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Hierarchical tensile structures with ultralow
mechanical dissipation

M. J. Bereyhi 12 A Beccari® 2, R. Groth'?, S. A. Fedorov'?, A. Arabmoheghﬂ, T. J. Kippenberg 1B g

N. J. Engelsen® ™

Structural hierarchy is found in myriad biological systems and has improved man-made
structures ranging from the Eiffel tower to optical cavities. In mechanical resonators whose
rigidity is provided by static tension, structural hierarchy can reduce the dissipation of the
fundamental mode to ultralow levels due to an unconventional form of soft clamping. Here,
we apply hierarchical design to silicon nitride nanomechanical resonators and realize binary
tree-shaped resonators with room temperature quality factors as high as 7.8 x 108 at 107 kHz
frequency (11x102 at T=6K). The resonators’ thermal-noise-limited force sensitivities
reach 740 zN/Hz/2 at room temperature and 90 zN/Hz"/2 at 6 K, surpassing state-of-the-
art cantilevers currently used for force microscopy. Moreover, we demonstrate hierarchically
structured, ultralow dissipation membranes suitable for interferometric position measure-
ments in Fabry-Pérot cavities. Hierarchical nanomechanical resonators open new avenues in
force sensing, signal transduction and quantum optomechanics, where low dissipation is
paramount and operation with the fundamental mode is often advantageous.
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tructural hierarchy increases mechanical stiffness in animal

bones! and artificial network materials?, reduces the weight

of load-bearing structures?, allows efficient delivery of air to
alveoli in lungs* and of fluids in vascular systems®, confines the
optical field at a deeply sub-wavelength scale®, and provides
unique opportunities for the reduction of mechanical dissipation
in strained materials”. When structural hierarchy is accompanied
by self-similarity at different scales, it leads to fractal-like features.
Self-similar mechanical resonators can have acoustic mode den-
sities consistent with non-integer dimensionality8, similar to the
spectra of natural compounds with scale invariance, such as
proteins?, silica aerogels, and glasses®.

Strained mechanical resonators can have ultralow dissipation
owing to the effect of dissipation dilution!®!l, whereby the
intrinsic material friction is diluted via tension. This phenomenon
was first explored in the mirror suspensions of gravitational wave
detectors!? and over the past decade has been exploited to reduce
dissipation at the nanoscale!?!3. Dissipation dilution is strongly
impacted by the resonator geometry, which offers a practical way
of reducing mechanical losses. Substantial improvements have
been achieved by phononic crystal-based soft-clamping!* and
elastic strain engineering!®, enabling amorphous nanomechanical
devices to closely approach the quality factors (~10%) of the lowest
dissipation macroscopic oscillators, such as single-crystal quartz
and sapphire bulk resonators!®l7. However, these techniques
apply only to high-order modes (~10 to 100) of strings and
membranes, imposing experimental limitations in quantum
optomechanics such as intermodulation noise!®1° and instability
of lower order mechanical modes?®. Furthermore, phononic
bandgap engineering is impractical at low frequencies due to the
large device sizes required (tens of millimeters for the 100 kHz
range). Contemporaneous work such as perimeter modes?! and
“spider-web” resonators?2 have demonstrated low dissipation
at low frequencies, but not for the fundamental mode of the
structure.

Here we employ structural hierarchy to realize an unconven-
tional form of soft clamping for the fundamental mode’. These
resonators are exquisite force sensors by virtue of their low loss, low
mass, and low resonance frequency (50 kHz to 1 MHz in this
work). Our resonators’ vibrational excitations undergo very slow
thermal decoherence due to their high quality factors (up to
Q=7.8x108). At room temperature, the thermal decoherence
rate, [y = kzT/hQ?3 (kg is Boltzmann’s constant, / is the reduced
Planck’s constant and T is the temperature), of our best devices is
below 10 kHz—comparable to the decoherence rates of dielectric
nanoparticles trapped in a laser beam?*. These properties make
hierarchical resonators well-suited for sensing applications®>2¢ and
a multitude of quantum optomechanics experiments, such as
ground-state cooling?®23, microwave-optical photon conversion®’
and squeezing of an optical field?S.

The hierarchical principle is used in our resonators’ connec-
tions to their chip frames (illustrated in Fig. la, b). The end
members are ribbon segments with a rectangular cross section
and are clamped at one end. These segments contribute a large
portion of the internal friction, which increases with the gradient
angle y at which the vibrational mode approaches the clamped
boundary. If a simple end segment is replaced with a bifurcating
junction as shown in Fig. 1a, the mode gradient near the clamping
points is reduced, as shown in Fig. 1b. Provided the wavelength
is much larger than all segment lengths, the new gradient ¢’ is
related to the original one as

Y = ycos(0), (1

where 0 is the junction branching angle. Successive junctions
reduce the mode gradient further and after a sufficient number
of iterations soft clamping is achieved’, as shown in Fig. 1c. The

reduced mode amplitude at the clamping points also results in
suppression of acoustic radiation losses of the fundamental mode.
We use hierarchical junctions to design several types of soft-
clamped resonators: binary tree beams, trampoline membranes
with branching tethers and “steering wheel” trampolines (see
Fig. 1d-f). Among soft-clamped resonators, hierarchical resona-
tors offer the largest relative frequency separation for the high-Q
mode (see Supplementary Information), which reduces the oft-
resonant thermal noise contribution from adjacent mechanical
modes. In Fig. 1g, we make a comparison of the quality factors of
our designs with the current state of the art, PnC soft clamping
combined with strain engineering!>1%, subject to the same
material and size constraints. The soft clamped modes of our
devices have as high quality factors as theoretically allowed for
PnC resonators, but their frequency range and mode order are
inaccessibly low for PnC designs. Compared to a uniform,
doubly-clamped beam fundamental mode with the same fre-
quency, our devices can have quality factors more than one order
of magnitude higher.

