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Nanomechanical Crystalline AIN Resonators with High
Quality Factors for Quantum Optoelectromechanics

Anastasiia Ciers,* Alexander Jung, Joachim Ciers, Laurentius Radit Nindito,
Hannes Pfeifer, Armin Dadgar, André Strittmatter, and Witlef Wieczorek*

High-quality factor (Q,,) mechanical resonators are crucial for applications
where low noise and long coherence time are required, as mirror suspensions,
quantum cavity optomechanical devices, or nanomechanical sensors. Tensile
strain in the material enables the use of dissipation dilution and strain
engineering techniques, which increase the mechanical quality factor. These
techniques have been employed for high-Q,, mechanical resonators made
from amorphous materials and, recently, from crystalline materials such as
InGaP, SiC, and Si. A strained crystalline film exhibiting substantial
piezoelectricity expands the capability of high-Q,, nanomechanical resonators
to directly utilize electronic degrees of freedom. In this work, nanomechanical

ever-higher quality factors (Q,,).['! The low
mass and high-quality factor of a nanome-
chanical resonator result in low thermal
force noise, which enables measuring
small forces, e.g., required for the detection
of single-proton spins!?! or gravity between
small masses.’! Furthermore, a high-Q,, X
fr-product increases the number of coher-
ent oscillations, which is essential for real-
izing opto- or electromechanical devices!*!
for use in quantum technologies.!

Nanomechanical resonators with record-
high quality factors of 10 have been

resonators with Q,, up to 2.9 x 107 made from tensile-strained 290 nm-thick
AIN are realized. AIN is an epitaxially-grown crystalline material offering
strong piezoelectricity. Nanomechanical resonators that exploit dissipation
dilution and strain engineering to reach a Q,, X f;,-product approaching 10"
Hz at room temperature are demonstrated. A novel resonator geometry is
realized, triangline, whose shape follows the Al-N bonds and offers a central
pad patterned with a photonic crystal. This allows to reach an optical
reflectivity above 80% for efficient coupling to out-of-plane light. The
presented results pave the way for quantum optoelectromechanical devices at

room temperature based on tensile-strained AIN.

1. Introduction

The engineering of tensile-strained materials has enabled
rapid progress in realizing nanomechanical resonators with
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predominantly achieved in tensile-strained
amorphous Si;N,, employing dissipation
dilution, soft clamping, and strain engi-
neering techniques.”"!] These techniques
have led to a variety of nanomechanical res-
onator geometries, including 2D phononic
crystal (PnC)-shielded membranes,®! 1D
PnC Dbeams,'”)  hierarchically-clamped
devices,'?l  and resonators optimized
through machine learning methods.['>14]
Recently, tensile-strained crystalline materi-
als made from InGaP,[*>17] SiC,[18] or Sil*?]
have been investigated for high-Q,, me-
chanical resonators. The latter work demon-
strated 1D PnC beams in Si with Q,, of
10 at cryogenic temperatures.['] Crystalline materials have
fewer defects, which potentially leads to a larger intrinsic quality
factor, and, thus, to an enhanced diluted quality factor. Further-
more, highly ordered materials, depending on their crystal struc-
ture, can offer additional functionality, such as electrical conduc-
tivity, piezoelectricity, or superconductivity. This would enable in-
terfacing mechanical vibrations directly to electronic degrees of
freedom!*2%21] without requiring the deposition of additional ma-
terials on high-Q,, nanomechanical resonators,!?*3! which in-
creases fabrication complexity and may decrease Q,,.[8!

In this work, we demonstrate high-Q,, nanomechanical res-
onators made from tensile-strained AIN. This crystalline material
is non-centrosymmetric, thus, pyro- and piezoelectric, and has so
far been utilized in unstrained GHz mechanics.[**?°] Moreover,
AIN is widely used in ultraviolet photonics!?6%’] and can host de-
fect centers!?®! that act as single-photon emitters. AIN is chemi-
cally stable!®! and provides a wide bandgap (6.2 eV at 300 K) with
a broad transparency window that covers the ultraviolet to mid-
infrared range. Hence, AIN is free from two-photon absorption at
telecom wavelengths,3%! contrary to Si. These capabilities make

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH


http://www.advmat.de
mailto:anastasiia.ciers@chalmers.se
mailto:witlef.wieczorek@chalmers.se
https://doi.org/10.1002/adma.202403155
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202403155&domain=pdf&date_stamp=2024-09-17

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a b : c-axis
Si (111) I AN Sio, I resist
c lithography I%Tz_/ilrE XeF, release
290 nm
> > -
Va . - " noio)
T 500 um mo-axis my-axis my-axis
@A N
d e x105 x105
1.04[ T 175 pm Ki

_ < ' | — 5 e ,r“"‘\ . Pl 5 "/

$1.03[2, .o ; 5 P _— #

) - B Y

S 1.02¢ 100 140 180 R g 4 125 pym | 4 +

2 L(m) : N 4

$1.01} o T 3y 3 .

@ K i % "' ® C:) ),.'

L 1. r i -, : ... i /’/

00 et | 2 214Q,,=(0.8 £ 0.02)x10¢
-75 -50 -25 0 25 50 75 -50 0 50 80 120 160 200
a (° o (%) L(um)

Figure 1. Material characterization of AIN nanomechanical resonators. a) Illustration of the fabrication process. b) 3D view of the wurtzite AIN crystal,
where the m; and m, axes point along two mirror planes of the crystal, and a denotes the in-plane rotation angle with respect to the m-axis. c) Top view
of the wurtzite AIN crystal. d) Released in-plane stress, the insets show the fit to Equation 1 for the data-point indicated by the star, and an SEM image
of a 175 pm-long beam. e) The mechanical quality factor is largely independent of the in-plane orientation of the beam, « (left), and increases linearly
with beam length, L (right). The horizontal lines depict the mean of Q,,, (left). The black dashed line is a fit of Q;; (right).

