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ABSTRACT

Scandium (Sc)-doped aluminum nitride (AIN) has been widely used as a piezoelectric material in micro-
electromechanical systems (MEMS) devices. Recently, it also draws interests in photonics research contributed by its
enhanced nonlinear optical property. Here, we report the (n, k) values of Sc-doped AIN thin films under various doping
concentrations. These thin films with thickness of around 500 nm are deposited on silica through co-sputtering process.
Reduced optical bandgap energies are observed at higher Sc doping concentrations. Furthermore, the top surface
roughness of < 1 nm has been obtained through atomic force microscopy (AFM) measurement for the 30% Sc-doped
AIN film in a 1 x 1 um? region. Also, with etching process optimization, the 10% Sc-doped photonic waveguide sidewall
angle and roughness have been obtained as >80° and < 5 nm, respectively. Additionally, the patterned microring cavity
has been characterized, with estimated intrinsic Q of 5.54x10* The reported results here pave the way towards Sc-doped
AIN for integrated photonics, with potential applications in communication, sensing, and quantum computing.

Keywords: Integrated optics devices; Integrated optics materials.

1. INTRODUCTION

Scandium (Sc)-doped aluminum nitride (AIN) and AIN have been widely used as a piezoelectric material in micro-
electromechanical systems (MEMS) devices for various applications . AIN is a wide bandgap material with significant
second order and third order nonlinear optical properties, and hence has been widely studied as a photonic material, with
various functional devices demonstrated at different wavelength regimes 1°°. Recently, Sc-doped AIN also draws
interests from photonics research community contributed by its enhanced nonlinear optical property comparing with
pure AIN. Photonic integrated circuits (PIC) based on Sc-doped AIN, including passive waveguide and microring
resonator, have been demonstrated 2°-?4, Furthermore, active devices including phase shifter and modulator based on
nonlinear optical effect (Pockels effect) of Sc-doped AIN have also been recently reported -2,

In this work, we report the (n, k) values of Sc-doped AIN thin films under various doping concentrations. These thin
films with thickness of around 500 nm are deposited on silica through co-sputtering process, which is complementary
metal-oxide semiconductor (CMOS)-compatible and can be used for 8-inch or 12-inch wafer-scale fabrication process.
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Furthermore, the optical bandgap energies of these thin films have been estimated from Spectroscopic Ellipsometry
measurement data, with reduced optical bandgap observed for higher doping concentrations. For Sc doping
concentrations of 0%, 10%, 20% and 30%, the estimated optical bandgap energies are 5.7 eV, 5.4 eV, 5.0 eV, and
4.7 eV, respectively. Also, the top surface roughness of < 1 nm has been obtained through atomic force microscopy
(AFM) measurement for the 500 nm thick 30% Sc-doped AIN film deposited on thermal oxide in a 1 x 1 um? region.
Additionally, with etching process optimization, the 10% Sc-doped AIN photonic waveguides have been patterned on
wafer scale through CMOS-compatible fabrication process, with sidewall angle and roughness obtained as > 80° and
<5 nm, respectively. Lastly, the patterned 10% Sc-doped AIN microring resonator has been characterized, with extracted
loaded Q of 2.27x10* reported, which corresponds to an estimated intrinsic Q of 5.54x10%. Further characterizations on
wafer-scale with device design variation can be conducted. The reported results here pave the way towards low-loss Sc-
doped AIN for PIC, with potential applications in optical communication, optical interconnects, sensing, and quantum
computing.

2. SCANDIUM-DOPED ALUMINUM NITRIDE THIN FILM PREPARATION AND
CHARACTERIZATION

The Sc-doped AIN thin films are prepared at the Institute of Microelectronics (IME) using physical vapor deposition
(PVD) process. Different from our earlier reports 2224, in this work, the Sc-doped AIN thin films are deposited through a
reactive co-sputtering process, with Al and Sc as separate targets within the deposition chamber (tool model: Evatec
Clusterline(R) 200E; deposition chamber: MultiSource Quattro). Compared with the PVD process using the target with
fixed Sc doping concentration, the co-sputtering process has the advantage of ease control on Sc doping level. Such
flexibility in doping concentration is expected especially when various doping concentrations or high doping level is
required .