Results

We first explore one-dimensional hierarchical mechanical reso-
nators in the form of binary tree beams. Each binary tree reso-
nator is defined by two self-similar trees joined at their Oth
generation segments. The length of the Oth generation segment,
2ly, determines the fundamental mode frequency of the device.
The length of segments in generation k is set by multiplying I,

with a factor of (rl)k, where the length contraction ratio 7,< 1 is
chosen to be sufficiently small that no self-contact occurs. The
widths of the segments are determined by requiring constant
stress throughout the structure, which minimizes static in-plane
deformations upon structure undercut for higher fabrication
yield. This requirement is fulfilled by multiplying the width of
each new generation of segments by a factor of 1/(2 cos ), which
typically makes outer segments wider as is illustrated in the inset
of Fig. 2a. In the resulting devices, the stress along all segments is
equal to the film deposition stress’. The devices in our work are
fabricated from suspended 20 nm-thick, high-stress stoichio-
metric silicon nitride (Si3N,) films grown on a silicon substrate;
fabrication details are provided in the “Methods” section.

Figure 2 summarizes our study of the quality factors of binary
tree resonators optimized for low dissipation. Figure 2a—c shows
scanning electron microscope images of 20-nm-thick binary tree
beams, with deposition stress o4., = 1.0 GPa and intrinsic quality
factor Qi = 2500 at room temperature (see “Methods”). These
devices have a central segment length ranging between
2ly =360 um and 2], =4 mm (and total longitudinal extent up to
5.5 mm), branching angles between 6=75° and 6=83° and
length contraction ratios between r;=0.45 and r,=0.67. The
dissipation rates were characterized by ringdown measurements
with optical interferometric position readout (see “Methods”).
The probe laser beam was gated and switched on only for short
periods to eliminate the possibility of photothermal damping
(see Supplementary Information). While most of the data was
collected at room temperature, some devices were also cooled
down to 6 K in a cryostat. In the following, we refer to room
temperature measurements unless otherwise specified. An
example amplitude ringdown is shown in Fig. 2f for a 110 kHz-
frequency mode with a time constant of 20 min (damping rate
I',,/2m = 140 pHz); the mechanical signal remained above the shot
noise of the laser probe for several hours. Introducing three
branching generations enhances the fundamental mode Q by a
factor of about 30 beyond the value exhibited by a doubly-
clamped beam of the same frequency. The measured quality
factors of fundamental modes are summarized in Fig. 2e. Devices
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Fig. 1 Construction of hierarchical nanomechanical resonators. a The elementary substitution operation in the hierarchical junction approach and b the
effect it produces on the deformation gradients when the structure is deformed out of the xy plane. Dashed rectangles indicate the supports to which the
structure is clamped. € Displacement profile of a binary tree beam fundamental mode, displayed in 3D (left), and evaluated along the red path xo (right).
The abrupt mode gradient changes appear due to plotting the mode along a broken line that follows the hierarchy of the branches (red arrow path in the 3D
model). As illustrated in the 3D mode profile the displacement undergoes a smooth transition towards the clamping points. Schematic depiction of
nanomechanical resonator designs: a binary tree beam (d), a trampoline with branching tethers (e), and a steering wheel trampoline (f). g Diagram of
dissipation dilution in stressed resonators. The top boundaries of colored regions indicate the theoretical Q vs. frequency limits for different types of SisN4
resonators with 20 nm thicknesses and lengths below 3 mm. The red diamond indicates the mode with the highest Q measured in this work.
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Fig. 2 Binary tree nanobeam resonators. a-c Scanning electron micrographs of binary tree beams with varying branching number, N. SisN,4 is shown in red,
Si in gray. Inset of a: close-up of a bifurcating junction. d Q versus mode order of two resonators with N=3. Top: § =78°, r,=0.65, and I = 0.7 mm.
Bottom: # = 83°, r;=0.45, and I =1 mm. Blue circles: measurement results. Green open circles: finite element model prediction. Insets show simulated
mode shapes. e Survey of fundamental mode quality factors of binary tree beams. Colors differentiate N; circles indicate room temperature measurements,
triangles correspond to measurements at about 6 K. The legend shows the evolution of the mode shape as a function of N. Dashed line: predicted
fundamental mode Q of a uniform beam with the experimentally observed intrinsic dissipation. f Sample ringdown trace (red) and exponential fit (black).
The measurement was performed at room temperature. Inset: close-ups of two intervals when the measurement laser was on (~0.7 s-long).
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with N> 3 and large branching angles, 6> 60°, are challenging to
fabricate, because of the segment width growth in higher
branching generations, and due to spatial constraints of the pad
supports (see Fig. 2c).

We could consistently observe devices with room-temperature
Q>5x108 As expected, increasing the number of branching
generations, N, increased the quality factor while leaving the fun-
damental mode frequency approximately constant. This trend was
observed up to N=3. The quality factors of low-order modes of
N =3 devices were generally in good agreement with theory, as
shown by the data in Fig. 2d. This data also confirms the theoretical
prediction that many low-order modes of binary tree beams
experience reduction of dissipation by soft clamping at the same
time. Some discrepancy between experiment and theory was espe-
cially evident at the low end of the explored frequency range. The
devices with 57 kHz fundamental modes had quality factors more
than ten times lower than the predicted values. This discrepancy
could be explained by the influence of other loss mechanisms
besides internal friction, such as acoustic wave radiation to the chip
bulk and fabrication imperfections caused by wide branching seg-
ments. One potential extrinsic loss mechanism—damping by resi-
dual gas in the vacuum chamber—was experimentally ruled out at
room temperature (Qga= 1010 for a 20-nm-thick resonator at
57 kHz and pressure = 5x 10~? mbar)?°. Further investigations are
required to understand the origin of added losses.

Cryogenically cooling the binary tree resonators down to 6 K
moderately increases their quality factors, up to values as high as
Q=1.1x10% Under cryogenic conditions, the resonators also
attain their highest thermal noise-limited force sensitivity, which
reaches \/§ = \/4kyTml,, &~ 90 zN/Hz!2 for the highest-Q
mode with a 38 pg effective mass.

