spectrum for the pump coupling strength, fundamental transverse magnetic (TM,)
wavelength and SHG wavelength are shown in Figure 10(e) mode has been chosen at pump wavelength, and TM, mode
left and right panel, respectively. In order to optimize the has been chosen for SHG signal. The phase-matched mode
cavity to achieve efficient SHG, different approaches have intensity profiles are provided in Figure 10(e) inset. The



DE GRUYTER N. Li et al.: Aluminium nitride integrated photonics: a review =— 2367
(a) (b) (d)
W o e v S L L NN A
[ 330nm:—— 1550 (1)——775 (5)—— 775 (6) |
400 e 1 S50 (1) e 775 (5) 775 (6) |

g 180 — S00mm D550 (| )= 775 (5)——T775 (6) = )

k| : | P

H 1550nm 7750m

E - Output _ Output

B 1550nm = { !

e Input. 4 @ — &t at

é (C) T T T

= Width (nm) —o— 860 —a— 855

A 850 —7— 845

1544.10

154412

7208 77207
‘Wavelength (nm) Wavelength (nm)
(h)
E SHG Spectrum
£ 10
B
£ o) N
a i ]
- 0.0
T o 00 1520 1540 1560 1580 1600
2000 -
a% % Wavelength (nm})
2 ; 25000 -
& 15001 0 g + 1556 nm Mode
5 5 = 1590 nm Mode ] 150
-2 ~ # 20000 —Paly AIN e
S 1000} E'z -5 g s Z
2 FWHM = 7.7 °C s g 15000 % 100 &
7] B -4 # g
500 | % w 10000 il - g
=10 - "
& ] oy 50
° 56 E g &
o | @ 5000 P e F
0 . : . . . F g =59x10° Q= 2.5 x10% « £ 2y wn
35 40 45 50 55 -8 Qg = 8.0 x10° -15 [Qp = 4.0 x10° = 0
o 155551 1555.53 774.425 774.445 -10 -5 0 5 10
Temperature (°C) Wavelength (nm)  Wavelength (nm) Temperature Detuning (°C)

Figure 10: AIN-based integrated devices for second harmonic generation (SHG).

(a) Calculated waveguide dispersion relation between the fundamental mode at 1550 nm and higher order modes at 775 nm. Phase matched
condition can be fulfilled at the cross-over point between the dispersion curves at pump (1550 nm) and SHG wavelengths (775 nm), with mode
profiles included at the bottom. (b) Optical image of fabricated waveguide for SHG. (c) Optical spectra of SHG signal under different waveguide
width. (@)-(c) Adapted from [54], with the permission of AIP Publishing. (d) SHG experimental setup: off-chip wavelength division multiplexers
(WDM) are used to split/combine the pump signal at IR wavelength and SHG signal at visible wavelength. Two sets of waveguides are used to
couple lightinto and out of the microring cavity separately, so that the critical coupling can be achieved for both wavelengths simultaneously.
(e) Left and right panel: cavity transmission spectrum for the pump wavelength and SHG wavelength, with loaded Q of 2.3 x 10° and 1.16 x 10°,
respectively. TMy, mode for pump and TM, mode for SHG signal are included as insets. () SHG efficiency with respect to device temperature,
with optimized efficiency of 2500%/W achieved around 46 °C. (d)-(f) Adapted with permission from [94] © The Optical Society. (g) SEM image
of fabricated AIN SHG device without top cladding layer. Pump light is coupled into the cascaded microring cavities through straight bus
waveguide at top marked in blue. Within the microring cavity marked in purple, the phase-matching condition is achieved between the TMg o
mode at pump wavelength in IR, and TM, o mode at SHG signal in near-visible wavelength. The wrap around waveguide marked in red couples
the SHG signal in near-visible wavelength out from the microring and is connected to the on-chip WDM. (h) SHG spectrum captured at the
output port after cascaded microrings. (i) Resonance spectra at pump (left panel) and SHG signal (right panel). The loaded Q factor for pump
and SHG mode can be obtained as 5.9 x 10° and 2.5 x 10°, respectively. (j) SHG efficiency and power with respect to chip temperature detuning
for pump mode at 1590 nm (blue) and 1560 nm (red). Maximum SHG efficiency can reach 17,000%/W for 1590 nm pump mode. The simulated
data for polycrystalline-based AIN SHG device has also been plotted for comparison. (g)-(j) are from [96], with the permission of AIP
Publishing.

Extracted from the loaded Q factor from Figure 10(e), the
intrinsic Q are obtained as 4.6 x 10° for pump, and 1.5 x 10°
for SHG signal. Thirdly, the coupling condition has been
optimized to simultaneously achieve critical coupling by
using two separate bus waveguides for pump and SHG
signal. This is required to maximize the SHG generation

microring diameter has also been optimized to balance the
trade-off between the high nonlinear coupling strength
and cavity Q. Secondly, the intrinsic Q factor of the
microring has been improved by using relatively thick AIN
film (1 pm). Also, thermal annealing process has been
applied to reduce the loss in AIN and SiO, cladding.
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efficiency. Lastly, thermal tuning has been applied to fine
tune the microring resonator so that the perfect phase
matching condition (w, = 2w;) can be reached for the
resonance modes at pump and SHG wavelengths. The
maximum SHG efficiency with respect to temperature is
shown in Figure 10(f), with optimized efficiency reported to
be 2500%)/W. Such temperature-dependent SHG efficiency
is contributed by the fact that the resonance modes of
pump and SHG signal have different thermal shifting
speed. The optimized SHG efficiency occurs at ~46 °C when
wavelength mismatch is offset to 0. Furthermore, on the
same polycrystalline AIN nonlinear photonics platform,
highly efficient SHG can be achieved at a specific working
wavelength, after systematic optimization of the wave-
guide geometry and chip temperature [95].