2.1 Refractive index and energy bandgap from Spectroscopic Ellipsometry

By varying the electrical power applied on Sc target, Sc-doped AIN thin films with various doping levels (0%, 10%,
20%, and 30%) have been prepared on silica substrate. The cross-sectional scanning electron microscopy (SEM) image
of the deposited 30% Sc-doped AIN thin film is presented in Fig. 1(a), which indicates smooth top surface and well-
controlled thickness from PVD.

The (n, k) value of these thin films have been obtained from Spectroscopic Ellipsometry, as shown in Fig. 1(b) and
1(c), respectively. From Fig. 1(b), it can be observed that the refractive index (n) increases for higher doping
concentration at the wavelength range of >200 nm. Also, the corresponding extinction coefficient (k) has the increasing
trend at higher doping level, as shown in Fig. 1(c). Such trend indicates that, at a fixed wavelength, more electrons will
transit from valence band to conduction band within AIN with higher Sc doping, and hence, contributes to higher optical
loss in Sc-doped AIN thin film. In addition, for each Sc doping concentration, the fitting results of n and k values are
self-consistent, which satisfy the Kramers—Kronig relation.

Fig. 1(d) shows the plot of fitted transmission intensity with respect to the photon energy from the Spectroscopic
Ellipsometry measurement, where the optical bandgap energy can be estimated as the transmission intensity approaches
0. The estimated optical bandgap energies for Sc doping concentrations of 0%, 10%, 20% and 30% is 5.7 eV, 5.4 eV,
5.0 eV, and 4.7 eV, respectively. These are the lowest energies where photons begin to be absorbed in Sc-doped AIN
thin film. Alternatively, the optical bandgap energy of the Sc-doped AIN material can also be obtained via the method of
Jan Tauc 283, which is done through Tauc plot of the relation among absorption coefficient, photon energy, and material
optical bandgap energy. The absorption coefficient of the material can be calculated from the extinction coefficient (k)
value. The optical bandgap energies of our Sc-doped AIN thin films obtained from Tauc plot are slightly higher but
comparable with the estimated values above.

Additionally, the reduced bandgap energies at higher doping level also indicates that electrons are easier to transit
from valence band to conduction band and hence creates absorption. Meanwhile, at higher doping level, Sc-doped AIN
thin film has potentially higher electro-optical (EO) coefficient 2. Therefore, there is a trade-off between EO modulation
efficiency and waveguide loss.
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Figure 1. (a) Cross sectional SEM image of 30% Sc-doped AIN thin film on silica substrate. (b) Refractive index (n) of Sc-
doped AIN under various doping concentrations. (c) Extinction coefficient (k) of Sc-doped AIN under various doping
concentrations. (d) Fitted transmission intensity with respect to photon energy in eV.

2.2 Thin film top surface roughness from Atomic Force Microscopy

Thin films with smooth top surface roughness are preferred for PIC as it contributes to low scattering loss in photonic
waveguide. By using the same deposition tool and process, Sc-doped AIN with various doping concentrations have also
been deposited on thermal oxide on top of 8-inch Si wafer substrate, which can be further processed to form photonic
waveguides. Its top surface roughness has been measured through Atomic Force Microscopy (AFM). Fig. 2(a) and 2(b)
shows the AFM measurement results from 30% Sc-doped AIN thin film. From these images, the crystal grains can be
clearly observed, which indicates the poly-crystalline structure of the thin film. With scanning area of 1x1 pm?, the
surface roughness of the sample has been obtained as low as 0.96 nm. Such roughness should be contributed by the
columnar structure of the lattice.

An additional note worth mentioning is that comparing with another commonly used photonic material, silicon
nitride (SisN4) thin film grown by low pressure chemical vapor deposition (LPCVD), the top surface roughness of our
Sc-doped AIN thin film is still relatively higher, but within the same level of magnitude. Chemical-mechanical
planarization (CMP) process can be applied to further reduce the top surface roughness of Sc-doped AIN thin film.
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Figure 2. (a) 2D and (b) 3D AFM measurement results of 30% Sc-doped AIN deposited on thermal oxide on top of Si
substrate, with surface roughness value of 0.96 nm.