AIN and in general IlI-nitrides suitable materials for realizing a
hybrid platform for interfacing electrical, mechanical and optical
degrees of freedom.[*l

We realize AIN nanomechanical resonators with Q,, as high as
2.9 x 107 and Q,, X f,,-product close to 10'* Hz at room tempera-
ture. Mechanical resonators in crystalline III-nitrides have been
demonstrated in unstrained AINI3134 or compressively strained
GaN,33] but these structures could not profit from dissipation di-
lution, soft clamping, or strain engineering techniques. Although
there are examples of strained AIN resonators,*®! no high-Q,,
devices have been reported. In this work, we apply dissipation
dilution, soft clamping, and strain engineering techniques to a
290 nm-thick crystalline AIN film of residual tensile stress of
1.4 GPa grown on a Si(111) substrate.[?”) We demonstrate high-
Q,, nanomechanical resonators with different geometries: uni-
form beams, tapered 1D PnC beams, and hierarchically-clamped
structures. We compare the experimental results with eigenfre-
quency simulations and dissipation dilution calculations of a
prestressed crystalline material with hexagonal symmetry. We
present a new resonator type, triangline, whose geometry has
three-fold symmetry and follows the AI-N bonds in the crys-
tal structure. Importantly, this hierarchically-clamped triangline
provides a central pad that we pattern with a photonic crystal
(PhC), which allows us to engineer the pad’s out-of-plane opti-
cal reflectivity.[37-40

2. Results
2.1. Fabrication

The fabrication process steps are summarized in Figure 1a (de-
tails in the Experimental Section and Supporting Information).
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The 290 nm-thick wurzite AIN is grown by metal-organic vapor-
phase epitaxy (MOVPE) on a (111)-oriented 500 pm-thick Si
wafer. The roughness of the grown film is 1 + 0.1 nm (root mean
square, AFM data in Supporting Information). The resonator ge-
ometry is defined by electron-beam lithography. The exposed pat-
tern is then transferred to the underlying AIN layer by ICP-RIE
etching with a Cl,/Ar mixture using a SiO, hard mask. Subse-
quently, the resist and hard mask are removed and in a final step
the AIN resonators are released in a dry release step with XeF,.
Such isotropic release allows the pattern to be independent from
the substrate orientation, which is not possible with a KOH re-
lease etch of Si;N, on a Si(100) wafer,[?] but similar to a dry re-
lease etch of amorphous SiC*! or Si;N,[®! on Si. Furthermore,
through the dry release process we achieve a high fabrication
yield of above 90%. This is contrary to a wet release (e.g., KOH-
based), which requires additional lithography, etching steps and
critical point drying, to increase the membrane-substrate gap and
ensure high fabrication yield for large area resonators.'?] The
presented fabrication process allows the realization of a range
of high-Q,, nanomechanical resonator geometries including, but
not limited to, uniform beams (inset Figure 1d), tapered 1D
PnC beams (Figure 2a, b), and hierarchically-clamped trianglines
(Figure 3a).

2.2. Material Characterization

Wurtzite AIN belongs to the P, space group with a po-
lar axis along the [001] direction, i.e., the c-axis. We illus-
trate its crystal structure in Figure 1b,c. The AIN crystal has a
19% lattice-mismatch with the silicon substrate underneath,*?!
thus, its atoms are displaced from their equilibrium positions

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Tapered phononic crystal beams in crystalline AIN. a,b) False-colored SEM images of a 290 nm-thick PnC beam. The inset in (b) shows the
PnC defect of length L; = 50 pm (scale bar 10 um). c) Raman spectroscopy map of a part of the PnC unit cells i = 9 and i = 10. The colorbar shows
Oreleased- 4,€) FEM simulation results of the stress in the PnC beam for ¢ ,¢jq,a = 1GPa. f) Band diagram of the phononic modes of the i = 2 unit cell

for Oresidua

1 = 1GPa. Modes are classified with respect to their transformation under the parity operation (P, P,): (1, =1) (solid lines), (= 1, 1) (dashed

lines), and (— 1, —1) (dotted lines), see Supporting Information for more details. g) Representative noise power spectrum (NPS). In the experiment we
observe a defect mode at 2.82 MHz, which is close to the FEM simulated value of 2.87 MHz. h) Mode frequency in dependence of defect length and
in-plane orientation of the PnC beam. i) Measured and simulated Q,,, of the defect mode. j) Measured Q,, versus f,, of PnC beam modes, where defect
modes show enhanced Q,, values, larger than uniform beams of similar frequency (solid black line).

resulting in ~20nm-thick defect-rich layer at the interface of
the AIN film and the Si substrate[*] (TEM images in Support-
ing Information). The quality of the film improves further away
from the substrate,**] while at the same time introducing a
strain gradient.