Although polycrystalline AIN-based SHG microring
cavity has been optimized as discussed earlier, the SHG
efficiency is ultimately limited by the intrinsic cavity Q and
waveguide loss. Single-crystalline high quality AIN
epitaxial grown on sapphire substrate has demonstrated
ring cavity with Q factor on the order of 10° in the study by
Liu et al. [137], which is higher than the ones observed in
polycrystalline AIN-based cavity [82, 94]. In 2018, single-
crystalline AIN-based SHG device has been demonstrated
with a remarkably high efficiency up to 17,000%/W in the
study by Bruch et al. [96]. Figure 10(g) shows SEM image of
the fabricated AIN SHG device without top cladding layer.
The pump light is coupled into the cascaded microring
cavities through straight bus waveguide at top marked in
blue. Within the microring cavity marked in purple, the
phase-matching condition is achieved between the TMy o
mode at pump wavelength in IR, and TM, o mode at SHG
signal in near-visible wavelength range. The wrap around
waveguide marked in red couples the SHG signal in near-
visible wavelength out from the microring and is connected
to the on-chip WDM. The SHG spectrum captured at the
output port after cascaded microrings is presented in
Figure 10(h), with inset showing the TM, , mode at SHG
signal wavelength. The resonance spectra at pump and
SHG signal is illustrated in Figure 10(i) left and right panel,
respectively. The loaded Q factor for pump and SHG mode
can be obtained as 5.9 x 10° and 2.5 x 10°, respectively. This
is more than two times as the Q factors obtained from
Figure 10(e) based on polycrystalline AIN. Similar to the
chip temperature optimization reported in the study by Guo
et al. [94] and illustrated in Figure 10(f), the chip temper-
ature has been optimized to achieve perfect phase match-
ing, with results shown in Figure 10(j). The maximum SHG
efficiency is reported to be 17,000%/W for 1590 nm pump
mode, which is around 7-fold as earlier report based on
polycrystalline AIN.

DE GRUYTER

3.7 x®-based optical parametric
generation, amplification and
oscillation

Beyond SHG, other three wave mixing (TWM) processes
generated through X(Z) nonlinear effect have also been
demonstrated on the same AIN platform in the study by
Guo et al. [128]. The fabricated microring with bus wave-
guides for coupling (without cladding) is illustrated in
Figure 11(a). Similar to the SHG work discussed earlier [94],
the TMy mode in telecom band and TM, mode in visible
band are chosen for phase-matching condition, with mode
profile included in the inset of the figures. Two bus wave-
guides at two sides of the microring are used to couple
telecom and visible light separately. The measured trans-
mission spectra of three waves together with schematic of
three frequencies are illustrated in Figure 11(b). The loaded
Q of three resonance modes are marked at the top of each
corresponding spectrum. The experimental setup for the
strong coupling due to )((2) nonlinear effect is illustrated in
Figure 11(c). The telecom drive signal at 1556 nm (w,) is
coupled onto the chip after erbium-doped-fiber amplifier
(EDFA) to excite the microring cavity mode in counter-
clockwise (CCW) direction. At the same time, a visible laser
at 773 nm (w,,) probes the mode in either clock-wise (CW) or
CCW direction, through a switch. A spectrum analyzer is
placed after visible photodetector. Figure 11(d) shows the
captured spectrum of visible mode in CW and CCW direc-
tion. Mode splitting can be observed when the visible
signal is propagating in CCW, which is the same direction
as telecom drive laser signal. Such mode splitting is
contributed by the destructive interference between orig-
inal probe signal and the one converted back from telecom
wavelength, which are generated through the scattering of
visible photons by drive signal photons. In comparison,
there is no mode splitting when the visible signal is prop-
agating in CW direction, which is the opposite direction as
the drive signal. The insets in Figure 11(d) clearly illustrate
the nonreciprocal property of this nonlinear optical pro-
cess within the microring cavity.

Furthermore, by using similar AIN-based microring
configuration and phase matching condition, parametric
down-conversion photon-pair source has been demon-
strated in the study by Guo et al. [98]. The optical spectra of
DFG under different IR pump wavelengths are illustrated in
Figure 11(e) top panel. Superconducting single-photon
detectors are used to characterize the statistical properties
of photons generated by the microring cavity, with results
shown in Figure 11(e) bottom panel. The photon flux at
different microring resonances are obtained and plotted,
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Figure 11: AIN-based integrated devices for three wave mixing (TWM), parametric down conversion, and optical parametric oscillator (OPO).
(a) SEMimage of AIN microring resonator (without top cladding) for TWM. (b) Schematic of optical resonance modes with transmission spectra.
Loaded Q of each mode is marked at top. (c) TWM experimental setup: telecom drive signal at 1556 nm (w,) cascaded with EDFA to excite cavity
mode in CCW direction. A visible laser at 773 nm (w;,) probes the mode in either CW or CCW direction, through a switch. Spectrum analyzer is
placed after visible photodetector (PD). (d) Captured spectrum of visible mode in CW and CCW direction. Mode splitting can be observed when
the visible signal is propagating in CCW, which is the same direction as telecom drive laser signal. Insets illustrate the nonreciprocal property
of this nonlinear optical process within the cavity. (a)-(d) Adapted with permission from [128], copyright (2016) by the American Physical
Society. (e) Top: optical spectra of DFG under different IR pump wavelengths. Bottom: photon flux at different microring resonances, including
both nondegenerate and degenerate down conversion. The variation of photon flux at different modes is contributed by the difference in cavity
Q. The photon counts are calibrated by the wavelength-dependent detection efficiency of PD. (e) is adapted with permission from [98].
Licensed under a Creative Commons Attribution. (f) Schematic showing mechanism of OPO process. It consists two coupled cavities, one for
pump (w,) at visible, the other for signal (w,) and idler (w;) at IR, which are coupled through)((z) nonlinear effect with strength go8. (g) Top and
bottom: measured transmission spectra at IR and visible wavelengths, respectively. Loaded Q and intrinsic Q of the cavity for IR and visible
wavelength are also included. (h) Power (top panel) and efficiency (bottom panel) with respect to on-chip visible power for degenerate OPO
process. A high slope efficiency of 31% has been obtained after linear fitting of on-chip IR power with respect to on-chip visible power. A
maximum OPO efficiency of 17% is achieved in bottom panel, which is close to half of slope efficiency of 31% obtained in top panel. Dashed line
in bottom panelindicates the on-chip visible power for maximum on-chip efficiency theoretically. (f)-(h) Adapted with permission from [129] ©
The Optical Society.