The self-similarity found in binary tree resonators leads to dis-
tinctive spectral features. Acoustic mode densities are convenient to
characterize using the cumulative distribution function,

CD(w) = X 1, 2

nQ, <w

which gives the total number of modes below the frequency w. For
a homogeneous medium in which the frequency of acoustic waves
is proportional to their wavevector, CD is proportional to w9, where
d is the spatial dimension. This scaling explains mode densities in
simple resonators, such as tensioned strings (where CD «x w) and
membranes (where CD o w?*0). Structural self-similarity can break
this rule while preserving the power law behavior CD o w® for
low-order modes. In this case, the power d can be fractional, and is
called the spectral dimension of the structure®3!,

Our experimental investigation of mode densities is outlined in
Fig. 3. Figure 3a shows a binary tree resonator with N =4 gen-
erations of junctions, 8 = 60°, and r;= 0.6. The branching angle
of the device was chosen such that the constant stress condition is
fulfilled when all segments have the same width (2 pum for this
device). The resonator’s fundamental mode has a frequency of
Qn/27 =82 kHz and Q = 2.8 x 108 at room temperature (in good
agreement with the theoretical prediction of Q,/2m = 82.5kHz
and Q=3.0x108). We computed the cumulative distribution
function of this device by measuring thermomechanical noise
spectra at different points (marked in Fig. 3a) and counting the
modes. The result is presented in Fig. 3c. The experimental mode
distribution follows a power law with d = 1.63, in good agree-
ment with the simulated distribution for which d = 1.65. In the
simulation, only out-of-plane modes were counted, as our optical
interferometer is insensitive to in-plane modes. We evaluate our
procedure by measuring the cumulative mode density of a uni-
form beam (d = 1) and a square membrane (d = 2) and find for
each the expected power law scaling.

The excess of vibrational modes of binary tree resonators above
those of a one-dimensional structure is mainly due to modes
localized in high-generation segments as shown in Fig. 3b. We
can confirm the localized nature of some low-order modes by
comparing the thermal noise spectra taken at the Oth and the 1st
generations of segments. The two spectra shown in Fig. 3d
indicate that the mode around 230 kHz, marked by the rightmost
dashed line, has no amplitude on the Oth generation segment, and
hence is localized. At higher frequencies than those in Fig. 3d we
cannot reliably establish a correspondence between the simulated
and the measured spectra (see Fig. 3e), but, remarkably, the
experimental mode distribution still follows the predicted power
law. This deviation might be caused by mode coupling and stress
non-uniformity due to fabrication imperfections.

While binary tree beams have outstandingly low dissipation
and mass, two-dimensional membrane resonators exhibit a
higher interaction efficiency when they are embedded in Fabry-
Pérot cavities or interrogated interferometrically. The integration
of a nanomechanical membrane in an external optical cavity has
enabled a range of optomechanics experiments20-27-28,

We apply hierarchical junctions to trampoline membranes, a
type of resonator that was introduced recently?>33, and inspired
numerous applications>#-30. We implement two designs: the first
one consists of two orthogonal binary trees combined with a pad,
as shown in Fig. 4a; the second design, which we term a ‘steering
wheel’ membrane, can be produced from the first one by pairwise
joining half of the segments at the 2nd branching generation
(Fig. 4b). Steering wheels are particularly simple to fabricate, but
have effectively only one generation of branchings, limiting the
achievable dissipation dilution levels. Interestingly, similar geo-
metries were obtained in ref. 37 through a topology optimization
algorithm, and experimentally demonstrated in ref. 38. Integra-
tion of the self-similar trampolines with a backside window is
possible but complicates the fabrication process; for this reason,
in the device displayed in Fig. 4a, the silicon substrate is still
present below the trampoline. In the Supplementary Information
we provide more details on the potential inclusion of a backside
window. In both our membrane designs, the junctions are not
exactly self-similar, and the width profiles of their segments are
fine-tuned to optimize quality factors while maintaining constant
stress. In the fabricated devices, the pad size varies between 35
and 85 um.

The fundamental modes of our trampolines are partially soft-
clamped, which can be seen from the suppression of mode gra-
dients towards the peripheral clamping points in Fig. 4e, f. The
experimental results for devices with lateral extent between 0.5
mm and 2 mm are summarized in Fig. 4g. We observed quality
factors of fundamental trampoline modes as high as Q = 2.3 x 108
at Q,,/27=100kHz and Q = 1.7 x 107 at Q,,/27 = 470 kHz. We
remark that the self-similar trampoline membrane exhibited a Q
about 3.5 times lower than the finite element prediction (red
symbols in Fig. 4g), potentially due to out-of-plane static defor-
mations that we observed in the suspended device (more details
are included in the “Methods” section).

These dissipation dilution levels are a factor of three beyond
those of the original trampoline designs3? at the same frequencies.
Trampolines with branching tethers, with a smaller pad (about
35um) and lower effective mass (260 pg) than steering wheels,
exhibit /S; ~ 3.7 aN/Hz!/2 at room temperature.

We experimentally demonstrated resonators which attain
quality factors up to 7.8 x 108 through the combination of dis-
sipation dilution with hierarchical design. The dissipation dilu-
tion is highest at low frequency, extending the soft clamping
technique to the fundamental and low-order flexural modes.

The dissipation of binary tree beams at the lowest frequencies in
the examined range is significantly higher than theory predictions.
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Fig. 3 Mode density of self-similar mechanical resonators. a Dark field optical image of the measured device. b Simulated mode shapes of the mechanical
modes indicated in the thermomechanical spectra of d. ¢ Cumulative mode density measured for a uniform beam, a binary tree beam and a square
membrane. For the binary tree beam, we also show the cumulative mode density expected from simulation. The gray lines indicate linear and quadratic
scaling. d Thermomechanical noise spectra acquired in low vacuum by optical readout at the points indicated in a. @ Comparison of simulated and
measured resonant frequencies. The indicated interval corresponds to the frequency range in d.