The AIN film has a thickness of 290 nm and a refractive in-
dex of 2.1 in the telecom range, determined via ellipsometry
(see Supporting Information). In this work, we do not make use
of the piezoelectric properties of the film but have verified that
our AIN film is indeed piezoelectric. We determined an effec-
tive piezoelectric coefficient dy; ¢ of 1.8 pm V™ of the AIN film
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rigidly-clamped to the silicon substrate (for details see Supporting
Information).
We determine the strain in the AIN film by Raman measure-

ments of the AIN E;ﬁgh phonon mode.[*! We observe E;ligh at
650.67 cm™!, which corresponds to an average residual stress of
the AIN film, 6,.g4.a, Of 1.43 + 0.01 GPa as targeted in the film
growth (see Methods Raman Spectroscopy). For simplicity, we as-
sume that the AIN crystal exhibits hexagonal symmetry (for de-
tails see Supporting Information), which yields relations for the
elastic constants as C;; = C,,, C;3 = Cp3 and C¢, = (Cy; — Cyy)/2.

Deformations in the c-plane of the hexagonal crystal are then

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Hierarchically-clamped triangline nanomechanical resonators in crystalline AIN. a) False-colored SEM image of a triangline nanomechani-
cal resonator with a total tether length of 1.7 mm. b) FEM-simulated displacement and eigenfrequency of the first four eigenmodes of the triangline.
c) Displacement NPS of the short triangline. The markers show the modes from panel (b). d) Mechanical quality factor versus frequency for different
trianglines: dots (squares) are short (long) trianglines. Filled markers are data, open markers are results from FEM simulations. The inset shows a
ring-down measurement for the fundamental mode of a long triangline (red star) at 87 kHz.

determined by two elastic constants only,**! making the model
comparable to isotropic materials, like amorphous Si;N,

To measure the released stress and evaluate the intrinsic me-
chanical quality factor, Q,,, we pattern beams of various lengths
(75-200 pm) and rotation angles a (—90° to +90°), as illustrated in
the inset of Figure 1d. The AIN beams have stress-dominated me-
chanical frequencies, f;,, with the fundamental mode frequency
given asl*’]

1 Oreleased
= — _— 1
e TA A )

where L is the length of the beam and p is the AIN density (pa-
rameters in Methods, Table 3). We measured f,, and Q,, of the
beams in high vacuum (7 X 10~ mbar) at room temperature us-
ing an optical interferometric position measurement setup (de-
tails in Methods Interferometric Characterization Setup). We de-
termined Young’s modulus of the AIN film to be E = 270 + 10
GPa from measurements of the resonant frequencies of higher-
order modes of the beam*’! (see Supporting Information). The
released stress of the beams extracted from measurements of
their fundamental mode frequencies using Equation 1 is shown
in Figure 1d. The released stress is close to the expected value of
(1 = V)0 egiquas = 1 GPa (with v = 0.28 as the Poisson ratio). Instead
of a constant released stress expected from a hexagonal symme-
try, we observe a weak in-plane anisotropy. We obtain a small
periodic stress variation with an amplitude of about 10 MPa.
We attribute the 60°-periodicity to the AIN crystal structurel*!

Adv. Mater. 2024, 36, 2403155 2403155 (4 of 11)

and the additional 30°-periodicity could be the result of crystal
twinning!*! (for the discussion see Supporting Information).

The quality factor of a strained high-aspect-ratio mechanical
resonator is enhanced by the dilution factor, D, over the intrinsic
quality factor, Q,,,, vial'!l

Qp = Dg Qe (2)

While Q,,, is a material property, inversely proportional to the de-
lay between stress and strain, Dy, is engineered by the resonator
geometry and depends on the linear and non-linear dynamic con-
tributions to the elastic energy of specific mode shapes (see Meth-
ods for the explicit formulae).

We determine Q,,, from measurements of Q... of the long,
thin strained beams. Their quality factor is limited by dissipation
dilution and given as®"]

Qbeam = Dbéam Qint (3)
with Deram = [(w2)? + 24 ~', the stress parameter A=
(12€released)71/2’ and Creleased — o-released/E = 0.0037 (See more

details in Supporting Information). Figure le shows Q,.,,, for
beams of various lengths and in-plane orientations. We obtain
Qi = (0.80 + 0.02) x 10* for the 290 nm-thick AIN film by fitting
the data to Equation 3. We use this value of Q,,, as input for
calculating the expected Qp, of various mechanical resonator
geometries from finite element model (FEM) simulations.
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2.3. Tapered Phononic Crystal Beams

Strained doubly-clamped beams exploit uniform stress for dis-
sipation dilution, but they exhibit considerable bending at the
clamping points leading to mechanical loss. Through the use
of soft-clamped resonator designs,!°!!] clamping-related bending
losses can be eliminated. A straight-forward approach to imple-
ment soft clamping for a beam is to pattern it with a 1D PnC.1"%
As a result, the Q,, X f, -product of a defect mode in a PnC
beam increases in comparison with uniform beams of similar
frequency (see Figure 2j).

We pattern 1.4 mm-long beams with a PnC. We additionally
taper the width of the beam toward the center to co-localize
a mechanical defect mode in the region of increased stress,
which is a strain engineering method to further increase Q,,.[%
Figure 2a,b shows examples of fabricated devices.