including both nondegenerate and degenerate down con- integrated down-conversion source for quantum informa-
version. The variation of photon flux at different modes is tion processing.

contributed by the difference in cavity Q within the Optical parametric oscillator (OPO), which is based on
microring. The further characterization on heralded signal- ~ y*® nonlinear effect, has been widely applied as a tunable,
signal correlation function shows the potential of the coherent and narrow linewidth light source, to further
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extend the optical wavelength to longer range. In 2019,
AIN-based microring working as an OPO light source has
also been demonstrated in the study by Bruch et al. [129].
The mechanism of the OPO system is illustrated in
Figure 11(f). The OPO process can be considered as two
coupled cavities, one for pump (w,,) at visible wavelength,
the other for signal (ws) and idler (w;) at IR wavelength.
They are coupled through x® nonlinear effect. For the
degenerate OPO process (ws = w; = wy/2), a single frequency
will be generated at IR wavelength, which is the reverse
process of SHG. Under nondegenerate OPO condition
(ws # w;), signal and idler will be located at two different
resonance wavelengths. Single-crystalline AIN has been
used for high optical Q factor. The loaded Q of the cavity for
IR and visible are measured to be 6.0 x 10° and 2.0 x 10°,
respectively. The transmission spectra at these two wave-
lengths are shown in Figure 11(g) top and bottom panel,
respectively. The power and efficiency of degenerate OPO
process have been characterized, with results shown in
Figure 11(h). The top panel shows the on-chip IR power
with respect to on-chip visible pump power. A high slope
efficiency of 31% has been obtained after linear fitting. The
bottom panel shows the on-chip OPO process conversion
efficiency with respect to on-chip visible power, with
theoretical fitting plotted as solid line. A maximum effi-
ciency of 17% is achieved, which is close to half of slope
efficiency of 31% obtained in top panel.

Additionally, one more point worth mentioning is that
the ¥ nonlinear effect within the AIN-based microring
structure has been used for optical frequency comb gen-
eration [97, 130]. In the study by Jung et al. [97], the fre-
quency doubling of external comb source has been
achieved through the combination of SHG and SFG pro-
cesses. The phase coherence is also confirmed by the
interference between the generated frequency comb lines.
In the meanwhile, in the study by Bruch et al. [130], the
Pockels soliton microcomb driven by TWM in AIN micror-
ing has been reported. The degenerate OPO, pumped at
780 nm, is used to generate quadratic solitons in IR around
1560 nm. Compared with the Kerr soliton, the Pockels
soliton has the advantages of lower generation threshold
and higher pump-to-soliton conversion efficiency.

3.8 Third harmonic generation and optical
Kerr parametric oscillation

In the earlier three Subsections 3.5-3.7, the discussions are
focused on the x® nonlinear effect-based AIN devices.
Actually, AIN does not only have significant )((2) nonlinear
effect, but also has XG) nonlinear effects, such as Kerr effect

DE GRUYTER

and Raman effect. Hence, in this subsection, we will pre-
sent a review on the THG and optical Kerr parametric
oscillation using AIN-based optical devices.

In the study by Surya et al. [131], an efficient THG de-
vice has been realized in AIN/Si3N, composite microring
resonator. The schematic of waveguide cross section is
illustrated in Figure 12(a). SisN, is deposited via low pres-
sure chemical vapor deposition (LPCVD), and AIN layer is
deposited on SisN, via sputtering process. The co-
integration of AIN and SisN, produces a degree of
freedom for tuning to achieve the phase matching and
mode overlap, and hence enables more efficient THG pro-
cess. The calculated effective index with respect to
microring width for phase matching are illustrated in
Figure 12(b), in which the solid line represents the funda-
mental TE mode at pump wavelength around 1550 nm, and
dotted lines represent the higher-order TM modes at THG
wavelength. The crossing points represent phase-matching
condition. The mode overlap at each crossing point, from i
to viii, are also calculated. The maximum mode overlap is
found under microring width between 1.68 and 1.86 um.
The optical image of the microring under THG operation is
shown in Figure 12(c) top panel, where the green color THG
signal can be clearly observed. The SEM image of the
waveguide without cladding is illustrated in Figure 12(c)
bottom panel. Considering the couplings between the bus
waveguide and microring have significant difference at
pump and THG wavelength, a wrap-around waveguide at
the bottom is used for the coupling of THG signal, and the
straight bus waveguide at the top is used for pump
coupling. Figure 12(d) shows the characterization setup: a
tunable laser around 1550 nm is used as pump, WDMs are
used to split the pump and THG signal, and an Andor
Spectrograph is used to capture the scattered light above
the device. The captured spectrograph illustrated in
Figure 12(e) shows that there is signal at THG wavelength,
but no signal at SHG wavelength. This spectrograph ver-
ifies that the green color is actually generated from THG
rather than SHG cascaded by SFG process.

