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ABSTRACT

Aluminum nitride (AIN) is a promising photonics material contributed by its wide transparency window and remarkable
nonlinear optical property. Moreover, its nonlinear effect can be further enhanced by doping Scandium (Sc).
Such nonlinear optical property brings potential for high efficiency in nonlinear optical generation processes, such as 2"
harmonic generation and frequency comb generation. Although the nonlinear optical property of Sc-doped AIN looks
promising, its waveguide is facing challenge on loss reduction. In this work, we report Sc-doped AIN photonic
integrated circuit with reduced waveguide loss of 6 dB/cm around 1550 nm. The waveguide has Sc doping concentration
of 10%. Its etching process is tailored through a design of experiment (DoE) approach to achieve smooth surface. An
annealing process is also applied to patterned waveguide for optical loss reduction. A loaded Q of 1.41x10* has also
been reported from microring resonator on the same wafer. The reported result paves the way towards low-loss Sc-doped
AIN for photonic integrated circuits.
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1. INTRODUCTION

Aluminum nitride (AIN) is a promising material for photonic integrated circuit (PIC) 2. It has wide transparency
window for waveguide to work from ultra-violet to mid-infrared wavelength regime 3#, significant nonlinear optical
effect for nonlinear optical generation %, and piezoelectric effect for photon-phonon interactions “8. Also, it can be
fabricated on silicon wafer with low cost using a complementary metal-oxide semiconductor (CMOS)-compatible
process °. Various functional photonic devices have been demonstrated on AIN, including modulator 1, frequency comb
generator !, parametric oscillator 2, and optical phased array *. Furthermore, the nonlinear optical effect and
piezoelectric effect of AIN can be further enhanced by doping Scandium (Sc) into it 415, Sc-doped AIN is a common
material implemented in micro-electromechanical systems (MEMS) 169 contributed by its superior piezoelectric and
pyroelectric property. In terms of optical property, the 2" order nonlinear coefficient of Sc-doped AIN material has been
reported an order of magnitude larger than AIN material without doping 4. Its superior nonlinear optical property is
contributed to the increased non-centrosymmetric crystal structure by replacing Al atom with Sc atom in crystal lattice.
Such nonlinear optical property brings potential for high efficiency in nonlinear optical generation processes, such as 2"
harmonic generation and frequency comb generation. Although the nonlinear optical property of Sc-doped AIN looks
promising, its waveguide is currently facing challenge on loss reduction. Sc-doped AIN waveguide has been recently
reported with optical loss of 9 dB/cm around 1550 nm %, The reported waveguide has Sc doping concentration of
15% 2. In addition, when we were writing up this paper, we also found a more recent work reporting Sc-doped AIN
microring resonators with Sc concentration of 9% and 18% 2.

In this work, we report 10% Sc-doped AIN PIC with waveguide loss of 6 dB/cm measured around 1550 nm using
cut-back method. The waveguide height is 500 nm, with width as design variation ranging from 300 nm to 1000 nm. The
waveguide etching process is tailored through a design of experiment (DoE) approach to achieve smooth surface. An
annealing process is also applied to patterned waveguide for optical loss reduction. The microring resonator on the same
platform demonstrates a loaded Q of 1.41x10* The reported result paves the way towards low-loss Sc-doped AIN for
PIC, with potential applications in communication, sensing, and quantum computing.



2. SCANDIUM-DOPED ALUMINUM NITRIDE PHOTONIC INTEGRATED CIRCUIT

Our Sc-doped AIN PIC was fabricated on 8-inch Si wafers with 4 um thick thermal oxide layer on top, using CMOS-
compatible fabrication facilities. The fabrication process is similar to our earlier report on AIN photonics platform °,
except that 10% Sc-doped Al target is used during the physical vapor deposition (PVD) process. Furthermore, the dry
etching recipe is tailored for 10% Sc-doped AIN thin film to achieve smooth sidewall. In addition, the etching hardmask
and photoresist thicknesses are optimized to achieve 400 nm critical dimension for Sc-doped AIN PIC. The fabricated 8-
inch wafer is illustrated in the photo image in Fig. 1(a). The cross section of patterned 500-nm thick photonic waveguide
is shown in scanning electron microscopy (SEM) image in Fig. 1(b).

2.1 Photonic waveguide

Fig. 1(c) illustrates the electric field intensity distribution of transverse magnetic (TM) mode confined within the
waveguide. The optical loss of the waveguide with width of 300 to 400 nm operating in TM mode is measured around
1550 nm using cut-back method. The microscopic image of patterned cut-back structure is shown in Fig. 1(d), with
waveguide length variations of 1.86 mm, 7.86 mm, 11.5 mm, 18.3 mm, and 27.3 mm. The total loss of these waveguides
with respect to different waveguide lengths is plotted in Fig. 1(e). With linear curve fitting of measured loss, the
waveguide loss can be obtained as 6 dB/cm for TM mode around 1550 nm wavelength. More details on the waveguide
loss characterization setup can be found in the later section (same setup as microring resonator).
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Figure 1. (a) Fabricated 8-inch wafer. (b) Cross sectional SEM image of patterned 500-nm thick photonic waveguide. (c)
Electric field intensity distribution of TM mode confined within the waveguide. (d) Patterned cut-back structure with
waveguide length variations of 1.86 mm, 7.86 mm, 11.5 mm, 18.3 mm, and 27.3 mm. (e) Plot of measured waveguide loss
with respect to waveguide lengths with linear curve fitting indicating the waveguide loss of 6 dB/cm for TM mode around
1550 nm wavelength.

2.2 Microring resonator

Microring resonator is a typical structure in a PIC used as spectrum filter 2223, modulator 2#?, or nonlinear optical
generator 2627, Microring resonators have also been patterned in Sc-doped AIN photonics platform, with characterization
setup and results presented Fig. 2(a) and 2(b, c), respectively. A tunable laser (Keysight N7776C) cascaded with a
polarization controller is used as light source, and a power meter (Keysight N7742C) is used for photodetection. Both
are synchronized for wavelength sweeping to capture the passive spectrum response of the microring device. Tapered
fibers are used for optical coupling into and out of the device under test (DUT). The microring has a diameter of 120 um,
and waveguide width of 1.2 um. The microscopic image of the microring is included in the inset in Fig. 2(a). The TM
mode passive response of the microring (in dB scale) is shown in Fig. 2(b). One typical resonance is selected and fitted
with Lorentzian function, as shown in Fig. 2(c). From the fitted curve, a loaded Q of 1.41x10* can be obtained.
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Figure 2. (a) Microring resonators characterization setup includes a tunable laser source (Keysight N7776C) cascaded with a
polarization controller as light source for wavelength sweeping, a power meter (Keysight N7742C) for photodetection, and
tapered fibers for optical coupling into and out of the device under test (DUT). Inset: the microscopic image of the
microring. (b) TM mode passive response of the microring. (c) Typical resonance fitted with Lorentzian curve
demonstrating a loaded Q of 1.41x10%.

3. CONCLUSION

To sum up, a 10% Sc-doped AIN photonic integration platform has been demonstrated on 8-inch Si wafers using
CMOS-compatible fabrication facilities. A waveguide loss of 6 dB/cm around 1550 nm is obtained through cut-back
structure with waveguide width of 300-400 nm. A microring resonator with a diameter of 120 um and a loaded Q of
1.41x10* has also been reported. The reported result paves the way towards low-loss Sc-doped AIN for PIC with
superior nonlinear optical property for nonlinear optical generation.
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