The unit cell of the 1D PnC has a length a,, = 90 um at the ta-
pered center and consists of a rectangular-shaped bridge of width
Wi = 2 um and an ellipse with a long axis of a,,/3 and short
axis ap,/27. The sharp edges at their junction are rounded with
a radius of 10 um. The rounded shapes are essential features as
sharp corners that usually characterize these designs would lead
to cracking of the highly stressed, brittle AIN film (see Supporting
Information for more details). This unit cell is repeated 11 times
in both directions from the center defect. We upscale the width of
both the bridge (to realize tapering) and ellipse of the unit cells to-
ward the clamping points. The width of the i'" iteration of the unit
cell, scales as a Gaussian with w(i) ~ 11—} - %e‘iz/ i (with —11 < i
<1landi, =7, f =0.2).[1%9 At the same time we scale the length
of the unit cell as a,,(i) ~ 1/+/w(i) to adapt the bandgap of each
cell to the frequency of the defect mode.(1!

Figure 2f shows the band diagram for the i = 2 unit cell
(Supporting Information shows band diagrams of additional unit
cells). We can classify the mechanical modes in this band dia-
gram with regards to their parity under transformations P, where
l=x,y, z, for example, P.(x',y', 2')T = (- ¥/, ¥, 2')\. Such trans-
formations applied to the displacement vector u yield, for exam-
ple, Pu(x, y, 2) = (P,u)(P,(x, y, 2)) = +u(— %, y, 2).°11 We ob-
serve a bandgap between 2.5 and 3 MHz for out-of-plane modes
with (P, P,) = (1, —1) symmetry. In-plane (- 1, 1) and torsional
(= 1, —1) modes cross this bandgap, but these modes do not cou-
ple to the out-of-plane motion due to symmetry (see Supporting
Information for the simulated displacement of the modes and a
description of their transformation under parity operations).l>?

The defect is formed at the middle of the PnC beam through
the insertion of an additional bridge of length L, between the unit
cells, see Figure 2b, such that the defect mode frequency is within
the effective bandgap.['%! This allows for soft-clamping of the de-
fect mode and, at the same time, focuses the stress through the
tapering of the bridges at the center. We perform Raman mea-
surements of a fabricated PnC beam to assess its stress distribu-
tion. Figure 2c shows results for two unit cells near the clamp-
ing point. We observe a good match between the FEM simulated
and measured ¢ ,..q and f;, of the PnC beam for ¢ g, rev =
1 GPa, Figure 2¢,d,h. The measured residual stress of the unre-
leased AIN film next to the PnC is, however, the same as on other
samples, i.e., 6,.gqu = 1.4 GPa (inferred from Raman measure-
ments). The discrepancy between the measured residual stress,

O residual, aNd the FEM assumed 64,1 ey may be the result of
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inhomogeneous strain distribution of the AIN film, leading to
partial stress relaxation and buckling of the ellipse regions in
the PnC beam, thus, reducing locally its stress (see Supporting
Information).

Figure 2g shows a thermal noise displacement power spec-
trum (NPS) of a PnC beam with L; = 90 um. The defect mode
is clearly visible at f,, = 2.82 MHz, which is very close to the value
obtained from FEM simulations. We summarize measurements
of the defect mode frequency for PnC beams of different defect
mode lengths and in-plane orientation in Figure 2h (NPS of sev-
eral beams are shown in Supporting Information). The frequency
of the defect mode decreases with increasing defect length L, as
expected from the FEM simulations, and is close to the simulated
value. Furthermore, the defect mode frequency for the beam at
0° orientation and 30° are similar, while at 15° f,, is lower, see
Figure 2h. This observation is consistent with the in-plane an-
gular dependence of 6,,..q Of the uniform beams (Figure 1d).
Figure 2i shows Q,, of the defect modes. We observe no system-
atic change in the quality factor with beam orientation, similar to
the in-plane rotated uniform beams (Figure le). While the trend
of the measured Q,, versus defect mode frequency follows the
trend of the FEM simulations, the absolute value of the measured
data is slightly smaller than the FEM simulated one. This differ-
ence may be the result of buckling of the ellipses and fabrication
imperfections (see Supporting Information), breaking the sym-
metry of localized defect modes and leading to mechanical dissi-
pation through radiation loss into modes of other symmetry.

Figure 2j shows Q,, of delocalized and localized modes of the
PnC beams. We observe that mechanical modes within the de-
fect mode frequency range of 2.5 MHz to 3.5 MHz exhibit an en-
hanced Q,, X f,,-product. We reach a maximal Q,, X f,,-product
of up to 4.5 - 10'? Hz, which is larger than the one of uniform
beams of similar frequency (solid line in Figure 2j). This con-
firms the soft clamping of the defect mode through the strain-
engineered PnC.

2.4. Hierarchically-Clamped Triangline Resonators

Optomechanical experiments with a Fabry-Pérot-type cavity re-
quire efficient and lossless coupling of a mechanical resonator’s
out-of-plane displacement to an optical beam. A mechanical res-
onator should then provide a non-absorbing, out-of-plane oscil-
lating part with a sufficiently large area for accommodating an
optical beam. This can be realized, for example, with trampoline-
like resonators.!'”>35* To increase their Q,,, a type of soft clamp-
ing based on hierarchical structures can be applied.>>] That
has been demonstrated in Si;N,-based hierarchically-clamped
trampolines(?! and trampoline-like geometries found by ma-
chine learning.['*l Further, the trampoline geometry typically re-
alizes a high-Q,, for its fundamental mode, which is advan-
tageous to use in certain quantum optomechanics protocols
when nonlinear noise processes, such as thermal intermodula-
tion noise,*®! should be minimized. Finally, the central pad of a
trampoline can be patterned with a PhC allowing to engineer its
out-of-plane reflectivity.l'”:37->3]

A hierarchically-clamped trampoline consists of a central pad
that is connected to four beams of length . Each of these beams
branches with an angle 6 into two subsequent segments, with N
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such branching iterations in total toward the clamping points.[>”]