Further, in a very recent study by Tang et al. [177], Kerr-
based OPO has been demonstrated in AIN microring reso-
nator. A 1-um-thick AIN layer is grown on sapphire sub-
strate via MOCVD, and patterned by electron beam
lithography. The SEM image of microring resonator
(R = 50 um) without top cladding is illustrated in Fig-
ure 12(f). The waveguide dimension is engineered to ach-
ieve phase-matching among pump, signal and idler mode,
which are located within wavelength range from 1600 nm
up to 2600 nm. The schematic of X(B)-based OPO to generate
signal and idler is shown in Figure 12(g). The captured
spectra from experiment for waveguide width of 3.2 and
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Figure 12: AIN-based integrated devices for third harmonic generation (THG) and optical Kerr parametric oscillation.

(@) Schematic of waveguide cross section for THG. (b) The calculated effective index with respect to microring width for phase matching. Solid
line represents the fundamental TE mode at pump wavelength around 1550 nm, and dotted lines represent the higher-order TM modes at THG
wavelength. The crossing points represent phase-matching condition. (c) Top panel: optical image of the microring under THG operation. The
scattered green color THG signal can be observed. Bottom panel: SEM image of the waveguide without cladding. (d) THG characterization
setup: a tunable laser around 1550 nm is used as pump, WDMs are used to split the pump and THG signal, and an Andor Spectrograph is used
to capture the scattered light above the device. () Captured spectrograph shows that there is signal at THG wavelength, but no signal at SHG
wavelength. (@)-(e) Adapted with permission from [131] © The Optical Society. (f) SEM image of microring resonator (R = 50 ym) without top
cladding. (g) Schematic ofx@-based OPO to generate signaland idler from pump. (h) Captured spectra from experiment for waveguide width of
3.2 ym (top) and 3.4 pm (bottom). ()—(h) Adapted with permission from [177] © The Optical Society.

3.4 pm are illustrated in Figure 12(h) top and bottom panel,
respectively. Different phase matching conditions are
achieved by tailoring the AIN waveguide width. With larger
waveguide width, wider OPO span can be achieved. The
fine tuning of the OPO sideband has also been achieved
through pump wavelength adjustment and temperature
control.

3.9 Optical Kerr comb generation

Optical frequency comb has applications in different areas,
including precision measurement [181], spectroscopy [182],

optical frequency synthesis [40, 42], distance measurement
[7, 183], microwave photonics [184-186] and many other
applications [187-189]. The nanophotonic-based inte-
grated optical frequency comb enables it to be generated
from a compact device, and hence has drawn a significant
attention in research and development [74, 190-193]. In-
tegrated optical frequency combs based on Kerr nonlinear
effect have also been demonstrated on AIN platform, as
summarized in Table 5.

Differentiating from the conventional way of using
ultrashort optical pulse with high peak field intensity, the
high field intensity is achieved through the field enhance-
ment from a high Q ring resonator. Compared with SizN,,
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AIN has similar nonlinear index (n, = 2.3 x 107" cm*/W at
1550 nm) [74], but high thermal conductivity of 285 W/(m-K)
[67], which is 2 orders of magnitude larger than Si;N,, and
hence improves the power handling capability of the cavity
due to the enhanced thermal dissipation [178]. The first
report of optical frequency comb generation through
cascaded four-wave mixing (FWM) within AIN-based
microring cavity was in 2013 in the study by Jung et al.
[178]. The optical image, cross-SEM image of the fabricated
microring are illustrated in Figure 13(a) top and bottom
panel, respectively. The fabricated AIN microring cavity is
on Si substrate, with SiO, as cladding layer. The AIN wave-
guide height is fixed at 650 nm, and width are varied in the
simulation, as shown in the dispersion calculation in
Figure 13(b). The dispersion relation of fundamental TE
mode under different waveguide widths are calculated,
which are contributed by both material dispersion and
waveguide dispersion. The mode intensity profiles are
illustrated in insets. The waveguide width of 3.5 um is cho-
sen for near-zero dispersion, for waveguide to satisfy phase-
matching condition and to support multiple transverse
modes around 1550 nm. The designed microring cavity de-
vice demonstrates frequency comb spanning from 1450 to
1650 nm, as shown in Figure 13(c). The resonance spectrum
of the microring cavity is also illustrated in the inset,
showing a loaded cavity Q of 6 x 10° for frequency comb
generation. The free spectral range (FSR) of the frequency
comb is measured to be 370 GHz, which corresponds to the
FSR of fundamental mode. In the following year (2014), the
electrical switchable optical frequency comb has been
demonstrated by applying electric field across the AIN
waveguide in the study by Jung et al. [179]. The electric field
is added by placing gold on top of the AIN waveguide, and
the electrical modulation is achieved through Pockels effect
of AIN material.

Furthermore, the optical frequency comb covering IR
wavelength region, red, and green in visible wavelength
region have been achieved through the simultaneous sec-
ond- and third-order nonlinear effects of polycrystalline
AIN in 2014 in the study by Jung et al. [99]. The working
principle of the device is illustrated in Figure 13(d). The
wavelength span can be divided into three regions. The
first region is at the near-IR wavelength region, in which
the frequency comb is generated through FWM near the
pump wavelength. The second region is at the red wave-
length region, in which the frequency combs are generated
through the Pockels effect. The frequency lines are gener-
ated by frequency mixing of comb lines through SHG and
SFG. The third region is at the green wavelength region, in
which the frequency combs are generated through THG. In
order to achieve efficient wavelength conversion, phase
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matching condition needs to be satisfied. The effective
indices of the AIN waveguide at different modes have been
calculated, as shown in Figure 13(e). The black solid line
represents the index for fundamental TE mode around
1550 nm. The red and green lines are index of various
modes in red color and green color wavelength region. The
phase matching condition can be found around the cross
points of these two lines with the black solid line. To
measure the frequency comb spectrum in both IR and
visible, the setup illustrated in Figure 13(f) is used. 0.5%
output signal is coupled into OSA to monitor the IR spec-
trum, and 0.5% output power is coupled into power meter
for fiber-to-chip alignment purpose. The remaining 99% of
optical power enters a grating to be dispersed vertically,
followed by a prism to further disperse the frequency comb
signal horizontally. A charge-coupled device (CCD) camera
is placed at the end to visualize the dispersed spectrum in
2D. The images obtained from CCD together with the
extracted spectra with normalized power are illustrated in
Figure 13(g). The left inset in red color shows the extracted
spectrum around 774 nm generated through SHG and SFG
process. While the inset on the right side in green color
shows the extracted spectrum around 517 nm generated
through THG and third-order SFG nonlinear process.

