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ABSTRACT

Aluminum nitride (AIN) is an emerging CMOS-compatible material for integrated photonics and can be deposited at wafer
scale using a single-step physical vapor deposition process. Compared with conventional silicon photonics materials, AIN
uniquely offers both a strong second-order nonlinear optical response and intrinsic piezoelectric properties, enabling
efficient second-order nonlinear optical generation and on-chip tuning functionalities. In this work, we demonstrate
significant second-order nonlinear optical processes in an AIN microring resonator fabricated on a CMOS-compatible 8-
inch AIN photonics platform. The microring exhibits an intrinsic quality factor exceeding one million. When pumped near
1580 nm, pronounced second-harmonic generation (SHG) around 790 nm is observed using a visible-wavelength spectrum
analyzer, with a side-mode suppression ratio exceeding 20 dB. The demonstrated second-order nonlinear optical
performance on a wafer-scale, CMOS-compatible AIN photonics platform highlights its strong potential for integrated
frequency-comb generation and applications in AR/VR, biosensing, and quantum photonics.
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INTRODUCTION

Silicon integrated photonics has emerged as a cost-effective and scalable platform for optical communication, signal
processing, and sensing applications, owing to its compatibility with mature complementary metal—oxide—semiconductor
(CMOS) fabrication technology '~’. In parallel, silicon nitride (SiN) waveguides have been extensively developed to
achieve ultra-low propagation loss, enabling high-Q resonators and broadband frequency comb generation 84, However,
conventional silicon-based photonic materials, including silicon and SiN, lack an intrinsic second-order nonlinear optical
response (}®), which fundamentally limits their efficiency in second-order nonlinear processes such as second-harmonic
generation (SHG), sum-frequency generation, and electro-optic modulation.

To overcome this limitation, alternative x®-active materials have been actively explored. Lithium niobate (LN) has
demonstrated strong second-order nonlinearity and excellent electro-optic performance, leading to rapid advances in thin-
film lithium niobate photonics '*!°. Nevertheless, the heterogeneous integration of LN with CMOS-compatible platforms
remains challenging due to material incompatibility, fabrication complexity, and wafer-scale scalability issues. In contrast,
aluminum nitride (AIN) has emerged as a promising CMOS-compatible photonic material that intrinsically supports x®
nonlinearity while maintaining excellent optical transparency from the ultraviolet to the infrared, low optical loss, and
strong piezoelectric properties 224, Importantly, AIN thin films can be deposited at wafer scale using physical vapor
deposition techniques, enabling direct integration with silicon substrates in a CMOS-compatible process flow 21:2527,

The coexistence of second-order nonlinearity and piezoelectricity in AIN enables a wide range of nonlinear and electro-
optical functionalities, including SHG, optical parametric oscillation, electro-optic modulation, and frequency comb
generation 28732, In particular, AIN microring resonators with high intrinsic quality factors have been shown to support
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efficient nonlinear frequency conversion and broadband microcomb generation through the interplay of ¥® and ¥
nonlinear processes 3. Despite these advances, the realization of wafer-scale, CMOS-compatible AIN photonic platforms
that simultaneously support high-Q resonators, efficient second-order nonlinear processes, and near-visible frequency
conversion remains an active area of research.

In this work, we report second-order nonlinear optical processes on a CMOS-compatible 8-inch aluminum nitride
photonics platform. High-Q AIN microring resonators with intrinsic quality factors exceeding one million are fabricated
using a wafer-scale process. When pumped near 1580 nm, efficient SHG around 790 nm is observed, together with near-
visible frequency comb lines arising from a combination of SHG and optical parametric mixing processes. The generated
near-visible comb exhibits a side-mode suppression ratio exceeding 20 dB, indicating good spectral purity. These results
highlight the potential of wafer-scale AIN photonics for integrated nonlinear optics, frequency comb generation, and
applications spanning spectroscopy, bio-sensing, and quantum photonics.

ALUMINUM NITRIDE DEVICE PREPARATION AND MECHANISM

The SHG device follows the similar design reported in Ref. ** and is fabricated on the same platform described in Ref.
232735 An ~730 nm-thick AIN thin film is deposited on thermally grown SiO: on a Si substrate using a sputtering process.
We developed an in-house etching recipe that yields AIN waveguides with highly vertical sidewalls. A cross-sectional
image of the etched AIN waveguide is shown in Fig. 1(a), demonstrating a sidewall angle exceeding 80°.

The wafer-scale process continues with deep-trench etching and dicing, followed by an annealing step to reduce the
waveguide propagation loss. The diced 8-inch wafer is shown in Fig 1(b). A schematic of the SHG device is presented in
Fig. 1(c), where an AIN microring resonator is evanescently coupled to a bus waveguide. The microring exhibits an
intrinsic Q-factor exceeding 1 million (Ref. 3%), enabling efficient nonlinear optical processes.

Frequency-comb generation in the ~1600 nm range arises from the third-order nonlinear effect of four-wave mixing,
whereas comb generation near 800 nm results from SHG, enabled by the intrinsic second-order nonlinearity of AIN.

Figure 1. (a) Cross-sectional SEM image of a patterned AIN waveguide embedded in SiO-. (b) Photograph of the fabricated
8-inch AIN wafer on a CMOS-compatible platform. (c) Schematic of the SHG device, with the nonlinear optical generation
mechanisms around 1600 nm and 800 nm illustrated.