The length of subsequent segments (1 <n< N)isl, = lyr with r,
< 1and segment width w =w,(1/2cos (6))" to maintain a uniform
stress in the structure.l>]

We first studied the effect of the branching angle on the Q,, X
fa-product of uniform-width beams in the crystalline AIN film.
To this end, we fabricated beams with N = 1 branching iteration
and varied their branching angle 0 (see Supporting Information).
We find that 6 = 60° yields singly-branched beams with a large
Q. X fr,-product. At the same time, a geometry with this branch-
ing angle follows the in-plane crystal structure of AIN, advanta-
geous for achieving homogeneous stress along all directions of
the branched tethers, resulting in uniform stress in all branched
segments.[>]

To follow the in-plane 120° rotation symmetry of the crystal, we
use a triangular-shaped central pad that is suspended with three
tethers. Each of the tethers branches off N times at 6 = 60° into
two segments (see Figure 3a). We call this geometry triangline.
When comparing this triangline with a hierarchically-clamped
trampoline, we find that the expected f,, and Q,, of these two
structures are very similar (see Supporting Information). An im-
portant advantage of the triangline geometry is that it enables a
more economic use of the chip area, which allows us to increase
the number of total branching iterations, and, thus, results in a
larger Q,,,.

We fabricated two generations of trianglines that differ in their
branching iterations N and initial beam lengths J,. Both genera-
tions have a central pad that is patterned with a PhC and has a
side-length of 60 um. The pad is held by beams of constant width
w, = 2 um and r; = 0.63. We round the sharp edges of the triang-
line with a radius of 15 pm to avoid cracking during fabrication.
The first generation of trianglines, denoted as short, has N =5
branching iterations and an initial beam length of I, = 0.32mm.
This yields a total tether-length between furthest clamping points
of 1.7mm. We simulate the first four eigenmodes and eigen-
frequencies of this triangline, which are shown in Figure 3b.
The eigenfrequencies experimentally inferred from the mea-
sured thermal noise displacement power spectrum (Figure 3c)
agree with FEM simulation results. We measured f,, and Q,, of
four devices and show the results in Figure 3d. For the funda-
mental mode of the short triangline we find f, = 200kHz with
Q,, = 9.4 x 10°, yielding a Q,, X f,,-product of 1.9 x 10'2 Hz. We
find that the FEM-predicted f,, and Q,, are in a good agreement
with the measured values. Hence, we conclude that Q,, is limited
by intrinsic dissipation (gas damping is not limiting dissipation
mechanism, see measurements in Supporting Information).

To increase Q,,, we fabricate a second generation of triang-
lines, which we denote as long, with one more branching itera-
tion, i.e., N = 6, and a longer initial beam length, [, = 0.9mm, re-
sulting in a total tether length of 4.7 mm between furthest clamp-
ing points (see Supporting Information). This triangline exploits
to the best of our knowledge the largest number of branching it-
erations demonstrated to date for trampoline-like hierarchically-
clamped resonators.'?l The longer tether length lowers the fun-
damental mode eigenfrequency to 87 kHz while Q,, improves up
t0 2.9 x 107 (inset of Figure 3d), yielding a Q,, X f;,-product of 2.5
x 10'2 Hz, which is 30% larger than for the fundamental mode of
the short triangline. For higher order modes, the Q,, X f,,-product
reaches 10'* Hz, entering the regime of coherent oscillations for
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quantum optomechanics experiments at room temperature (re-
quired Q,, X f,,>6 X 10'2 Hz*”)). We find a good agreement be-
tween FEM simulated and experimentally observed f, and Q,,
(Figure 3d).

The optical reflectivity of an unpatterned AIN film is deter-
mined by its thickness and refractive index. For the 290 nm-thick
AIN film at a wavelength of 1550 nm the reflectivity is below 25%
(see Figure 4). To increase it, we pattern the central pad of the
triangline with a PhC,37% as shown in Figure 4. We pattern a
hexagonal PhC with lattice constant ap, = 1450nm and hole ra-
dius rppc = 508nm into the AIN film to maximize its reflection of
a normally-incident Gaussian beam at a wavelength of 1550 nm.
The PhC parameters were obtained from simulations of the sus-
pended film’s reflectivity using rigorous coupled-wave analysis
(RCWA)%8! (see Supporting Information). Note that the electro-
optic effect in AIN could be used to in-situ tune the optical re-
flectivity with about a few picometers per volt, see Supporting
Information.