In a later work by Liu et al. reported in 2018 [132], a
significant improvement of nonlinear IR-to-visible power
conversion efficiency of more than 40 times has been
achieved using single-crystalline AIN, in comparison with
polycrystalline AIN. Also, the number of near-visible comb
lines has been significantly increased. The generated fre-
quency comb spectrum at IR and near-visible wavelength
regime under pump power of 1000 mW are captured by
OSA and illustrated in Figure 13(h) and Figure 13(i),
respectively. In Figure 13(h), the broadband NIR comb,
although not shown fully, contains 92 comb lines. Also,
there is a 7 dB attenuation to the spectrum in order to
protect OSA from the high residual pump power. For near-
visible wavelength regime in Figure 13(i), there are 153 comb
lines captured by OSA. Regarding Kerr comb generation, an
additional note worth mentioning is that a stabilized dissi-
pative Kerr soliton (DKS) state has been realized in single
crystalline AIN microring resonator in the year of 2018 in the
study by Gong et al. [180]. The long-lasting DKS has been
achieved through the optimized single-sideband modulation
scan and pump power ramping.

AIN, with wurtzite crystalline structure, also exhibits
Raman-active phonons. The first AIN-based waveguide
Raman laser has been reported in 2017 in the study by Liu et
al. [101]. By using a high Q microring resonator formed by
single crystalline AIN on sapphire substrate, the lasing
slope efficiency of 15% for first Stokes at 1738 nm has been
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Figure 13: AlN-based integrated devices for ® Kerr comb generation.

(@) Top: microscopic image of microring resonator for Kerr comb generation. Bottom: cross sectional SEM image of AIN waveguide. (b)
Dispersion relation of AIN waveguides fundamental TE mode under different waveguide width. Insets show the simulated mode intensity
profiles at 1550 nm for waveguide width of 2.5 and 3.5 pm. (c) Optical frequency comb generated by the fabricated microring resonator,
spanning from 1450 to 1650 nm. Inset shows the transmission spectrum of resonance mode, with loaded Q value of 6 x 10°. (a)-(c) Adapted
with permission from [178] © The Optical Society. (d) Principle of wide frequency comb generation, including the mechanisms of cascaded
FWM for IR wavelength region, SHG and SFG for red color wavelength region, THG and third-order SFG for green color wavelength region. (e)
Numerical simulated waveguide refractive index with respect to different wavelengths. Black solid line is for fundamental TE mode at IR around
1550 nm. Red lines (left panel) represent different modes around 770 nm. Green lines (right panel) represent different modes around 520 nm.
Phase matching condition can be found at the crossing points between black line and red/green line. (f) Schematic of setup for frequency comb
generation and characterization. FPC: fiber polarization controller. (g) CCD camera image and extracted spectra with normalized power,
plotted in red color (left inset) and green color (right inset). (d)—(g) Adapted with permission from [99] © The Optical Society. (h) Single
crystalline AIN NIR optical frequency comb spectrum, containing 92 comb lines. Note: comb is not fully shown, and there is a 7 dB attenuation
to the spectrum to protect OSA from residual pump. (i) Near-visible frequency comb spectrum generated through SHG, showing 153 comb
lines. (h) and (i) Adapted from [132], with the permission of AIP Publishing.
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demonstrated. The schematic of the microring Raman laser
with energy level diagram is shown in Figure 14(a). The
calculated mode intensity profile at pump, first Stokes,
second Stokes wavelengths, and the cross sectional
SEM image of fabricated waveguide are also included.
Figure 14(b) left panel presents the lasing spectrum of the
first and second Raman Stokes under on-chip TE-polarized
pump power of ~126 mW. With high on-chip optical power
(~158 mW), the frequency comb lines around pump, Stokes
and anti-Stokes wavelengths can be observed, which are
contributed by the interplay between Raman effect and
Kerr nonlinearity. The frequency comb spectrum is also
captured, as illustrated in Figure 14(b) right panel.

Based on the same material platform, Raman effect has
been used to assist the frequency spanning in addition to
FWM, as reported in 2018 in the study by Liu et al. [70]. The
single-crystalline AIN is grown on sapphire via epitaxy,
with schematic shown in Figure 14(c). The microring radius
is 80 pm, with transmission spectrum obtained in
Figure 14(d). Two sets of TE mode can be observed, as
marked in green (TEyq — like) and blue (TE,q — like). Since
two neighboring modes of these two sets are very close
(12.21 GHz), there are mode interaction and hybrid mode
existing. Figure 14(e) shows the relative frequency of
hybrid mode with respect to unperturbed TEyo mode. From
the figure, it can be observed that there are two avoided mode
crossing regimes. Under pumping at 192.2 THz, it falls into the
upper branch of hybrid mode, as indicated in Figure 14(e),
which is dominated by TEy, mode. Under the low pump po-
wer condition (P;, = 126 mW), the cascaded stimulated Raman
scattering (SRS) can be observed, with first, second Stokes
and first anti-Stokes shown in Figure 14(f) top panel (marked
in red). The absence of FWM is due to the normal group ve-
locity dispersion (GVD) at the pumping frequency. As pump
power (P;,) increases, the frequency comb lines start to appear
around the pump, Stokes and anti-Stokes lines, which are
contributed by the Raman assist FWM, as shown in Figure 14(f)
bottom panel. Under high pump power (P;, = 1000 mW), it has
been found that the first Stokes line actually acts as the pump
for the cascaded FWM, and the new comb formation (marked
in blue) is contributed by the avoided mode crossing.

