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MEMS resonant sensing devices require both HF ( f) and low dissipation or high quality factor (Q) to ensure high sensitivity and high speed. In this
study, we investigate the resonance properties and energy loss in the first three resonance modes, resulting in a significant increase in Q product
at higher orders. The third order resonance exhibits an approximately 15-fold increase in fQ product, while the Q factor remains nearly constant.
Consequently, we achieved an ultrahigh fQ product exceeding 10" Hz by higher-order resonances in single-crystal diamond cantilevers.

© 2024 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

EMS, emerging as pivotal technologies, play an

increasingly vital role in a wide range of applica-

tions, from classic use like sensing, actuation, and
switches in environmental monitoring, smart phones, IoT
nodes, robotic servants, and autonomous vehicles to precise
quantum sensors.' " Resonance frequency (f) and quality
(Q) factor are two fundamental parameters determining the
performance of the MEMS sensors, such as response speed,
detectivity, stability, and signal-to-noise ratio.””” When
sensing is based on the frequency shift, Q factor is of
paramount importance.®”> However, increasing the resonance
frequency always leads to the degradation of the Q factor for
the fundamental resonance mode due to increased dissipation
in the system.'*'" Therefore, the product of fQ presents as a
figure of merit for MEMS resonators. High fQ product is
generally desirable to achieve high sensitivity, fast response
speed, and enhanced resilience to mechanical noise
sources.'" Higher-order resonance modes have been shown
promising to enhance the performance of the sensors, i.e.
scanning speed and image contrast of atomic force micro-
scope (AFM) and mass sensitivity of a cantilever.'”™'®
Nevertheless, the Q factor of higher-order resonance modes
is left uncontrolled.'?

Diamond has been considered the best candidate for high-
performance and high-reliability MEMS sensors in terms
of its exceptional mechanical, thermal, and chemical
properties.'>® Despite the theoretical £Q of diamond in
Akhieser regime is lower than Si, the practical Q factor over
1 million at room temperature was achieved, much higher than
that of Si.'>*”’ By using diamond cantilevers, the durability of
the AFM probe and the reliability of magnetic or mass sensors
under extreme conditions can be much improved.*'?*!>?

In this study, we investigated the higher-order resonance of
single-crystal diamond (SCD) cantilevers and the fQ at
different resonance modes. Remarkably, with little change
of the Q factors at the higher-order resonance, the f*Q product
of the SCD increased by over 15 times, for the third order
resonance relative to the first order resonance. This work

provides a promising application scene for SCD MEMS
cantilevers, such as AFM probes, magnetic and mass sensors.

The SCD cantilevers were fabricated using a smart-cut
method from a SCD epilayer grown on an ion implanted SCD
substrate, as reported previously, as shown in Fig. 1(a). 2**?
Before the fabrication of the cantilevers, a microwave plasma
CVD technique was used to grow the high-quality diamond
epilayer on the ion-implanted high-pressure high-temperature
type-Ib SCD (100) substrate. The ion implantation was used to
create a graphitized carbon layer, that would then be etched to
facilitate the release of the cantilevers. During the wet-etching
process, the graphite layer was removed without affecting the
SCD epilayer.”**> Figure 1(b) shows the SCD-on-SCD
structure of the fabricated diamond resonators. The SCD
cantilevers had varying lengths (L) ranging from 30 to 160
pm, a thickness (f) of approximately 880 nm and a width (w)
of 10 pm, as illustrated in Fig. 1(c). A 3D profile image of the
MEMS cantilever distinctly depicts the upward bending, due
to the existence of residual stress, as shown in Fig. 1(d). The
resonance properties of the SCD cantilevers were measured in
a vacuum (10~* Torr) with a laser Doppler vibrometer. The
SCD cantilevers were actuated by a piezoelectric ceramic or an
RF probe.

