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Abstract Aluminium nitride is a promising photonic material from the ultra-violet to the mid-infrared
spectral range. We present spectroscopic ellipsometry of sputtered AIN thin films on insulator in the
spectral range 0.19 um — 25 um, surface roughness characterization, waveguide and grating coupler

designs at telecom wavelength. ©2022 The Author(s)

Introduction

In the last decades the demand for photonic
solutions has been increasing rapidly. To satisfy
this demand, various material platforms have
been investigated, each with its own advantages
and limitations. One of these material platforms is
based on aluminium nitride (AIN). AIN exhibits a
wide bandgap (6.2 eV [1], [2]) and hence a broad
transparency window from the ultra-violet (UV) up
to the mid-infrared (MIR). In addition, it supports
both second and third order optical nonlinearities.
As a consequence, it can be used for example for
electro-optic modulators as demonstrated in [3]
or second and third harmonic generation
(demonstrated in [4] and [5], respectively).
Important to note is also its ability to handle high
optical power due to the absence of two photon
absorption [2] and the high thermal conductivity
and thus improved heat dissipation [1], [6].
Moreover, AIN shows a reasonable piezoelectric
coefficient, that can be increased by doping with
scandium [7]. Therefore, it is a promising platform
to integrate photonic components and micro-
electro-mechanical systems (MEMS) within the
same material. Another important advantage of
AIN is the compatibility with the complementary
metal-oxide-semiconductor (CMOS) fabrication
[2], [8], enhancing low cost and high throughput
fabrication. AIN has a refractive index of about
2.1 at a wavelength of 1.55 um [2], [8], which
results still in a reasonable refractive index
difference with silicon dioxide (SiO2) and enables
as a consequence, small waveguide dimensions,
small bending radii, and high integration density
of photonic devices.

Many different photonic components have
already been demonstrated on AIN platforms. For
example, linear components such as
waveguides, bends, add/drop filters, and direct
couplers on an AIN-on-insulator (AINOI) platform
have been widely used for the visible (VIS) to the
near-infrared (NIR) [9], and MIR spectral range

[10] or components in the UV range (waveguides,
grating couplers, ring resonators, directional
coupler) have been realized on an AIN-on-
sapphire platform [11]. Non-linear components in
AIN have also been demonstrated recently [4],
[5].

Furthermore, effort has already been put into
the characterization of the optical properties of
AIN, in particular for a wavelength range up to 2
um [12]-[15] for a variation of different layer
thicknesses, deposition methods, substrates and
doping concentrations of scandium. A
characterization in the range of about 8.3 um to
25 um was carried out by [16] for AIN on sapphire
substrate deposited via molecular beam epitaxy,
while [17] investigated sputtered AIN on silicon
(Si) in awavelength range of 1.54 um —14.29 um.
However, an analysis of the optical properties of
AIN in a broader spectral range from DUV to MIR
(0.19 pm — 25 um) is up to our knowledge still
missing.

Thus, within this work we present
spectroscopic ellipsometry measurements of
sputtered AIN on SiO: in a broad spectral range
of 0.19 um up to 25 um. In addition, a low surface
roughness is demonstrated via atomic force
microscopy (AFM) and simulations of a
waveguide including grating coupler working at
telecom wavelength are shown.

Fabrication and Characterization

The samples were fabricated on 4-inch Si wafers
with wet SiO2 on top as optical buffer layer. Then
the AIN layer was deposited via reactive pulsed
DC sputtering (Spider 600, Pfeiffer), which can
easily be done on wafer level and at reasonable
low temperatures (usually below 400 °C, but even
possible at room temperature [18]) for CMOS
compatibility. The layer stack is depicted in
Figure 1(e). The substrate temperature was set
to 300 °C, while the total gas flow, the nitrogen to
argon ratio and the substrate bias were varied as
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Figure 1: Characterization of AIN on SiO,. (a) Raw data of
spectroscopic ellipsometry measurement (solid line) with
corresponding fit (dashed line) in a wavelength range of 0.19-
25 pm measured at an angle of 75° of sample 6. (b) Retrieved
complex refractive index (real part n and imaginary part k)
with (c) a zoom into the wavelength range of 1 pum to 2 pm.
(d) 3D view of AFM measurement (0.5 pm x 0.5 pm) with a
resulting RMS roughness of 1.18 nm. (e) Layer stack of the
investigated samples.