We patterned first a fully-clamped circular 180 um diameter
AIN membrane with a PhC and observe that its reflectance is
increased to above 90%, see Figure 4. The circular clamping
guarantees a uniform connection of the membrane to its sup-
port, but lowers Q,,, see Table 1. We observe pronounced re-
flectivity dips at 1510 nm and 1580 nm. The first apparent dip
originates from the Fano shape of the PhC reflectance. The sec-
ond dip can be reproduced by RCWA simulations of the pat-
terned 290 nm-thick AIN film with an incident Gaussian beam
of 6.4 um waist. We thus identify the dip at 1580nm as cou-
pling of the beam into a PhC guided resonance.*®! In the Sup-
porting Information we show reflectance measurements with
varying optical waist that let us clearly identify the guided res-
onance. Further, these measurements demonstrate that we can
achieve a reflectance above 99% when using a beam waist of
16 um. We then patterned a PhC into the triangline’s central
pad and observe that its reflectance reaches a value above 80%
at 1545 nm. Thus, the reflectance of the triangline’s pad is drasti-
cally increased over the AIN film’s reflectivity, but is slightly lower
than the reflectance of the PhC-patterned circular membrane.
The radius of the PhC holes of the triangline and the circular
membrane differs by 6 nm. This causes a small shift of the over-
all Fano resonance to longer wavelengths. As a result, the PhC
guided resonance appears now at 1585 nm and the minimum of
the Fano resonance at 1515 nm. We also observe a reflectivity dip
at 1558 nm. We identify this dip as the formation of an approxi-
mately 3.7 pm-long low-finesse cavity between the PhC and the
rough silicon substrate underneath. The overall lower reflectiv-
ity compared to the circular PhC membrane may be the result of
the low-finesse cavity and the finiteness of the PhC lattice on the
pad, which both influence the pad’s reflectivity. The reflectivity
of the triangline’s PhC pad could be improved by using a larger
pad size to minimize finite-size effects. The triangline nanome-
chanical resonator could be integrated into a free-space optical
cavity when incorporating some additional fabrication steps. For
instance, one could introduce an AlInN/GaN-based distributed
Bragg reflector and a sacrificial layer of GaN below the current
AIN device layer during the growth. This would realize an op-
tomechanical microcavity, similar to Ref. [59]. Alternatively, one
could back-etch the Si substrate of the current devices to place the
triangline nanomechanical resonator directly inside an optical
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Figure 4. Engineering the reflectance of AIN nanomechanical resonators with a hexagonal PhC. Reflectance versus wavelength measurements for an
AIN film on a silicon substrate (black), a suspended 180 um-diameter circular membrane patterned with a PhC (red), and a triangline nanomechanical
resonator with a center pad of 60 um side length patterned with a PhC (blue). Dots are experimental data, solid lines are RCWA simulations for a waist
of 6.4 um. SEM images on the right: Triangline and circular membrane patterned with a PhC. The inset shows the hexagonal PhC pattern.

cavity forming a membrane-in-the-middle-type optomechanical
system.[60]

3. Conclusion and Outlook

Table 1 summarizes the parameters of the soft-clamped nanome-
chanical resonators that we realized in 290 nm-thick crystalline
AIN. We calculated the thermal force noise to assess their per-
formance in sensing applications. For example, with the funda-

mental mode of the long triangline we reach 29.2 aN (\/E)‘l,
which is similar to conventional Si;N,-trampolines>*** or
hierarchically-clamped Si;N, trampolines./*?]

To put crystalline AIN into perspective with other materials
used for high-Q,, nanomechanics, we summarize important ma-
terial properties in Table 2. The residual stress of 1.4 GPa of the
AIN film is similar to state-of-the-art strained crystalline Si or
amorphous Si;N,. The AIN film’s Q,,, of 8 x 10* at room tem-
perature is comparable to SiC or Si;N, of similar thickness.[%]
The Q,,, of crystalline materials can, however, surpass the one
of amorphous materials at cryogenic temperatures.['*%] The re-

fractive index of AIN at telecom wavelengths is similar to that
of Si;N,, but lower than for Si or InGaP. However, we demon-
strated that the reflectance of the suspended AIN film can be
vastly increased through patterning of a hexagonal PhC. Thanks
to its bandgap of 6.2 eV, and wide transparency window from the
deep ultraviolet to mid infrared, AIN is an appealing material for
low-loss quantum optical devices.’) The use of AIN for quan-
tum optomechanics devices operating at cryogenic temperatures
may therefore improve device performance thatis currently ham-
pered by heating due to optical absorption.

A major advantage of using crystalline compared to amor-
phous materials for nanomechanical resonators is their in-built
functionality. For example, crystalline films can be conducting
or superconducting, or can exhibit piezoelectricity, provided they
lack inversion symmetry. Zincblende or wurtzite crystals like SiC,
InGaP and AIN meet the latter requirement. AIN has the largest
piezoelectric coupling coefficient!®*] among these materials (see
Table 2). This has already been exploited in AIN-based GHz
nanomechanics, where mechanical excitations, phonons, have
been interfaced with superconducting qubits.?*?] The piezoelec-
tricity of the AIN film would allow, for example, to in situ tune the

Table 1. High-Q,,, AIN nanomechanical resonators. f,, and Q,,, are experimental values for the mechanical mode eigenfrequency and mechanical quality
factor, respectively. The motional mass, m.g, is determined from FEM simulations, and the thermal force noise is calculated as Sp = y/4kgTm gl ,,,.

Length [um] fon [kHZ] O O X fr i mMes [ng] Ve
(aN/VHz]

1D
uniform beam 200 1400 5.5 x 10° 0.77 x 102 0.047 111
Defect in 1D PnC 80 3000 1.5 x 108 4.5x 10" 0.35 269
2D
PhC membrane 180 2000 43 x10° 0.86 x 1012 0.9 657
Short triangline 1700 200 9.4 x 106 1.88 x 1012 1.22 51.7
Long triangline 4720 87 2.9x 107 2.5x 10" 2.67 29.2
Long triangline 4720 1068 8.7 x 106 9.2x 10" 5.27 258.2
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Table 2. Materials used for high-Q,,, nanomechanics at room temperature. The mechanical properties of the as-grown film are the residual stress ¢ egiqual,

Young's modulus E, and the strain €. The stress after relaxation, o cjeaseds

takes into account Poisson’s ratio of the respective material.