We show the initial three resonance modes of a 140 ym
length cantilever in Fig. 2(a). Evidently, lower-order modes
exhibit larger amplitudes than higher-order modes subject to
the same measurement conditions. The resonance amplitude of
the first mode is 40 times greater than that of the third mode,
demonstrating the increased challenge in exciting higher-order
modes. The inset shows the corresponding mode shapes of the
three orders. We investigated the resonance properties within
the first three orders modes of SCD cantilevers. In Figs. 2(b)-
2(d), we present a representative set of resonance spectra from
a 140 pum length cantilever. These spectra span various orders
of vibration modes, ranging from the 1st order to the 3rd order.
To compare the resonance amplitudes within these higher-
order modes, all measurements were performed under the
same RF magnitude.
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Fig. 1. (a) Fabrication process of the SCD MEMS cantilevers. (b) The
structure of a SCD MEMS cantilever. (c) The optical microscope image of
the SCD MEMS cantilevers. (d) The 3D geometrical profile image depicting
the SCD cantilevers.
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In Fig. 3, we present the dependence of the resonance
frequency on the cantilever length for the first three modes.
According to the Euler-Bernoulli theory, the resonance
frequency of cantilevers can typically be expressed as
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Fig. 3. (a) Dependence of the resonance frequency on the cantilever length
at the first three modes. (b) The linear fit of the measured resonance
frequency with 1/L? for the first three modes.
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Fig. 2. Resonance frequency spectra of a SCD cantilever, under (a) the first three orders, and individually at the (b) 1st, (¢) 2nd, (d) 3rd order mode.
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fr=tn o Ml | E kn%F, (1)
2w 2wl \ 12p L\ p
where n refers to the vibration mode number. ) takes values
of 1.875, 4.694, 7.855, Qn—1) /2 - (n=1,2,3,n> 3 -).
k; = 0.162, k, = 1.012, and k3 = 2.835. w, E, L, t, and p
represent the angular resonance frequency, Young’s mod-
ulus, cantilever length, thickness, and mass density,
respectively.”*” For the SCD cantilever in this study,
E = 1100 GPa and p = 3.5 gcm >, respectively. As revealed
in Fig. 3, the variation of the resonance frequency versus
length exhibits remarkable consistency between experimental
and theoretical results for all the three modes.

Higher-order modes are pursued in AFM imaging, which
are more sensitive to the position of the probe, an additional
mass, and application of force.”® In the meantime, the 0
factor determines the image resolution and resonance
amplitude. Therefore, optimizing the fQ product is of
critical importance that directly influences the measurement
band width and vibration amplitude.”” We obtained the Q
factors by using the band width method through a
Lorentzian fitting of the frequency spectra. We show the
relationship between the cantilever length and both Q factor
and fQ product, respectively, as presented in Fig. 4(a).
Significantly, the f*Q product for higher-order vibrations
remarkably exceeds that of the fundamental mode.
Furthermore, the fQ product exhibits a decrease with an
increase in cantilever length due to the reduction in
resonance frequency. A comparative assessment of the QO
factor and f*Q product in the first three modes is depicted in
Fig. 4(b). It becomes apparent that the fQ for the SCD

cantilevers experiences a substantial increase with higher-
order resonances. Specifically, the third order mode exhibits
a fQ value of approximately ~10'Hz, marking a nearly
fifteen-fold enhancement compared to the first order mode.
However, due to the ion-implantation induced defects in the
diamond cantilever, the Q factor is similar for different
resonance orders. This highlights that the fQ value is
greatly enhanced through the utilization of higher-order
resonance modes.