In the following year (2019), the polycrystalline AIN on Si
has also been demonstrated for Raman assisted frequency
comb generation, with broader Raman gain linewidth (295-
351 GHz) in the study by Jung et al. [100]. The principle of
broadband Raman-assisted comb generation is illustrated in
Figure 14(g). With enough pump power, the spectrum
broadening is contributed by the combination of Stokes
Raman scattering, anti-Stokes Raman scattering, and
cascaded FWM. The microring resonator comb generation
device is characterized using the setup shown in Figure 14(h).
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A tunable laser cascaded with an EDFA is used as pump
source. Fiber polarization controller (FPC) is used to selec-
tively excite TE or TM mode within the microring cavity. The
optical isolator is used to project EDFA from reflected light.
Two OSAs, one in NIR wavelength range and the other in MIR
wavelength range, are used to capture the generated spec-
trum. The captured spectrum under TE mode excitation is
shown in Figure 14(i). The simulated pump intensity profile
within the designed microring waveguide is also included as
inset. The pumping wavelength is tuned into the resonance
wavelength of the microring. The comb lines marked in blue
are near the pump wavelength (1550 nm), which are gener-
ated by cascaded FWM. While the comb lines marked in black
and red are generated by anti-Stokes and Stokes Raman
scattering, respectively. The generated line spacing is around
1 FSR of the microring, indicating the Raman comb lines are
originated from the cascaded FWM around pump wave-
length. An additional note worth mentioning is that the
dispersion of AIN-based microcomb resonators can be further
engineered by tapering waveguide cross-section width within
a ring resonator [194].

3.10 Supercontinuum generation

Supercontinuum generation (SCG) is a typical method to
spectrally broaden the frequency combs to at least one octave,
via ¥ nonlinearity of the material [195]. Integrated photonics
circuit provides a suitable platform for SCG considering the
high mode confinement and hence small effective mode area.

The effective nonlinear coefficient can be expressed as

_ 27'[7'12
Meff

@

where n, is the Kerr refractive index, A is the wavelength,
A is the effective mode area. SCG has been recently
demonstrated on integrated photonics platforms based on
different materials, including Si [22, 37], SisN, [196, 197],
silica [198] and lithium niobate [199]. The compact inte-
grated photonics platform not only has the advantage of
low power threshold for SCG, but also has high scalability
for mass device production.

With the advantages of coexistence of x? and y®
nonlinear effects, and wide transparency window covering
from UV to MIR, AIN material becomes a suitable candidate
for SCG [73, 123, 133, 134]. Ultra-broadband SCG has been
reported using AIN photonic waveguide in 2017, covering
from 500 to 4000 nm in the study by Hickstein et al. [133].
The schematic of the device is shown in Figure 15(a). The
AIN waveguide is fully embedded in SiO, on Si substrate.
The waveguide height is 800 nm, and its width is varied
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Figure 14: AIN-based integrated devices for Raman-assisted frequency comb generation.

(@) Schematic of AIN microring for Raman lasing, including energy level for SRS on the left, calculated mode intensity profiles at pump, firstand
second Raman Stoke, as well as the cross sectional SEM image of fabricated waveguide on the right. (b) Left panel: Raman lasing spectrum
under on-chip TE-polarized pump power of ~126 mW. Right panel: frequency comb generated around pump, first and second Stokes under on-
chip TE-polarized power of ~158 mW. (a)—-(b) Adapted with permission from [101] © The Optical Society. (c) Schematic of single-crystalline AIN
microring on sapphire substrate for Raman-assisted Kerr comb generation. (d) Transmission spectra for TEyo- and TE;,- like modes, with ring
radius of 80 pm. (e) Calculated relative frequency between the hybrid mode and the unperturbed TEy, mode. Magenta dashed lines represent
the unperturbed TEy, and TE;, modes. Black dashed line represents the linear phase-matching condition with first Stokes line as pump for
FWM process. Inset shows the zoom-in view of the tangent property at first Stokes frequency. (f) Raman-assisted comb pumped at TEyo-like
mode with low pump power P;, =126 mW (top panel) and high pump power P;, = 1000 mW (bottom panel). Pump, Stokes and anti-Stokes are
indicated by red lines. Raman-assisted comb is indicated by green lines. Comb lines generated by avoided mode crossing are indicated in blue
lines. (c)-(f) Adapted with permission from [70]. Copyright (2018) American Chemical Society. (g) Principle of broadband Raman-assisted Kerr
comb generation. (h) Fabricated device characterization setup. DUT: device under test. BS: beam splitter. (i) Measured spectrum of Raman-
assisted broadband frequency comb, when DUT is under TE mode excitation around 1550 nm. Blue comb lines are generated through cascaded
FWM. Black and red comb lines are contributed by the anti-Stokes and Stokes Raman scattering. Frequency gap between two lines is close to 1
FSR of the microring, which indicates that the Raman-assisted comb lines are originated from FWM. Inset: simulated TE mode intensity profile
at 1550 nm within the designed microring waveguide. (g)-(i) Adapted with permission from [100] © The Optical Society.

