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Supplementary Note 1 — Quality factor review
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Supplementary Figure S1. Plot of Figure 1 of the manuscript with the mapping of the reference work

from which quality factor data are extracted. The reference articles are reported below. The dashed

rectangles represent the zoomed area of Supplementary Figure S2 and S3.



Supplementary Figure S2. Zoom of Supplementary Figure S1 containing reference points from 8 to

22.

Supplementary Figure $3. Zoom of Supplementary Figure S1 containing reference points from 34

to 43.
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Figure 1 of the manuscript reports the quality factor values of several mechanical resonators
extrapolated from literature work and compare to the performance of our devices. Only quality
factor measured at room temperature are reported. The devices are divided in 4 different categories
related to fabrication technology and resonator dimensions. Three categories are somehow related
to standard lithographic technology: bottom-up NEMS, top-down NEMS, and MEMS resonators,
while the fourth is represented by devices fabricated with alternative techniques such as like screen
printing, hot embossing, microinjection molding, solvent casting, nanoimprinting, microfluidic
approach, and 3D printing. Below is reported the reference list of the numbered points of

Supplementary Figure S1, S2 and S3 (some works presented more than one type of resonator).
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1. Chiu, H. Y., Hung, P, Postma, H. W. C. & Bockrath, M. Atomic-scale mass sensing using carbon nanotube
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2. Jensen, K., Kim, K. & Zettl, A. An atomic-resolution nanomechanical mass sensor. Nature
Nanotechnology 3, 533-537 (2008).

3. Eichler, A., Del Alamo Ruiz, M., Plaza, J. A. & Bachtold, A. Strong coupling between mechanical modes in
a nanotube resonator. Phys. Rev. Lett. 109 (2012).
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5102-5108 (2016).
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Nature Nanotechnology 4, 861-867 (2009).
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Supplementary Figure S4. Energy Dispersive X-ray (EDX) Analysis of a 3D printed device before
thermal curing. The dominant peaks are related to the yttrium, aluminum, oxygen, carbon, and
chlorine which come from the precursor used for the formulation of polymerizable ceramic ink.
Fluorine peak is related to residuals from the washing step of 3D printed structures with Novec 7100
(composed of methoxy-nonafluorobutane). Lower peaks are related to neodymium (Nd) which is
the YAG dopant. b EDX of the 3D printed device after the thermal process. The dominant peaks are
related to the yttrium, aluminum, and oxygen which are the components of the yttrium aluminum
garnet crystals (YAG, Y3Als012) formed during the heating process. Lower peaks related to
neodymium (Nd) which is the YAG dopant are still present. The absence of carbon C confirms the
complete removal of the organic compound and the conversion into a ceramic structure. Chlorine

and fluorine contaminants have been also removed during the heating process.
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Supplementary Figure S5. Histogram reporting the device dimension shrinkage (ratio between
measured dimensions and the theoretical ones used for printing) after thermal curing process
measured with SEM analysis. The analysis is computed over more than 200 resonators. Gaussian fit

reports a mean value of 68.7 % of device shrinkage with a standard deviation of 5.3%

Supplementary Figure S6. SEM image of a membrane device broken by thermal stress induced by

annealing process for the densification and the crystallization of the photopolymerized precursor



Supplementary note 2 - Young’s modulus evaluation

The elastic properties of the converted printed material (Young’s modulus) are evaluated by
comparing the value of the experimental resonance frequency of the device (Figure 3b) obtained
with a driven measurement with the theoretical prediction from equation 1. This analysis confirms
that the printed devices have a Young’s modulus in line with the literature value for Nd:YAG of 290

GPa.

2.1 Thermal noise

An additional evaluation of material Young’s modulus is performed by extrapolating the effective
stiffness (or spring constant) of the devices from the measurement of thermal noise spectra. From

the effective stiffness is then possible to obtain the material Young’s modulus.

The effective stiffness of the device can be extrapolated using the equipartition theorem from the

mean squared displacement of the resonator’s thermal motion (x,,2) as:

~kepr{xen®) = S kgT (1)

kgT
(x¢n?)

kerr = (2)

where kg is the Boltzmann constant and T the absolute temperature. {x;,2) is experimentally

measured integrating the area under the resonance peak of the thermal noise spectrum?.