We investigated the dissipation mechanisms of the higher-
order resonance modes. Since the measurements were con-
ducted in high vacuum environment, the air damping is
neglected. The overall Q factor is determined by the
following diverse dissipation mechanisms

Q71 = QcTalmp + Q'ITEID + Ql\7[]l) + Qs;;face’ (2)

where clamp, TED, MD, and surface signify the Q factors
attributed to the energy loss mechanisms of clamping losses,
thermoelastic damping, mechanical defects, and surface loss,
respectively.’*" Higher-order resonances are shown to
suffer less from clamping loss compared to the fundamental
mode.*” This is possibly because higher-order resonances
store a larger amount of mechanical energy at nodes that are
situated farther away from the clamping points.*”
Thermoelastic loss does not dominate due to Qrgp exceeding
107 at room temperature.’” The crystal quality of diamond
affects the Q factor of the diamond cantilevers.”>* In our
case, we disclosed that the diamond cantilever has single-
crystal nature by high-resolution transmission electron micro-
scope. °” However, considering that the smart-cut method for
the SCD cantilever fabrication involves a high-energy ion
implantation, the ion-irradiated defects determine the ultimate

(@) 12— . . - — 12  (0) . , .
r | L:140um =" Cantilever 4
10 ’;‘ H Lorentz Fit
£y &
:
- 2
4 =
: 2
0 I L 1 i -;_ ) i L
80 100 120 140 160 2079.9 2080.0 2080.1
Length (1m) £ (kHz)
b ; " 3 . d : T T T
() 10 | —o— Cantilever 1 /: 110 E_)\ — = Cantilever 4
- *— Cantilever 2 > . ) .
—_ 8 [..- Cantilever 3 18 -~ g ExpDecay Fit,
0 S 0., g © 7=94.26 ms
'; T ——— :_?"'-/ " X "U e q
a 4 | - ,; "’._:E | 4 5 E Q e 61.. ,649
-~ L — 2
i 2L —o— Cantilever 1) |9 S E‘ - fo= 1.28x10" Hz |
- %— Cantilever 2 nd
0k ‘_ Cantilever 3/ {0 < L: 140 um 2 Ol‘der
1st 2nd 3rd 0 1 2 3 4 5 6
Resonance Order Time (s)
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down measurement of diamond cantilever 4 at the 2nd order.
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Q factor. In this work, surface loss can be included in the
mechanical defects loss due to ion-implantation induced
defective layer at the bottom of the SCD cantilevers.””
Therefore, the relatively low Q factor can be attributed to
defects induced by ion damage. By harnessing higher mode
resonance, we are able to achieve the f-Q product comparable
to that of the SCD cantilevers fabricated using the transfer
technique, which boosts a Q factor exceeding 1 million.'”
This enhancement of f*Q was achieved without the need for
additional materials processing such as prolonged annealing
or etching.”*>

Based on the discussion described above, we fabricated a
higher Q factor diamond resonator (cantilever 4), by removing
the defects within the cantilevers based on the atomic scale
etching.”” The resonance frequency of the 1st order mode is
342.14 kHz and the 2nd order is 2.08 MHz. In Fig. 4(c), the
resonance frequency spectrum of cantilever 4 in the 2nd order
mode is presented. Since the resonance frequency of the 3rd
order mode is out of the limit (3 MHz) of the setup, we solely
present data for the 2nd order mode. To achieve greater
accuracy beyond the frequency resolution limit, we employed
ring-down measurements to obtain the Q factors. These Q
factors were then calculated by Q = n7f, where 7 represents
the characteristic decay time of the resonator. The ring-down
plots in Fig. 4(d) illustrate a decay time of 94.26 ms and an
ultrahigh Q factor over 6 x 10° in the 2nd order resonance.
Remarkably, we achieved a high £Q product over 10" Hz for
the 2nd order mode. This value is the highest in SCD
cantilevers up to date.’®

In conclusion, we investigated the higher-order reso-
nances in SCD cantilevers. The resonance frequency of
diamond cantilevers remained consistent in both experiment
and theory under higher-order modes. Despite the low Q
factor dominated by the crystal defects within the cantilever,
the f-Q product was remarkably improved by over 15 times
related to the fundamental mode resonance. We achieved an
unprecedented ultrahigh fQ product over 10'* Hz within a
higher-order resonance mode of a SCD cantilever.
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