If additional loss mechanisms are identified and suppressed, our
highest aspect ratio resonators could exhibit Q>10° at room
temperature. Going further, even higher dilution levels could be
achieved by introducing strain engineering!® in the hierarchical
structures. Higher tensile strain at the mode antinode could be
induced by appropriately choosing the segment width ratios. The
hierarchical principle may also be applied to enhance the dissipa-
tion dilution of tensioned pendula!®3, enabling lower thermal
noise for optical element suspensions used in gravitational wave
detectors.

The thermal noise-limited force sensitivities of the best hier-
archical resonators surpass those of state-of-the-art atomic force
microscopy cantilevers??, which makes them excellent candidates
for use in ‘inverted microscope’ configurations in scanning force
microscopy?°. The high stress in our structures allows driving the
oscillator to large amplitudes before the onset of anharmonicity! 41,
and may allow driven oscillations with very low frequency noise,
potentially useful for mass sensing and imaging*2.

Methods
Stress and intrinsic loss in silicon nitride films. The elastic and anelastic
parameters of the employed Si;N, films (from Hahn-Schickard Gesellschaft fiir
angewandte Forschung e.V.) were estimated by characterization of an array of
uniform beams with variable length, fabricated with the same process and
machinery used for all the resonators in this work. Frequencies and quality factors
of fundamental modes of doubly-clamped beams with uniform widths were
measured and are displayed as a function of length in Fig. 5.

The deposition stress of the SizNy thin film, o4cp,, was determined by fitting the
lowest-order flexural resonant frequencies with a linear dispersion model
/27 = § [
v=10.23 its Poisson’s ratio, / the beam length and oy, is the parameter to be
determined. The fit result is 0ge, = 1.03 GPa. This value reliably predicted all the
experimentally observed resonance frequencies of the beam and membrane-type
resonators presented in our work.

The approximate expression for the resonant frequency is appropriate for the
limit of negligible bending stiffness and is valid for high aspect ratio beams with

A= % /ﬁ < 1 (h is the beam thickness and E the Young’s modulus of
ep

SizNy). In the same limit, the dissipation-diluted quality factor will linearly increase
as a function of string length, Q = Q;,/2A. This trend is indeed found for beams
with /< 1.5 mm in Fig. 5b: A fit to the Q of these resonances provides an estimate of
the Si3N, intrinsic mechanical loss of Qjn =2500. This value is two times higher
than the average value of Q,, = (1200 = 800) found in ref. 43 for surface losses in

, where p = 3100 kg/m? is the volume density of Si;N,,

SizNy (at the film thickness of h =20 nm used for this work; in the surface
dissipation-dominated regime Q;,, increases linearly with ). Longer beams deviate
from the predicted linear trend of dissipation dilution, exhibiting a nearly constant
Q independent of frequency and length due to an unknown loss mechanism.

Fabrication details

Binary-tree beam resonators. The fabrication process (see Fig. 6b) is based on our
previous work on strain-engineered nanobeam resonators'>#4. The first step in the
process flow is low pressure chemical vapor deposition (LPCVD) of a 20 nm thin
film of stoichiometric SisN, onto a silicon wafer. (100)-oriented wafers are needed
to facilitate the undercut of SisN, while preventing undercut of the beam supports
(see description below for details). The resonator geometry is defined in a first step
of electron beam (e-beam) lithography (panel 1) using flowable oxide resist
(FOX®16). The mask is transferred to the underlying Si;N4 by plasma etching
using fluorine chemistry. The second step of e-beam lithography uses an up-scaled
mask to ensure that the Si3N, layer is fully encapsulated by the second FOX®16
layer. The encapsulation protects the Si;N, layer in the subsequent deep reactive
ion etch (DRIE) which creates a recess deeper than 15 pm (2). At this point the
wafers are diced into chips sized 5 x 12 mm, with the devices protected from both
damage and contamination by a 15-um-thick layer of viscous photoresist. The
chips are then cleaned in a piranha solution and the photo- and e-beam resists are
stripped in baths of NMP (1-methyl-2-pyrrolidon) and buffered hydroflouric acid
(BHF), respectively. In the final step, the Si;N, chips are placed in a potassium
hydroxide (KOH) bath at ~55 °C, which suspends the beams by removing the
silicon below the resonators (3). The anisotropy of the KOH etch is exploited to
ensure that the beams are fully released while the supports of the resonators remain
largely intact, as the (111) planes are etched much more slowly than the (100) and
(110) planes. The recess created in the DRIE step facilitates the undercut by
exposing the fast-etching planes in silicon and thereby reducing the etch time
required for releasing the beams. It is necessary to dry the released devices in a
critical point dryer (CPD), since the resonators are extremely fragile due to their
high aspect ratios. When dried mechanically, the resonators are likely to collapse
due to strong surface tension at the liquid-air interface.

Limiting the undercut of the supports is a crucial design consideration for
fractal-like beam resonators (see Fig. 6a) since any overhang of the supports was
observed to deteriorate the quality factors. The branching angles of binary trees
differ from multiples of 90°; therefore some beam segments will not be aligned along
the slow-etching planes of silicon (viz. oriented along (110) directions). If the final
beam segments are orthogonally clamped to their support pillars, the latter will be
attacked from all directions during the KOH etch (see Fig. 6a). The removal of
silicon below the supports and in the vicinity of the clamping points leaves this part
of the Si;N, film free to deform. We attribute increased dissipation to this
deformation and the corresponding change in strain of the SizNy film, which is
supported by our measurements: binary tree resonators with significant overhang at
their connections to the frame were found to have quality factors more than one
order of magnitude below the values predicted by our analytical model. Fortunately,
it is possible to largely eliminate the overhang at the clamping points by aligning the
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Fig. 4 Trampoline membranes with partial soft-clamping. a Scanning
electron micrograph of a trampoline resonator with branching tethers. The
silicon substrate is recessed by about 80 pm below the trampoline.