shown in Tab. 1. The deposition time was set to
10 min, resulting in an AIN layer thickness
between 561 nm and 775 nm. Afterwards
spectroscopic ellipsometry (SE-2000 combined
with an IRSE extension for full UV-MIR range
characterization, Semilab) and AFM (Park NX20,
Park Systems) measurements were performed.
The ellipsometry data were modelled by a Tauc-
Lorentz model with an additional Lorentz
oscillator in the UV spectral range and a Brendel-
Borman oscillator in the MIR range for the
transverse optical (TO) phonon. A structure
consisting of four layers was modelled: the Si
substrate, the SiO: layer, the AIN layer itself and
a thin layer contributing for surface roughness.
The raw data of the ellipsometry measurement
(solid line) including the fitted model (dashed line)
show a good agreement and are depicted for
sample 6 in Figure 1(a), whereas the retrieved
complex refractive index (real part n and
imaginary part k) is shown in Figure 1(b) with a
zoom into the wavelength range of 1 um to 2 um
for all samples in Figure 1(c). Within this
wavelength range the real part of the refractive
index is slightly above 2 in accordance with
literature [2], [8], while the imaginary part is
around 103. A large bias resulted in a larger
imaginary part of refractive index. However, an
optimization of the sputtering process
parameters is expected to further decrease the
imaginary part of the refractive index. In addition,
smoothening of the SiOz layer [10], using a thin
seed layer for the sputtering (e.g. a thin AIN
interlayer [14]), and thermal annealing of the AIN
layer [10], [19] is likely to further decrease the
imaginary part of the refractive index and
therefore the expected losses of photonic
devices. This is mainly attributed to an
improvement of crystal quality and will be further
investigated in future.

The AFM measurement, depicted in Figure
1(d), was performed at the centre of the wafer
within an area of 0.5 um x 0.5 pm in non-contact-
mode. It yielded a root mean square (RMS)
average surface roughness of 1.18 nm, which is
comparable to literature values [12], [13], [20].

Simulation of waveguide and grating coupler
With the acquired data a waveguide and coupling
grating was designed using a commercial
software  (Ansys Lumerical), targeting a
wavelength of 1.55 pm.

A schematic of the optimized structure is
shown in Figure 2(a). First the single-mode cut-
off width of the waveguide was found using the
MODE-module of the software. For this
simulation the Si-substrate was removed and the
SiOz layer extended below the simulation
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Tab. 1: Sputtering process parameters

Sample # 1 2 3 4 5 6 7 8 9 10

AIN thickness (nm) 625 688 612 700 652 589 653 775 642 561

Bias (W) 4 4 4 6 6 6 6 8 8 8

Total gas flow 30| so| 7| 30| 50| 50| 7| 30| 50| 70

(sccm)

N2 ratio (%) 100 60 80 80 80 100 60 60 80 100
domain. The real part of the effective refractive is targeted.

index of the first transverse electric (TE) and
transverse magnetic (TM) modes in dependency
of the waveguide width are shown in Figure 2(b)
(TEO and TMO label the ground TE and TM mode,
respectively). For both polarizations the first
higher order mode (TE1 and TM1 respectively)
appears at a waveguide width of 0.9 um. Hence,
the single mode condition is still fulfilled for a
waveguide of 600 nm height and 800 nm width.
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Figure 2: Simulation of an AIN waveguide with coupling
grating. (&) Schematic of a 2D simulation for a grating coupler.
(b) Real part of the effective refractive index (neff) for the TE
and TM modes in the waveguide. (c) Loss due to the Si-
substrate in dependence of the BOX thickness. (d) Power
coupled via the grating in the ground TE waveguide mode
(input power corresponds to 100%).

Next the losses due to the substrate were
investigated. Therefore, the material loss of the
AIN waveguide was set to 0 and the Si substrate
was added to the simulation with different
thicknesses of the buried oxide (BOX) between
the waveguide and the substrate. The results are
shown in Figure 2(c). To keep the substrate loss
small compared to other losses (e.g. due to
roughness), a BOX thickness larger than 2.5 pm

With the waveguide structure fixed, a 2D
FDTD grating optimization was carried out.
Beside finding the best source position for an
incident angle of 10° also the BOX thickness was
varied once again. From Figure 2(d) it can be
seen that a BOX thickness of 3.1 um leads to the
best coupling efficiency, with 33 % (corresponds
to about 4.8 dB insertion loss) of the input light
coupled to the TEO waveguide mode for an
optimized grating period and filling factor of 1.13
pum and 0.49, respectively.

Conclusion

AIN on SiO:z is a promising platform for integrated
photonics. Therefore, it is very important to know
the optical properties of AIN. We investigated
these  experimentally via  spectroscopic
ellipsometry measurement in a broad wavelength
range from the UV to MIR (0.19 pm — 25 um). A
good agreement of the measured raw data with
the model (Tauc-Lorentz with additional Lorentz
and Brendel-Borman oscillation) was found.
Lower values of the imaginary part of the
refractive index are expected after further
optimization of the fabrication process. In
addition, an RMS surface roughness of 1.18 nm
was measured.

Furthermore, the derived data were used to
design an AIN waveguide on SiO2 and a
corresponding grating coupler which couples 33
% of the input power to the ground TE mode of
the AIN waveguide (corresponds to about 4.8 dB
insertion loss). Our measurements provide an
important basis for further optimization studies of
AIN films and integrated photonic components
targeting specific applications.
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