from 400 to 5100 nm. The false-colored SEM image of the experimental setup is illustrated in Figure 15(b). At the
AIN cross section is shown in the inset of Figure 15(a). output, two OSAs are used to capture the spectrum, one
Erbium-fiber frequency comb at communication wave- grating-based OSA covers from visible to NIR wavelength
length is used as pump source. The schematic of range, and the other Fourier-Transform based OSA covers
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up into MIR wavelength range. The captured optical
spectrum and the simulated SCG output for waveguide
with width of 3200 nm are presented in Figure 15(c). The
experimental spectrum is obtained from the waveguide
under the TEgy mode pump. The broadband spectrum is
contributed by the flat GVD of light within the waveguide.
The simulated spectrum is obtained by solving the
nonlinear Schrédinger equation (NLSE), which considers
the )((3) nonlinear effect, and also wavelength dependence
of the waveguide effective refractive index. AIN has sig-
nificant X(Z) nonlinear effect, and the AIN thin film is poly-
crystalline material, with c-axis normal to the film plane
[91]. Hence, there is a potential to explore the AIN y©@
nonlinear effect using pump with vertically polarized di-
rection, which is the TM mode. Figure 15(d) shows the
captured output spectrum from SCG under TMy, mode
pumping. Both waveguides with width of 1000 and
1700 nm are used for SCG. Besides SCG, the SHG, DFG and
THG can also be observed in Figure 15(d). For 1000 nm
width waveguide, the SHG peak is contributed by the phase
matching between the higher-order mode and the funda-
mental mode. For 1900 nm width waveguide, the DFG in
the wavelength region from 3500 to 5500 nm can be
observed, which corresponds to the frequency difference
between the broadened pump signal from 1400 to 1700 nm
and the dispersive wave from 2000 to 2700 nm. In the
meanwhile, for 1000 nm width waveguide, the wavelength of
such DFG is longer and beyond measurement range since its
dispersive wave moves to shorter wavelength range.
Furthermore, the SCG in near-visible wavelength range
and the UV frequency comb generation through SHG have
been demonstrated in 2019 on single-crystalline AIN-on-
sapphire platform in the study by Liu et al. [73]. Figure 15(e)
shows the schematic of SCG in near-visible (red curve)
through XG) nonlinear effect, and simultaneous conversion
into the UV frequency comb (purple curve) through X(Z)
nonlinear effect (SHG and SFG). In order to achieve efficient
SHG, the phase matching condition has to be satisfied as
discussed earlier. Figure 15(f) illustrates the phase match-
ing condition between fundamental mode (TMy,) and
second-order mode (TM,o) from calculation. The calculated
mode intensity profiles and the cross sectional SEM image
of the fabricated waveguide are also included as insets. The
figure indicates that the phase matching condition is sen-
sitive to the waveguide width, and hence leads to narrow
bandwidth of the SHG for straight waveguide. For broad-
band nonlinear conversion, adiabatic taper structures can
be used [200]. To overcome the limitation of linear-tapered
waveguide, including lithography precision, and X(z)
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nonlinear effects (SHG, SFG) efficiency with degraded near-
visible peak power, chirp-modulated taper waveguide is
implemented. The schematic drawing of the device is pre-
sented in Figure 15(g). The chirp modulated waveguides
are formed by cascading eight linear-tapered segments.
The SCG process within the waveguide has been simulated
by solving the generalized NLSE, with the simulated result
presented in Figure 15(h). The left panel shows the spec-
trum domain simulation result. As the wave propagates,
the SCG across the near-visible spectra can be observed
under the input pulse energy of 237 pJ, which is mainly
contributed by the self-phase modulation (SPM). At the
spectra wing, the optical wave breaking (OWB) can be
observed. Meanwhile, the time domain evolution from
simulation is shown in the right panel, in which the
degradation of the pulse peak power along the waveguide
can be observed. The experimental captured spectra
generated by the chirped-tapered waveguide at near-
visible and UV wavelength range are presented in
Figure 15(i), under on-chip input pulse energy of 237 pJ. The
near-visible spectrum from SCG has ripples in the central,
which are contributed by the interplay between the SPM
and OWB. This is in agreement with the simulation result
discussed earlier in Figure 15(h). The UV combs obtained
have a flat top, which is contributed by the chirped-tapered
waveguide design discussed earlier. The combs generated
cover from 360 to 425 nm, which correspond to a frequency
span of 128 THz. Also, the fluorescence on a white paper
induced by the UV light is included as inset.

In the earlier work discussed above, the pump wave-
length is at 780 nm, and the SCG spectrum is limited up to
around 900 nm. In a follow-up work in 2020, based on the
same single-crystalline AIN platform, ultra-broadband SCG
from UV to MIR wavelength regime has been demon-
strated, under the pump wavelength at 1560 nm in the
study by Lu et al. [123]. Leveraging on the coexistence of X(Z)
and x® nonlinearity for AIN waveguide, the wavelength
covers from 400 to 4200 nm in Ref. [123].

4 Summary and outlook

To sum up, the recent research progress on AlN-based in-
tegrated photonics has been reviewed and presented. The
related physical properties of AIN have been summarized.
Compared with Si, AIN has large bandgap, wide trans-
parency window and significant second-order nonlinear
optical effect. Furthermore, contributed by its non-
centrosymmetric crystal structure, AIN also exhibits
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Figure 15: AIN-based integrated devices for supercontinuum generation (SCG).