2.3 Photonic waveguide sidewall angle and roughness

In PIC, waveguide with vertical sidewall angle and smooth sidewall roughness are also preferred as it brings high optical
mode confinement, well critical dimension (CD) control, and low optical loss. On top of our developed Sc-doped AIN
waveguide etching process on 8-inch wafer 2, we have optimized the etching recipe to achieve vertical sidewall angle.
The 10% Sc-doped AIN waveguide with sidewall angle of > 80° and waveguide width of 1 um is presented in Fig. 3(a).
Such sidewall angle is higher than the ones from earlier reported Sc-doped AIN waveguides, which are typically around
70° 20-2224 The etched Sc-doped AIN waveguide with remaining SiO, hardmask (HM) on top is also included in Fig.
3(b). From the 3D AFM measurement, the side-wall roughness is found to be <5 nm. Such developed patterning process
can be used for functional photonic devices based on Sc-doped AIN PIC. In addition, for Sc-doped AIN with higher
doping concentration (20%, or even 30%), we found the material becomes harder to etch by using the same etching
recipe. The etching recipe needs to be adjusted for different Sc doping concentration.

I Sc-doped
AIN

Figure 3. (a) Cross sectional SEM image of 10% Sc-doped AIN with side-wall angle of > 80°. (b) Etched 10% Sc-doped
AIN waveguide with remaining SiO2 hardmask (HM) on top.



2.4 Microring resonator cavity and Q value

After patterning of 10% Sc-doped AIN waveguide on 8-inch wafer scale, top oxide cladding was deposited to form the
photonic waveguide structure, followed by deep trench etching process for edge coupling through optical fiber, and
finally an annealing process to reduce the material loss. The microring resonator characterization results are presented in
Fig. 4. The Sc-doped AIN microring has a radius of 160 um. Both microring and bus waveguide have a designed width
of 1 um, and the coupling gap between them are designed to be 0.8 um. A tunable laser is synchronized with a
photodetector for wavelength sweeping, with setup schematic shown in Fig. 4(a). The passive response of the microring
in dB scale is presented in Fig. 4(b). With Lorentzian fitting on one of the resonances in linear scale as shown in
Fig. 4(c), the loaded Q of the microring can be extracted to be 2.27x10% and the corresponding intrinsic Q can be
estimated to be 5.54x10* (assuming critical coupling). Further wafer-scale characterizations on photonic devices with
design variations can be conducted.
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Figure 4. (a) Schematic of characterization setup for microring resonator photonic device. DUT: device under test. (b)
Passive response of microring resonator in log scale at C-band. (c) Resonance spectrum of microring cavity in linear scale,
indicating loaded Q of 2.27x10%, and the corresponding estimated intrinsic Q of 5.54x10%.

3. CONCLUSION

To sum up, the (n, k) values of Sc-doped AIN thin films under various doping concentrations have been reported. These
thin films with thickness of around 500 nm are deposited on silica through co-sputtering process. Also, reduced bandgap
has been observed for higher doping concentrations: based on Spectroscopic Ellipsometry measurement data, for Sc
doping concentrations of 0%, 10%, 20% and 30%, the optical bandgap energies are estimated to be 5.7 eV, 5.4 eV,
5.0 eV, and 4.7 eV, respectively. Furthermore, the top surface roughness of < 1 nm has been obtained through AFM for
the 500 nm thick 30% Sc-doped AIN film deposited on thermal oxide in a 1 x 1 um? region. Also, with etching process
optimization, the 10% Sc-doped photonic waveguides have been patterned on wafer scale, with sidewall angle and
roughness obtained as > 80° and < 5 nm, respectively. Additionally, the pattern of 10% Sc-doped AIN microring
resonator has been characterized, with loaded Q of 2.27x10* obtained, which corresponds to an estimated intrinsic Q of
5.54x10* Future work includes wafer-level device characterization with design variations. The reported results pave the
way towards low-loss Sc-doped AIN for PIC for various applications in optical communication, optical interconnect,
sensing, and quantum computing.
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