Then by comparing the theoretical resonance frequency fo of the resonator from the Eulero-

Bernoulli beam theory (Equation 1 of the main article):

fo = A(E/p)Y?t/L* (3)

with the theoretical resonance frequency from a lumped-element model resonator?:

_ 1 |Resr
fo= 27 A Tiey (4)

where mesis the effective resonator mass (for a cantilever at fundamental resonance mode is

0.25LWTp), the dependence of the Young’s modulus from the effective stiffness results as:

1 L3

E= oz terr )



The evaluation of Young’s modulus from thermal noise spectra has been conducted on less devices
than the driven analysis, because the measurement of resonance peak from thermal noise is
experimentally complex on small devices with resonance frequencies in the MHz regime. Very small
amplitude vibration and elevate contribution of instrumental noise reduce the detection of thermal
noise peak and introduce high uncertainty in the Lorentzian peak fitting. We obtained a Young’s
modulus from thermal noise spectra evaluation of 268 + 59 GPa (see Supplementary Figure S7)
which is in line with the Nd:YAG tabulated material value (290 GPa) and the results of drive

measurement analysis (fit in Figure 3b).
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Supplementary Figure S7 Young’'s modulus for different devices evaluated by thermal noise

method.



2.2 Nanoindentation

The Young’s modulus was also determined by carrying out a static mechanical analysis by means of
AFM nanoindentation measurements. A diamond nanoindenting probe (Bruker DNISP-HS) was
employed for acquiring the force curves by using an Innova AFM from Bruker. The tip consists of the
corner of a diamond cube, with a curvature radius of the tip apex equal to 40 nm. The cantilever is
made of stainless steel and the spring constant, calibrated at the factory, is equal to k = 353 N/m.
The sensitivity of the cantilever (nanometers of cantilever deflection as a function of photodetector
voltage variation) is determined before each measurement session by using a sapphire sample. In
this set of measurements, the determined sensitivity was s = 42.6 nm/V. Afused silica sample was
used as a reference test for the accuracy of the modulus determination. The force curves are
acquired by using the Bruker Nanodrive software (the same used for the topography mapping) and
analyzed with Matlab. The deflection, D vs piezo displacement, z curves are converted into force vs
separation, § curves, where the separation is the amount of penetration of the tip into the sample.
The deflection is measured in Volts and converted into force as F = D - s - k while § is obtained as
6 =z— (D -s). Given that the measured specimens are stiff and there is negligible adhesion
between the tip and the sample, the Hertz model®* was adopted for fitting the retract part of the
curves and determining the Young’s modulus. The Hertz formula that describes the force as a

function of the tip penetration into the sample is:
4 3
F = §Er\/§6§ (6)

where R is the tip radius and E. is the reduced Young’s modulus, given by:

1 1-v? 1-—v2

— = + 7
E, E E, @

where E is the Young’s modulus, v is the Poisson ratio and the subscripts t and s refer to the tip and
sample, respectively. For the tip, we used E; = 1140 GPa and v; = 0.2. For the analysis, we used

the linearized model and fitted the curves as

wiN

F = (gErx/E) 5 (8)

so that the fitting function is a line, and the reduced modulus is obtained from the slope, avoiding
the need to precisely determining the contact point. We always fitted the retract curves in the 25%-

90% range to take as much as possible into account only the elastic deformations of the sample and



to avoid possible mechanical adjustments between the tip and the sample during the approach or

during the final part of the retract curve.

Supplementary Figure S8a reports a topography map obtained on a membrane. Since the
nanoindenting tip is not meant for imaging, the topography contains artefacts due to the
convolution between the sample and the tip shape. Indeed, the height of the tip is 50 um, the
cantilever is slightly inclined with respect to the surface of the sample and the scan was performed
by acquiring 256 horizontal lines starting from the bottom. Therefore, it can be noticed that on the
sides but especially on the top edge of the membrane the apparent slowly decreasing height of the
sample is due to the fact that the lateral face of the pyramidal diamond tip is touching the edge of
the sample. The map was merely used for helping to select the points on which to acquire the force

curves, which were taken close to the edges of the sample.
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Supplementary Figure S8. a Topography map of a membrane device obtained with the diamond
nanoindentation probe. Several force curves were obtained on the edge of the membrane and
analyzed with the Hertz model. The probe is not meant for imaging: the apparent slow decrease in
height close to the top and laterals sides is due to the convolution of the probe shape with the
sample. b Young’s modulus values obtained by analyzing with the Hertz model the force curves
obtained from the device shown in panel a. Young’s moduli for the substrate and for a fused silica

reference sample are shown as well.



Supplementary Figure S8b reports the Young’s modulus value obtained by averaging over 30
different values obtained from as many force curves on the YAG membrane. The result was E =
272 + 89 GPa, by assuming a Poisson ratio equal to v = 0.275. E is therefore in good agreement
with that reported in literature for Nd:YAG>®. The rather large uncertainty, calculated as the
standard deviation, is due to the fact that the measurement is local and can be particularly sensitive
to the presence of crystalline grains and grain boundaries (see Figure S6). Some force curves were
also acquired on the sapphire substrate close to the membrane. Also in this case the obtained value,
E = 408 + 64 GPa (with v = 0.27), is in the correct range for this material’, while the significant
uncertainty is mainly given to the fact that, the higher the Young’s modulus, the more sensitive is
the obtained value on the slope of the force curves. The Young’s modulus obtained from 30 force
curves acquired on a reference fused silica sample is also reported in the same figure, to check the
accuracy of the measurements. The obtained value in this case was E = 71 + 6 GPa (v = 0.16), in

agreement with the expected modulus for this material®.