b Optical microscope image of a steering wheel membrane, enclosed in a
square frame of about 2.2 mm side length. The silicon substrate is
completely removed below the sample. ¢, d Simulated displacement profiles
of the trampoline and steering wheel fundamental modes. e, f Displacement
profile (green) and its first derivative (blue) evaluated along the red paths
highlighted in ¢, d. The red dashed line indicates the step-like gradient
suppression after a bifurcation, by a factor of cos(f). g Measured quality
factors of self-similar and steering wheel trampolines. Squares represent
trampolines with branching tethers, while circles corresponds to steering
wheels. Colors differentiate distinct designs. Measurements of individual
devices are displayed with filled symbols, while open symbols portray the Q
factors predicted with a finite element model.

supports along the slow-etching planes (see Fig. 6a). In this case the silicon at the
clamping points is protected during the KOH etch since only the slow-etching
planes are exposed. The results reported in the main text were obtained for binary
tree resonators based on this approach. It should be noted that the rotation of the
supports inevitably leads to non-orthogonal clamping of the final beam segments
causing a deviation from the ideal clamping conditions assumed in our model. This
boundary geometry induces limited changes to the frequencies and dissipation rates
of the lower order modes due to their limited mode amplitudes at the clamps, as
confirmed by finite-element simulations. The increase in dissipation is small in
comparison with the deleterious effect of a significant overhang at the supports.

Trampoline membrane resonators. Trampoline membranes with branching tethers
are fabricated similarly to binary-tree beam resonators. The overall process follows
the one described in the Supplementary Material of ref. 18 and in ref. 4% here, we
highlight the main differences with respect to the fabrication process of binary-tree
beams. After patterning and etching the outline of the membrane resonators on the
front side Si;N, layer with e-beam lithography, we exploit the Si;N, layer

a
600 T T T T T
500 @ 1
~N
< 400¢ 1
> L)
2 300 -
% ..
© 200r ° .
i ®--o N
100 S e
0 500 1000 1500 2000 2500 3000
b T T T T T
& 30F /,/’ |
S Qint = 1.25-10%-h/100 nm e
- Pt [ ] ° )
S 20k -7 i
g R
:% ”/’
T 10r Pt -
@ /o/ °
0. ) ) ) ) ) 4
500 1000 1500 2000 2500 3000

Length (um)

Fig. 5 Determination of mechanical parameters of SisN, thin films.
a Frequency and b quality factors of uniform SisN4 beams of variable
lengths.
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Fig. 6 Design considerations in KOH-based undercut of SizN,4 on Si.

a Appropriate design limits the undercut of the beam supports and prevent
deformation and relaxation of the SisNy4 film. The KOH etch fully removes
the silicon below the beam (dark red), while the SisN4 at the supports is still
partly connected to the underlying silicon (light red). If the final beam
segments are connected to their supports at a 90° angle (1), the supports
will be undercut at the clamping points, creating an overhang region which
increases dissipation (see main text). Aligning the supports along the slow-
etching planes (2) ensures that the undercut is limited to the corners of the
pads and prevents the creation of an overhang at the clamping points.

b Main steps of the process flow.

concomitantly deposited on the back side as a mask for the KOH undercut of the
devices, and pattern rectangular membrane windows with UV lithography, aligned
to the front side through appropriate reference markers. During this step, a layer of
photoresist protects the front side layer from contamination and mechanical

damage by contact to the wafer holders of the optical exposure and plasma etching
tools. The dimensions of the windows are corrected with respect to the membrane
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outline on the front side to take into account the shrinking of the window as the
etch progresses through the wafer thickness, owing to the slow-etching (111)
planes, non-orthogonal to the wafer surface, being uncovered. Precise knowledge of
the wafer thickness and optimal alignment to the front side patterns are required to
avoid the formation of substantial overhang at the tether clamping points.

The KOH etch is typically subdivided in two steps. The first step removes the
bulk of the silicon thickness (=10-40 um of silicon is retained) and occurs from the
back side only, while the front side layer is protected by an appropriate sealing
wafer holder!8. The second step is performed after chip separation, exposing both
sides of the chips to the KOH etch. This bulk etch process removes the need for the
DRIE step performed on beam samples. According to the specific tether clamping
design, the two KOH steps must be timed carefully, in order to fully release the
tethers without creating overhang at the clamped edges.

Membrane chips are dried from their rinsing baths though CPD as well: despite
the low impact of stiction forces by virtue of the presence of an optical window
through the whole wafer thickness, we found CPD useful to increase the device
yield and decrease the residual contamination associated with the wet etch steps.

Finite elements simulations. This section is adapted from ref. 40 and is included
here for completeness. We simulate the dilution factors Dq and effective masses
meg of the resonator modes using finite element methods (FEM). We perform pre-
stressed eigenfrequency analyses in COMSOL Multiphysics, conducting 2D
simulations with the “Shell” interface.

We mesh the branch domains with anisotropic rectangular elements and refine
the mesh in the vicinity of the clamping points, in order to capture accurately the
clamping curvature!3. We enforce fixed boundary conditions at the clamping
points, i.e., u = du/d 7 = 0 (where u is the displacement field and ou/d7 its
derivative normal to the boundary).

We evaluate the effective mass with respect to a point-like laser probe centered
on the maximum of the displacement field:

_ ph [ dxdy

max(u?)

; (€)

Megp

where p = 3100 kg/m? is the density of Si;N,. The dilution factors are calculated
with the ratio of kinetic and linear elastic energies!!. For out-of-plane and torsional
resonances:

12002 "
o= b3 (1-17) [ W dxdy
/ (Pw/ax? + 0*w/ay?) @)

+2(1— V)((azw/axay)z — *w/dx? x Bzw/ay2>dxdy,

where w is the u component in the out-of-plane direction. We then use the
measured Qi to infer the simulated Q factor as Q = Dg X Qi

Buckling and static deformations in suspended structures. Structures with
internal or external compressive loads are subject to buckling, an elastic instability
phenomenon that occurs when local stress surpasses a threshold value?’. In thin
SizNy structures (in our work, i =20 nm), buckling is commonly observed as a
static out-of-plane deformation, which releases elastic energy. The dissipation
dilution in buckled resonators is severely degraded.