Si;N, (61 Sicl41l sit) sicl1el INo.43GagsyPl'7! AIN?
crystallinity amorphous amorphous diamond cubic zinc blende zinc blende wurtzite
thickness (nm) 20 71 14 337 73 290
Qint 1.4 x 10° 5.1x 10 (8+3)x10° 104 8 x 10° 8 x 10°
nat 1550 nm 1.99 2.56 3.48 2.56 3.15 2.12
0 residual (GP2) 1.4 0.76 1.53+0.11 0.62 0.47 1.43 +0.01
E (GPa) 250 223 169 400 80-120 270
e (%) 0.46 0.34 0.85 + 0.06 0.15 0.49 0.36
6 refeased (GP) 0.87 0.62 1 051 0.3-0.5 1
piezoelectricity, epb (Cm™?) - - - -1.24 -0.23 -1.55
coupling coefficient, kye,o (%) - - - 0.08 0.04 5.6
relative permittivity, €, 7-8 9.7 1.7 9.7 1.7 10

aThis work; ® Wurtzite crystal: uniaxial strain along the c-axis €
another polar direction.[20:63]

p

mechanical frequency of the nanomechanical resonator. In our
current devices we would expect a frequency tuning coefficient of
some kHz V1, see Supporting Information. Parametric driving
could then be used to generate squeezed mechanical states.[®! To
make use of the piezoelectricity of the AIN layer, a next step would
be to alter the growth and microfabrication of the presented de-
vices such that electrically conductive layers below and above the
suspended AIN layer are incorporated.

The presented triangline AIN nanomechanical resonators
reached a Q,, X f, -product close to 10'* Hz (see Table 2), suffi-
cient to support a single quantum coherent oscillation at room
temperature. We foresee multiple ways to increase device per-
formance further by, for example, using other geometries, such
as hexagonal polygon resonators,®’] by etching the defect-rich
layer,l'®) by reducing the overall thickness of the AIN film, or by
operating at low temperatures. In particular, the thickness de-
pendence of strain, intrinsic quality factor, and crystal quality are
important parameters that will determine the optimum work-
ing point for optoelectromechanical devices made from tensile-
strained AIN.[®®] In case of 100 nm-thick AIN, one could poten-
tially achieve Q,, of up to 10'° and a Q,, X f,,-product of 10*° Hz
(see Supporting Information), similar to crystalline Si nanome-
chanical resonators,[' but then realized in a piezoelectric ma-
terial. Therefore, nanomechanical resonators from piezoelectric,
tensile-strained AIN films hold great promise for interfacing kHz
or MHz phonons with superconducting circuits for cavity quan-
tum optomechanics,??] direct piezoelectric read-out of AIN-based
nanomechanical resonators for sensing applications,[® or cou-
pling of optical, mechanical and electronic degrees of freedom in
the same material system.[*]

4. Experimental Section

Growth and Fabrication Details:  The AIN film was grown with MOVPE
(metal-organic vapor-phase epitaxy, AIXTRON AIX 200/4 RF-S) on a 2-
inch 500 um-thick highly As-doped silicon (111) wafer. A two-step growth
process was used, which is optimized to yield compact and very smooth
AIN layers (typical AFM RMS 3 X 3 um? < 0.2 nm) free from pits.”%l This
was achieved by the second growth step which is performed under very
low V/I1I ratio. However, applying such conditions right from the start of
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= €33. zinc blende: uniaxial strain along the (111) direction 2514/\/5 with an additional contribution from

the growth of the layers turns out to result in a lower crystalline quality (as
measured in XRD) and in a film that is more tensile-strained. To avoid this
undesired feature, the initial 20-40 nm of the AIN film was grown under a
much higher V/III ratio. After a thin metallic Al deposition, 20 nm of AIN
were grown at a low growth rate with a surface temperature of 1110°C, 100
mbar, and a high V-Ill ratio of 2500. Then the main AIN layer was grown at
70 mbar and a low V-III ratio of 25 with a surface temperature of 1120°C.
During the cooling process, strain was introduced due to the thermal ex-
pansion coefficient mismatch between the silicon substrate and the AIN
film in addition to tensile strain during growth.l”'l XRD measurements of
the AIN film indicate a high crystalline quality (for details see Supporting
Information).

The fabrication process was started by sputtering a 50 nm SiO, hard
mask. Subsequently, the pattern of the mechanical resonator in electron-
beam resist (UV-60) was defined. Then the pattern was transferred into
the hard mask and AIN film in consequent ICP-RIE etching steps with
CF4/CHF; and Cl, /Ar mixtures, respectively. The photoresist was stripped
with NMP (Remover 1165), and the sample was cleaned with 1 min HF
etching. To release the structure XeF, gas was used to selectively etch sil-
icon. A mixture of XeF, and N, etches silicon isotropically with an etch
rate of about 700 nm min~',[72] whereas AIN is inert to XeF, at room
temperature.l”3] During the release process the flux of hydrogen and ni-
trogen was set to 25 sccm each and the pressure in the chamber was held
at 1.2 Torr.

Note that the presented fabrication process was applied on the chip
scale. However, both the growth as well as the fabrication process can be
scaled up to four inch wafers at least.

Finite Element Simulations: Mechanical Properties: The solid mechan-
ics interface of COMSOL Multiphysics was used for FEM simulations.
First a stationary solution was found to determine the redistribution of
Oresidual- The material parameters used for the simulations are listed in
Table 3. Then, this static solution entered into the eigenfrequency solver.
Finally, the eigenfrequencies and the mechanical displacement field u were
extracted, which was further used in the evaluation of Qp,.