(@) Schematic of AIN waveguide embedded in SiO, on Si substrate for SCG. Inset shows the false-colored cross sectional SEM image of the
fabricated waveguide. (b) Experimental setup for SCG. Erbium-fiber frequency comb at 1560 nm is used as pump. Two OSAs are used to capture
the spectrum at the output, one grating-based OSA covers from visible to NIR wavelength range, and the other Fourier-Transform based OSA
covers up into MIR wavelength range. Photodiode is used to detect fcgo, Which is digitized by field-programmable gate array (FPGA), and
feedback to the fiber laser pump source. (c) Experimental captured SCG spectrum from 3200 nm wide waveguide under pumping with TEqq
mode, and the simulated SCG spectrum by solving the NLSE. (d) Experimental captured SCG spectrum under pumping with TMy, mode for
waveguides with widths of 1000 and 1900 nm. SHG, DFG and THG can also be observed. (a)-(d) Adapted with permission from [133], copyright
(2017) by the American Physical Society. (e) Schematic of SCG in near-visible wavelength (red curve) through x® nonlinear effect, and
simultaneous conversion into the UV frequency comb (purple curve) through)((z) nonlinear effect. (f) Phase matching condition between near-
visible TMoo mode and UV TM,, mode from calculation. Insets: mode intensity profiles and the cross sectional SEM image of the fabricated
waveguide. (g) Schematic of chirp-modulated taper waveguide, formed by cascading eight linear-tapered segments. (h) Simulated SCG in
spectrum domain (left panel) and time domain (right panel). (i) Captured spectra generated by the chirped-tapered waveguide at near-visible
and UV wavelength range. Inset: fluorescence on a white paper induced by UV light. (e)-(i) Adapted with permission from [73]. Licensed under
a Creative Commons Attribution.
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piezoelectric and pyroelectric properties, which make it a
suitable material for multiphysics coupling. Following the
physical properties, the AlN-based functional devices
demonstrated in the past decade have been summarized
and presented. These functional devices are categorized as
linear optical devices (coupler, waveguide, resonator, etc.),
optomechanical devices, emitters, photodetectors, meta-
surface, and nonlinear optical devices. The selected key
experimental results from these devices are also presented.

In the near future, the research and development of
AlN-based integrated photonics can be directed in the
following pathways. Firstly, in order to enhance the
piezoelectric and pyroelectric effect of AIN, Sc has been
added into AIN as dopant, as mentioned earlier. At the Sc
doping concentration of 40%, the ScAIN is able to achieve a
piezoelectric coefficient of about five times as the undoped
AIN [108], and maintains the advantages of AIN, including
CMOS-compatibility, lead free, and ease of fabrication
[109]. Various piezoelectric MEMS devices have been
demonstrated on ScAIN platform [201-205]. Not only the
piezoelectric coefficient but also the other physical prop-
erties contributed by the noncentrosymmetric crystal
structure, including pyroelectric coefficient and second-
order nonlinear coefficient, are expected to be higher with
Sc doping. In the meanwhile, the study of optical proper-
ties of ScAIN is limited, and can be one of the keys to
explore for AIN-based photonics. So far, to the best of our
knowledge, only ScAIN photonics waveguide and micror-
ing resonator have been demonstrated [206]. The wave-
guide propagation loss has been reported as 9 dB/cm at
1550 nm, and microring quality factor is 1.4 x 10*. Both are
limited by the material loss and waveguide surface
roughness, which can be improved through fabrication
process optimization, including etching for reduced side
wall roughness, vertical side wall angle, and annealing
process to reduce waveguide loss [90, 207]. Figure 2(f)
discussed earlier shows a good example on how the
annealing process can help to reduce the optical loss of AIN
waveguide. The future work can be the fabrication process
optimization for ScAIN photonics circuit on Si wafer sub-
strate, and the exploration of nonlinear optical properties
of ScAIN. Besides optical property, ScAIN also exhibits the
ferroelectric property [208, 209]. Such property can be used
for nonvolatile memory (NVM). In combination with its
optical properties discussed earlier, SCAIN platform has the
potential for the demonstration of photonics memory [210].

Secondly, AIN can be utilized as integrated light emitters
or optical amplifiers by doping rare-earth elements within
AIN [211]. The rare-earth ions are the source of emission under
optical pumping. Compared with traditional semiconductor-
based emitters, the rare-earth-doped light emitter has
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the advantage of monolithic integration by using
CMOS-compatible fabrication process [212], and potential for
narrow linewidth emission [213, 214]. The monolithically in-
tegrated rare-earth-doped lasers using Al,O5 as host material
have been recently demonstrated on Si substrate using
CMOS-compatible fabrication process [215-218]. Rare-earth
elements such as Ytterbium, Erbium, Thulium, and Holmium
have been used for amplification or lasing on Si at the
wavelength around 1.0 pm [219, 220], 1.55 um [221-223], 1.8 pm
[224, 225], and 2.0 pm [226], respectively. Compared with
Al,Q;, AIN has wider transparency window [227], and also
higher refractive index for better mode confinement. Based on
rare-earth-doped AN, the luminescence in UV, blue, green,
yellow, and red have been demonstrated by doping Gado-
linium [228], Cerium [229], Terbium [230], Dysprosium [231],
and Europium [231], respectively. More active functional de-
vices, including lasers and optical amplifiers, are expected to
be developed and demonstrated based on rare-earth-doped
AIN on CMOS-compatible platform.

Last but not the least, further explorations on
AlN-based quantum devices is another direction. As dis-
cussed earlier, AIN has advantages of large bandgap and
significant nonlinear optical character. These advantages
enable AIN to be utilized as material for waveguide and
emitter within integrated quantum systems [127, 150, 151, 232].
Also, contributed by the piezoelectric nature of AIN, the
quantum state of mechanical resonator can be controlled.
A typical example utilizing AIN can be found in Ref. [233].
The optomechanical devices [69, 107, 234], which can couple
acoustic mode with optical mode, have the potential to
be utilized as a microwave-optical transducer in quantum
systems. Furthermore, AIN piezoelectric property can also
be used for strain-based control to switch the quantum
state in nitrogen-vacancy center [235]. In addition, more
research works can be conducted by combining opto-
mechanics with nonlinear optics to study optomechanics
in quantum regime [67].

List of abbreviations

AIN Aluminum nitride
BS Beam splitter

ccw Counter-clockwise

ccb Charge-coupled device

CcD Critical dimension

cw Clock-wise

DFG Difference frequency generation
DKS Dissipative Kerr soliton

DUT Device under test

EDFA Erbium-doped-fiber amplifier
ER Extinction ratio
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