While no significant buckling was observed in binary tree beam resonators, it
was frequently encountered in trampoline membranes with non-optimized designs.
In Fig. 7a, an example static deformation pattern is portrayed, which occurred in a
steering wheel membrane close to its clamping point. A FEM simulation of the
static stress distribution in the same structure is presented in Fig. 7b, which shows
that the buckling is co-localized with regions of compressive principal stress. To
obtain the color map in the figure, we decompose the simulated in-plane stress
tensor into its principal components (i.e., its eigenvalues) and display the smallest
one. Wherever one principal stress is negative, there is compression along some
direction, which can trigger buckling. In the region where buckling is observed in
the real device, the simulated minimum principal stress dips to =~—30 MPa.

Our strategies to avoid buckling in trampoline membranes were (a) to ensure
that the structures are stress-preserving’, i.e., that the forces acting on each
junction point are balanced prior to suspension, and (b) to taper wide segments,
which helped maintain their transverse stress above zero. Buckling is also expected
to be less significant for films thicker than 20 nm.

Another type of static deformation that was observed in our tensile resonators is
twisting of film segments. An example is portrayed in Fig. 7c for the outer-most
generation of segments of a trampoline membrane with branching tethers. The
sample topography has been obtained through a confocal microscope profilometer.
We conjecture that potential causes for this phenomenon could be the inhomogeneity
of the film stress in the vertical direction, or the non-uniformity of the height of the
silicon wafer. We expect that these undesired static deformations would be reduced by
increasing the film thickness.

Interferometric mechanical characterization setup. All the measurements pre-
sented were performed using a balanced Mach-Zehnder homodyne interferometer

0

Min. principal stress (MPa)

200

600

y (um)

400 200
X (pm)
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Fig. 7 Buckling in a steering wheel resonator. a The branch connecting the
membrane to the silicon frame is visibly wrinkled (in the region circled with
a dashed line), while wider tethers are bent in the transverse direction, as
can be seen by the tether shifting out of the focal plane of the microscope.
b Minimal principal stress component from a FEM simulation of the
membrane in a. The area where buckling is most prominent exhibits large
compressive stress in the direction transverse to the branch. White
contours encircle the regions with compressive stress below —10 MPa.

¢ Profilometry of a trampoline membrane sample exhibiting static torsion in
the branches closest to the clamping points. Inset: rotation of the beam
surface normal along the red dashed path. The silicon frame of this sample
shows a height variation up to 1pm/mm.

(see Fig. 8). In the signal arm of the interferometer, the light beam is focused
through a microscope objective or a simple convergent lens on the sample under
examination, and a small fraction (0.1-10%) of the impinging optical power is
collected in reflection and steered on a beam splitter where it interferes with a
stronger local oscillator beam (P =1 to 10 mW).

The samples and a 3-axis nanopositioning stage, employed for alignment, are
housed in a vacuum chamber capable of reaching pressures below 108 mbar,
sufficient to eliminate the effect of gas damping for the devices measured in this
work. A piezoelectric plate, used to resonantly actuate the devices, is connected to
the sample mount.

The low frequency fluctuations of the interferometer path length difference are
stabilized by means of two cascaded acousto-optic modulators (AOMs): the first
shifts the frequency of the local oscillator beam by 4100 MHz, while the second
shifts it back by —100 MHz, with a small frequency offset controlled using the low-
frequency signal from the balanced photodetector couple as an error signal. With
this arrangement, the phase difference can be tuned finely with practically
unlimited actuation range. The phase difference is stabilized close to phase
quadrature, corresponding to the largest transduction of mechanical displacement.

Ringdown measurements are initiated by exciting a mechanical resonance with
the piezoelectric plate, then turning the mechanical excitation off abruptly and
recording the slowly-decaying amplitude of the displacement signal, obtained by
demodulating the photocurrent signal at the excitation frequency. A demodulation
bandwidth exceeding 100 Hz is employed, to mitigate the effect of mechanical
frequency drifts, induced e.g., by temperature or optical power fluctuations. As
detailed in the following, gated measurements are performed in order to minimize
the influence of optical backaction of the probing beam; to this end, a mechanical
shutter inserted at the output of the laser, is actuated periodically.

Acquisition and analysis of binary tree r tors mode density data. The
spectral properties of the structure are found by acquiring thermomechanical
spectra via optical interferometry and identifying the mechanical modes with a
peak-finding algorithm. The cumulative distribution function is then computed by
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Fig. 8 Simplified scheme of the mechanical characterization setup. ECDL
external cavity diode laser, IS intensity stabilizer, PBS polarizing beam
splitter, BS 50-50 beam splitter, AOM acousto-optic modulator, /2 and
/4 half-wave and quarter-wave plate, Pl proportional-integral feedback
controller, PZT piezoelectric actuator, ESA electrical spectrum analyzer.

counting peaks below a certain frequency. Spectra are acquired at two points on all
the branches on one half of the tree (62 spectra in total, including the fundamental
branch), as the interferometric thermomechanical signal depends on the mode
amplitude at the focus location of the probe beam. As optical driving or damping of
the mode is not a particular concern for this measurement, it is performed using
higher probe power (=5 mW) than the ringdown measurements. However, due to
the narrow linewidth of the fundamental mode, high optical power frequently
results in its excitation and appearance of its higher harmonics in the spectra.
To avoid this problem, the pressure in the vacuum chamber was increased to
107 mbar to damp the fundamental mode.