The dilution factor Dy is given byl!"!

(aw@h)

DQ:1+W

*)

where the time-averaged <AW(" > and <AW" > are the linear and
non-linear dynamic contributions to the elastic energy of a specific mode
shape, respectively.

To calculate Dy, of a crystalline mechanical resonator of thickness h,
the general relation between the components of the stress tensor o;; and
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Table 3. Parameters for the FEM simulation. AIN film thickness, h, density
p, residual stress, 6 ,5qual» intrinsic quality factor, Q,, elastic constants,
CU.[”] We calculate the effective Young’s modulus, E, and Poisson’s ratio,
v, with CU

thickness, h [nm] 290
density, p [kg m™] 3255
O esdual [GP2] 140
Ot 0.8 % 10*
Ciy (GPa) 345
Cy; (GPa) 395
Cyy (GPa) 118
Cy, (GPa) 125
Cy; (GPa) 120
E (GPa) 283
v 0.287

2 Note, that ¢ .4y, differs for the PnC beam simulations and is 1 GPa.

the strain tensor ¢y through the elasticity matrix Cyy, i.e., o = Cjey is
employed. This relation was used to calculate an expression for the time-
averaged linear elastic energy <AW" >

2

<AW(lin)>:E// 2u ’ C _i +
24 ox? "Gy
v
2
0%u 0%u Ci3Cy3 (()Zu)z Cz3
2— — |Gy — —=|+ | — Cph——=—1|+ (6
0x2 oy? [ Gy ay? 27 Gy ©)

2 2
+4Ceq ( —(;)X(;’y ) )dv

where u is the out-of-plane displacement and the integral V covers the
volume of the mechanical resonator geometry. For details with regards
to this calculation refer to the Supporting Information.[”>78] In particular,
this treatment covers isotropic materials and crystals with cubic, hexag-
onal and orthorhombic crystal systems. Equation 5 was used to calculate
<AW" > for a given eigenmode of the resonator obtained from the FEM
simulations. The expression for the calculation of the time-averaged non-
linear contribution is related to the total energy of the system and remains
unchanged

<AW<”')> = p“’; //ude ©)
v

where w is the eigenfrequency of the particular eigenmode.””] This expres-
sion was also evaluated for a given eigenmode in the FEM simulations.
Subsequently, the dilution factor Dy can be calculated with Equation 4 to
obtain Qp =D - Qjny-

The motional mass was determined as

2
J lul?dv ”

Meg = p 2
[Vimax ]

where the entire geometry was integrated over its displacement u, with the
maximum displacement u,,,, of that particular eigenmode.

The values of the elastic constants were chosen from the measure-
ments on AIN films[74] with the resulting Young’s modulus close to the one
determined in this work, 270 GPa. It should be noted that the difference
between the reference parameters!’#] and the presented AIN film could be
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a reason for the small discrepancies of Qp, between the FEM simulation
and the experiment.

Simulation: Optical Reflectance: We use a rigorous coupled wave anal-
ysis (RCWA) solver, which is available as the Stanford Stratified Structure
Solver (S*) software package.[>®! The focused Gaussian beam with a waist
was reconstructed as a superposition of plane waves impinging on the
PhC.[38] The value of the PhC parameters (apnc, rpnc) Was determined af-
ter fabrication via analysis of SEM images. The radius of the PhC holes in
the PhC pattern of a circular membrane was rp,c = 508 nm and in the case
of the triangline it was rpp,c = 502 nm. The small difference in rppc results
in the slightly different position of the guided mode at 1585 nm observed
in Figure 4.

Raman Spectroscopy: Residual stress and strain of the AIN film was
evaluated by means of Raman scattering using a confocal Raman mi-
croscope at room temperature. A 532nm laser was used for excita-
tion and was focused down by an objective lens with a magnification
of 100x and a numerical aperture of 0.9, leading to an optical spot
size of about 300 nm. It was verified that the Raman signal is power-
independent and, thus, not affected by a potential heating of the device.
Note that the calculation that relates the wavelength of the Raman line
to the stress and strain in the AIN film is outlined in the Supporting
Information.

Interferometric Characterization Setup: The measurements of AIN res-
onators were performed at 7 x 107® mbar and at room temperature, us-
ing optical interferometry driven by a tunable laser with a wavelength of
1550 nm, see Figure 5.

The laser beam was reflected off the sample inside a vacuum chamber,
and the resulting phase shift was detected using a phase-locked homodyne
detector and record its output signal with a spectrum analyzer (SA). The
ring-down measurements are performed by resonantly driving the sam-
ple with a piezoelectric transducer, switching it off and then recording the
decay of the signal.

LO

Tunable Sianal
Laser 9
L
o == A2
| 'PBS
i PD,,, ; PD
. M4
To PC c RT
e HV
X
y PC
Z

Figure 5. The experimental setup consists of a homodyne detection and a
reflectivity measurement (in black-dashed box) parts. The fiber path (yel-
low solid), free-space (dashed red) and electrical connections (blue).
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To measure the reflectance of the samples, the polarization was ad-
justed with a half-wave plate before the polarizing beam-splitter (PBS) and
monitor the incoming laser power via a reference photodetector, PDpg.
The output from PDg.¢ was fed back to the laser to stabilize the laser power
throughout the wavelength sweep. After the PBS, a quarter-wave plate was
inserted to detect the reflected intensity with the PDp,, photodetector.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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