Supplementary note 3 — Quality factor contribution

For the evaluation of the theoretical quality factor of our resonators we take in account all the
possible dissipation mechanism which are involved in the damping of the mechanical vibration of
our structures. The total contribution will be extrapolated by the sum of all the damping mechanism,
by considering their contribution as the inverse of Q. The dissipation mechanism in our devices are
gas damping (Qgas), clamping loss (Qcamp), internal friction (Qpict), surface loss (Qsuy) and

thermoelastic damping (Qrep)?.

1 1 1 1 1

o= (9)
Q ans champ erict qurf QTED

Gas damping (Qgas) in high vacuum regime is the dissipation mechanism due by the interaction of
air particles with the resonator device. Two separate contribution are present, drag-force damping
(Qgas-af), caused by collision with air molecules, and squeeze-film damping (Qgos-sy), due to the
squeeze of air film between the structure and the lower surface. Both contributions are linearly

dependent with the device thickness t as:

ptw [TRT
ans—df = p N 2M (10)

Eptwd RT
ans—sf = (2m)2 4pL0\/% (11)

where p, w, L are the resonator density, eigenfrequency and length, respectively, p the air pressure,
T the temperature, do the gap between surface and the device, M the gas molar mass and R the
universal gas constant. Both damping mechanisms give a negligible Q contribution since their values

are always above 10 for our resonators®.

Clamping loss (Qc.ump) are related to the energy loss at the clamping of the resonating device with
the bulk. Since we have a sufficiently thick supporting structures, the damping contribution can be

evaluated as:



-1

Qetamp = (0.31 " (%)4> (12)

where w is the device width. Even if the clamping loss follow a t“#dependence, the contribution in

our device is always far below the other damping mechanism (Qclomp>10°)*0.

Internal friction (Qgict) are due to the atoms motions during the device vibrations and thus to
material viscoelasticity!?. Friction losses are computed directly by the ratio between the real (E) and
imaginary (E’) part of Young’s modulus which is the definition of the inverse of the loss tangent (tan

o)

erict = 5 = (tanS)‘l (13)

Polymeric materials have loss tangent in the range 1071-102 and then friction loss results as the main
dissipation mechanism in standard 3D printed device and in our NEMS device before thermal curing.
Ceramic materials like aluminum oxides and thus garnet (YAG) exhibits loss factor of around 10~
which give a Q contribution of 10°. Therefore, after thermal curing, the contribute to overall

damping given by internal friction in our resonators becomes very small.

Surface loss (Qsurf) and thermoelastic damping (Qrep) mechanisms are described in detail in the

manuscript.

All the dissipation mechanism contributes in our devices are reported in Supplementary Figure S9

evidencing as Qsuif and Qrep dominates over the other loss factors.
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Supplementary Figure S9. Thick lines represent the quality factor contribution by the different

dissipation mechanism as function of device thickness in our nanomechanical resonators. Circle

point represents the experimentally measured Q factor of 3D printed nanomechanical resonators.



Supplementary note 4 — Frequency stability review
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Supplementary Figure S10. Plot of Figure 4e of the manuscript with the mapping of the reference
work from which frequency stability (minimum of Allan deviation) data are extracted. The reference
articles are reported below. The dashed rectangle represents the zoomed area of Supplementary

Figure S11.
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Supplementary Figure S11. Zoom of Supplementary Figure S10 containing reference points from 6

to 28.

Figure 4e of the manuscript reports the frequency stability values of several mechanical resonators
extrapolated from literature works and compare to the performance of our devices. The figure is an
integrated version of the analysis presented by Sansa et al. with our devices (stars) and more recent
literature works. The devices are divided in the same 4 different categories related to fabrication
technology and resonator dimensions used for the quality factor analysis. The literature works
between quality factor and frequency stability do not totally coincide since many articles report only
the Q values, especially the articles related to alternative approaches. Below is reported the

reference list of the numbered points of Supplementary Figure S10 and S11 (some works presented

more than one type of resonator).
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1. Chaste, J. et al. A nanomechanical mass sensor with yoctogram resolution. Nature Nanotechnology
7, 301-304 (2012).
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Supplementary Figure S12. SEM image of lifting a printed YAG structure with a pick-up setup

available within a Focused lon Beam (FIB) instrument.
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