Data analysis is then performed as follows: first, Lorentzian peaks with a
minimum prominence and a minimum frequency spacing are identified on each
spectrum. Then we take the union of all the sets of frequency values from all the
branches. To avoid double-counting of the modes, the union is done within a
frequency tolerance, meaning that peaks closer than a fixed frequency separation
are counted as one, as jitter or thermal drifts cause small changes in the resonant
frequencies among different spectra. We also take several spectra from the
substrate and Si3N, pad surfaces and exclude their peaks from the unified set of
mode frequencies. This final ‘purified” set is counted and shown in Fig. 3e, where it
is compared to flexural out-of-plane modes obtained from the FEM simulation.
The same procedure is used to acquire the mode densities of the uniform beam and
the square membrane.

Data availability

The data generated in this study and supporting the manuscript figures (ringdown
measurements and thermomechanical spectra), as well as the lithographic fabrication
masks have been deposited in the following open-access Zenodo database: https://doi.
org/10.5281/zenodo.5873960.

Received: 26 September 2021; Accepted: 9 May 2022;
Published online: 02 June 2022

References
1. Fratzl, P. & Weinkamer, R. Nature’s hierarchical materials. Prog. Mater. Sci.
52, 1263-1334 (2007).

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Shi, S., Li, Y., Ngo-Dinh, B.-N., Markmann, J. & Weissmiiller, J. Scaling
behavior of stiffness and strength of hierarchical network nanomaterials.
Science 371, 1026-1033 (2021).

Aage, N., Andreassen, E., Lazarov, B. S. & Sigmund, O. Giga-voxel
computational morphogenesis for structural design. Nature 550, 84-86
(2017).

McNamee, J. E. Fractal perspectives in pulmonary physiology. J. Appl. Physiol.
71, 1-8 (1991).

Emerson, D. R,, Cieélicki, K., Gu, X. & Barber, R. W. Biomimetic design of
microfluidic manifolds based on a generalised Murray’s law. Lab a Chip 6,
447-454 (2006).

Choi, H., Heuck, M. & Englund, D. Self-similar nanocavity design with
ultrasmall mode volume for single-photon nonlinearities. Phys. Rev. Lett. 118,
223605 (2017).

Fedorov, S. A., Beccari, A., Engelsen, N. J. & Kippenberg, T. J. Fractal-like
mechanical resonators with a soft-clamped fundamental mode. Phys. Rev. Lett.
124, 025502 (2020).

Nakayama, T., Yakubo, K. & Orbach, R. L. Dynamical properties of fractal
networks: scaling, numerical simulations, and physical realizations. Rev. Mod.
Phys. 66, 381-443 (1994).

Stapleton, H. J., Allen, J. P., Flynn, C. P., Stinson, D. G. & Kurtz, S. R. Fractal
form of proteins. Phys. Rev. Lett. 45, 1456-1459 (1980).

Gonziélez, G. I. & Saulson, P. R. Brownian motion of a mass suspended by an
anelastic wire. J. Acoustical Soc. Am. 96, 207-212 (1994).

Fedorov, S. A. et al. Generalized dissipation dilution in strained mechanical
resonators. Phys. Rev. B 99, 054107 (2019).

Unterreithmeier, Q. P., Faust, T. & Kotthaus, J. P. Damping of
nanomechanical resonators. Phys. Rev. Lett. 105, 027205 (2010).

Yu, P.-L., Purdy, T. P. & Regal, C. A. Control of material damping in high-Q
membrane microresonators. Phys. Rev. Lett. 108, 083603 (2012).

Tsaturyan, Y., Barg, A., Polzik, E. S. & Schliesser, A. Ultracoherent nanomechanical
resonators via soft clamping and dissipation dilution. Nat. Nanotechnol. 12,
776-783 (2017).

Ghadimi, A. H. et al. Elastic strain engineering for ultralow mechanical
dissipation. Science 360, 764-768 (2018).

Braginsky, V. B., Mitrofanov, V. P. & Panov, V. 1. Systems with Small
Dissipation (University of Chicago Press, 1985).

Galliou, S. et al. Extremely low loss phonon-trapping cryogenic acoustic
cavities for future physical experiments. Sci. Rep. 3, 1-6 (2013).

Fedorov, S. A. et al. Thermal intermodulation noise in cavity-based
measurements. Optica 7, 1609-1616 (2020).

Guo, J., Norte, R. & Groblacher, S. Feedback cooling of a room temperature
mechanical oscillator close to its motional ground state. Phys. Rev. Lett. 123,
223602 (2019).

Rossi, M., Mason, D., Chen, J., Tsaturyan, Y. & Schliesser, A. Measurement-
based quantum control of mechanical motion. Nature 563, 53-58 (2018).
Bereyhi, M. et al. Perimeter Modes of Nanomechanical Resonators Exhibit
Quality Factors Exceeding 10° at Room Temperature. Phys. Rev. X 12, 021036
(2022).

Shin, D. et al. Spiderweb nanomechanical resonators via bayesian
optimization: inspired by nature and guided by machine learning. Adv. Mater.
34, 2106248 (2021).

Wilson, D. J. et al. Measurement-based control of a mechanical oscillator at its
thermal decoherence rate. Nature 524, 325-329 (2015).

Tebbenjohanns, F., Frimmer, M., Militaru, A., Jain, V. & Novotny, L. Cold
damping of an optically levitated nanoparticle to microkelvin temperatures.
Phys. Rev. Lett. 122, 223601 (2019).

Hilg, D. et al. Membrane-based scanning force microscopy. Phys. Rev. Appl.
15, L021001 (2021).

Carney, D. et al. Mechanical quantum sensing in the search for dark matter.
Quantum Sci. Technol. 6, 024002 (2021).

Higginbotham, A. P. et al. Harnessing electro-optic correlations in an efficient
mechanical converter. Nat. Phys. 14, 1038-1042 (2018).

Purdy, T. P., Yu, P.-L., Peterson, R., Kampel, N. & Regal, C. Strong
optomechanical squeezing of light. Phys. Rev. X 3, 031012 (2013).