SECOND-ORDER NONLINEAR OPTICAL PROCESSES CHARACTERIZATION

The fabricated device is pumped using a tunable laser (Keysight N7776C) cascaded with an L-band high-power erbium-
doped fiber amplifier (EDFA, Amonics AEDFA-L-36-R-FA), as schematically illustrated in Fig. 2(a). The pump
wavelength is slowly tuned into the microring resonance with a step size of 0.01 nm, enabling optical frequency comb
generation. To simultaneously characterize the generated comb lines in both the infrared (IR) and visible wavelength
ranges, the output is split into two paths and analyzed by two spectrum analyzers: an IR spectrum analyzer (Yokogawa
AQ6370B) and a visible spectrum analyzer (Thorlabs CCS200). The simultaneously recorded IR and visible spectra are
shown in Fig. 2(b) and Fig. 2(c), respectively.

In the IR band, distinct comb states are observed as the pump wavelength is finely tuned across the microring resonance.
In the visible band, only four comb lines are observed at this preliminary stage, which is mainly attributed to the limited
nonlinear conversion efficiency and the limit of detection (LOD) of the visible spectrometer. Notably, the observed near-
visible comb lines exhibit a side-mode suppression ratio exceeding 20 dB, indicating good spectral purity despite the
limited line number.

Since the IR and near-visible spectra are acquired simultaneously, the corresponding comb lines can be directly
compared. As explicitly labeled in Fig. 2(b) and Fig. 2(c), the second and fourth near-visible comb lines (counting from
the shorter-wavelength side, at 791 nm and 816 nm, respectively) satisfy the second-harmonic relation,

Anvis = AIR/Z,

corresponding to the IR comb lines at 1582 nm and 1632 nm, respectively. This one-to-one wavelength mapping confirms
that these near-visible peaks originate from SHG of the corresponding IR comb lines.

By contrast, the remaining near-visible comb lines, observed at 779 nm and 803 nm (as indicated in Fig. 2(c)), do not
coincide with the simple SHG mapping of any prominent IR comb lines. Instead, their wavelengths satisfy the energy-
conservation (frequency-matching) condition of optical parametric mixing,

Wnyis = Wir1 t WiR2,
or equivalently,
1/2nvis = 1/A1p1 £ 1/ A2,
for example,
1/779nm = 1/1536 nm + 1/1582 nm, 1/803 nm = 1/1582 nm + 1/1632 nm.

This wavelength relation indicates that these near-visible lines are generated through optical parametric oscillation (OPO)
rather than pure SHG. Consequently, the observed near-visible comb spectrum arises from a combination of SHG and
parametric mixing processes.

It is worth noting that the number of near-visible comb lines observed at this stage remains limited. As discussed above,
increasing the pump-wavelength tuning resolution across the microring resonance and further increasing the pump power
are expected to enable the generation of additional near-visible comb lines .

In addition, when the pump laser is coupled into resonance, green fluorescence is clearly visible to the naked eye,
originating from third-harmonic generation (THG). A grayscale optical image of the device under pumping conditions is
shown as the inset above the “DUT” label in Fig. 2(a). Owing to the grayscale imaging mode, the green emission cannot
be distinguished in the optical image, although it is directly observable by eye. While the green fluorescence is too weak
to be detected by the visible spectrum analyzer, its wavelength and the corresponding IR wavelength are expected to satisfy
the third-harmonic relation,

Agreen = AIR/3-

Alternative techniques reported in ref.?! may be employed to directly capture comb lines in the green wavelength range.
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Figure 2. (a) Schematic of the experimental setup for optical frequency-comb characterization. A tunable IR laser amplified
by a high-power L-band EDFA pumps the AIN microring resonator via tapered lensed fibers. The output signal is split into
two paths and simultaneously analyzed by an IR spectrum analyzer and a visible spectrum analyzer. The inset shows a
grayscale optical image of the device under test (DUT) during pumping; green fluorescence originating from third-harmonic
generation (THG) is visible to the naked eye but cannot be distinguished in the grayscale image.
(b) Simultaneously measured IR optical spectrum showing the generated frequency-comb lines as the pump wavelength is
tuned into resonance. The wavelengths of representative IR comb lines are explicitly labeled.
(c) Corresponding near-visible optical spectrum acquired simultaneously with (b), with the wavelengths of the observed near-
visible comb lines explicitly indicated. The labeled peaks reveal near-visible comb lines generated through SHG and OPO
processes.

CONCLUSION

In summary, we have demonstrated second-order nonlinear optical processes on a CMOS-compatible 8-inch aluminum
nitride (AIN) photonics platform. High-Q AIN microring resonators with intrinsic quality factors exceeding one million
enable efficient nonlinear interactions under near-IR pumping. When pumped around 1580 nm, pronounced second-
harmonic generation near 790 nm is observed, accompanied by near-visible frequency comb lines originating from a
combination of SHG and optical parametric mixing. The generated near-visible comb exhibits a side-mode suppression
ratio exceeding 20 dB, indicating good spectral purity.

These results establish wafer-scale AIN photonics as a promising platform for integrated second-order nonlinear optics,
offering opportunities for efficient frequency conversion, frequency comb generation, and applications in spectroscopy,
bio-sensing, and quantum photonics. Future work will focus on device and dispersion optimization to further enhance
nonlinear conversion efficiency and to enable systematic characterization of conversion performance.
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