Martin, M. J., Houston, B. H., Baldwin, J. W. & Zalalutdinov, M. K. Damping
models for microcantilevers, bridges, and torsional resonators in the free-
molecular-flow regime. J. Microelectromech. Syst. 17, 503-511 (2008).

Kac, M. Can one hear the shape of a drum? Am. Math. Monthly 73, 1-23
(1966).

Rammal, R. Spectrum of harmonic excitations on fractals. J. Phys. 45, 191-206
(1984).

Reinhardt, C., Miiller, T., Bourassa, A. & Sankey, J. C. Ultralow-noise SiN
trampoline resonators for sensing and optomechanics. Phys. Rev. X 6, 021001
(2016).

Norte, R. A., Moura, J. P. & Gréblacher, S. Mechanical resonators for quantum
optomechanics experiments at room temperature. Phys. Rev. Lett. 116, 147202
(2016).

8 | (2022)13:3097 | https://doi.org/10.1038/s41467-022-30586-z | www.nature.com/naturecommunications


https://doi.org/10.5281/zenodo.5873960
https://doi.org/10.5281/zenodo.5873960
www.nature.com/naturecommunications

ARTICLE

34. Fischer, R. et al. Spin detection with a micromechanical trampoline: towards
magnetic resonance microscopy harnessing cavity optomechanics. N. J. Phys.
21, 043049 (2019).

35. Girtner, C., Moura, J. P., Haaxman, W., Norte, R. A. & Gréblacher, S.
Integrated optomechanical arrays of two high reflectivity sin membranes.
Nano Lett. 18, 7171-7175 (2018).

36. Pluchar, C. M., Agrawal, A. R, Schenk, E., Wilson, D. J. & Wilson, D. J.
Towards cavity-free ground-state cooling of an acoustic-frequency silicon
nitride membrane. Appl. Opt. 59, G107-G111 (2020).

37. Gao, W., Wang, F. & Sigmund, O. Systematic design of high-Q prestressed micro
membrane resonators. Comput Methods Appl. Mech. Eng. 361, 112692 (2020).

38. Hoj, D. et al. Ultra-coherent nanomechanical resonators based on inverse
design. Nat. Commun. 12, 5766 (2021).

39. Fedorov, S. Mechanical Resonators with High Dissipation Dilution in Precision
and Quantum Measurements. Ph.D. thesis (EPFL, 2020).

40. Heéritier, M. et al. Nanoladder cantilevers made from diamond and silicon.
Nano Lett. 18, 1814-1818 (2018).

41. Catalini, L., Tsaturyan, Y. & Schliesser, A. Soft-clamped phononic dimers for
mechanical sensing and transduction. Phys. Rev. Appl. 14, 014041 (2020).

42. Hanay, M. S. et al. Inertial imaging with nanomechanical systems. Nat.
Nanotechnol. 10, 339-344 (2015).

43. Villanueva, L. G. & Schmid, S. Evidence of surface loss as ubiquitous limiting
damping mechanism in sin micro- and nanomechanical resonators. Phys. Rev.
Lett. 113, 227201 (2014).

44. Groth, R. & Bereyhi, M. J. Fabrication of high-aspect ratio Si;N, nanobeam
resonators. Nanofab-net (2020).

45. Beccari, A. High aspect ratio Si;N, nanomembranes. Nanofab-net (2020).

46. Beccari, A. et al. Strained crystalline nanomechanical resonators with quality
factors above 10 billion. Nat. Phys. 18, 436-441 (2022).

47. Landau, L. D., Lisfshitz, E. M., Pitaevskii, L. P. & Kosevich, A. M. Theory of
Elasticity, vol. 7 of Course of Theoretical Physics (Pergamon Press, 1986).

Acknowledgements

The authors thank Matthieu Wyart for scientific discussion and Guanhao Huang for
experimental assistance. This work was supported by funding from the Swiss National
Science Foundation under grant agreement no. 182103, the EU H2020 research and
innovation programme under grant agreement no.732894 (HOT) and the European
Research Council grant no. 835329 (ExCOM-cCEO). N.J.E. acknowledges support from
the Swiss National Science Foundation under grant no. 185870 (Ambizione). This work
was further supported by the Defense Advanced Research Projects Agency (DARPA),
Defense Sciences Office (DSO) contract no. HR00111810003. All samples were fabricated
at the Center of MicroNanoTechnology (CMi) at EPFL.

Author contributions

M.J.B. and R.G. fabricated the binary tree resonators with support from S.A.F., N.J.E. and
A.B.; A.B. fabricated the membrane resonators with support from S.F,; S.F. and A.B.
developed the membrane designs with support from N.J.E; the devices were character-
ized by A.B.,, RG., N.JE, MJ.B. and S.F; A.A. acquired and analyzed the mode density
data with support from N.J.E and S.F,; the manuscript was written by A.B., S.F. and N.J.E.
with support from the other authors; the work was supervised by N.J.E and T.J.K.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-30586-z.

Correspondence and requests for materials should be addressed to T. J. Kippenberg or
N. J. Engelsen.

Peer review information Nature Communications thanks the other anonymous
reviewer(s) for their contribution to the peer review of this work. Peer review reports are
available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:3097 | https://doi.org/10.1038/s41467-022-30586-z | www.nature.com/naturecommunications 9


https://nanofab-net.org/article/17-fabrication-of-high-aspect-ratio-si_3n_4-nanobe/1.0
https://nanofab-net.org/article/18-high-aspect-ratio-mathrmsi_3n_4-nanomembranes/1.0
https://doi.org/10.1038/s41467-022-30586-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Hierarchical tensile structures with ultralow mechanical dissipation
	Results
	Methods
	Stress and intrinsic loss in silicon nitride films
	Fabrication details
	Binary-tree beam resonators
	Trampoline membrane resonators
	Finite elements simulations
	Buckling and static deformations in suspended structures
	Interferometric mechanical characterization setup
	Acquisition and analysis of binary tree resonators mode density data

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




