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Sensitivity Dependence of Single Nanoparticle Mass
Detection Using Mechanical Oscillations in
Optical Microcavities

Jiancong Li, Xiao-Chong Yu, Yanyan Zhi

Abstract—Single nanoparticle detection is demanding in fields
such as early-stage diagnostics, environmental monitoring and
biochemical researches. Microcavities are becoming excellent plat-
forms for ultrasensitive detection due to the extremely strong en-
hancement of light-matter interactions. However, the analytes to be
detected will introduce optical losses, which eventually spoils the
detection limit of the optical sensor. The strong light confinement
enables optical induced mechanical oscillations that is also sensitive
to analyte attachments and can thus be applied as an alternative
sensing signal in microcavity sensors. In this work, the mass sen-
sitivities of the mechanical oscillations of a microcavity are theo-
retically discussed. The sensitivity dependence on different modes,
analyte sensing position and microcavity structure are explored
via finite-element-method simulations, which are consistent with
theoretical predictions. Our results provide an effective guideline
for the sensitivity optimization during microcavity design aiming
for single nanoparticle mass detection.

Index Terms—Microsensors, cavity resonators, position sensitive
particle detectors.

1. INTRODUCTION

PTICAL whispering-gallery-mode (WGM) microcavities
O have been widely applied in sensing applications with
detection limit down to single nanoparticles [1]-[5], which is
critical in environmental monitoring [6] and early-stage diagnos-
tics [7]. While strong light-matter interactions due to ultra-high
quality factors (Q factors) and small mode volumes [8] signifi-
cantly enhance the sensitivity, the analytes (e.g., nanoparticles)
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induced scattering and absorption losses degrade Q factor during
the detection process [7]. The minimal detectable optical reso-
nance shift, i.e., the optical sensing resolution, is thus enlarged,
spoiling the detection limit. Note that a lower detection limit
indicates the sensor capability of detecting smaller analytes [9].
Furthermore, the sensing activity only happens when analytes
enter the optical mode field which is limited to hundreds of ym3
[10]. The microcavity inevitably loses the sensing capability
when the mode shift cannot be resolved or the optical mode
area is fully covered by the analyte nanoparticles. Therefore,
pursuing alternative sensing signals that do not critically rely on
optical resonances open avenues for enhancement of microcav-
ity sensing performances.

The radiation pressure of the strongly confined optical mode
field results in the variation of the mechanical rigidity of
the microcavity material, known as the optical spring effect
(OSE) [11]-[13], which can be utilized as an excellent sensing
signal. The frequency of the optomechanical oscillations can
be expressed by Q, = /(ko + kos)/mesr, where €y, is the
angular frequency of mechanical oscillations, kg and ks denote
the intrinsic mechanical spring coefficient and optical spring
coefficient, respectively, and m.g indicates the effective mass
of the cavity [14]-[16]. Single nanoparticle detections have been
realized by tracking the mechanical frequency shifts induced by
optical mode frequency shifts due to particle attachments on the
cavity surface [17], and a noise suppression technique has been
demonstrated to reach a better detection limit [18]. In Refs. [17]
and [18], the shift of the angular mechanical frequency 2., is
dominantly determined by the change on ks dependent on the
intra-cavity power, so that the sensing performance, for example,
the sensing resolution and the sensing area, is still limited by the
Q factor degradation and small optical mode volume during the
detection process.

When the sensing signal does not rely on the light-matter
interaction, the loss of the optical mode can be avoided and
the Q factor can be preserved. Fortunately, the mechanical fre-
quency, fm, = Qu/(27), is not only a function of ks dependent
on optical mode detuning, but also a function of meg. The
effective mass of the microcavity can be express by meg =
2B/ (r2,Q2), where E,, is the total mechanical energy
stored in the mechanical mode and 7, denotes the amplitude of
the mechanical displacement [11], [13], [19]. The attachments
of analytes on the microcavity surface alter meg, even when
the analytes are placed out of the optical mode region. The
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(a) The schematic of how mechanical oscillations are excited in a high-() toroidal microcavity. Light in a tapered fiber waveguide is coupled into the WGM

of the microcavity via the evanescent field (in red), which then excites the mechanical mode (ripples). (b) The cross-section of one mechanical mode simulated by
FEM. (c) First-radial-order, second-radial-order, and special mechanical modes calculated via FEM simulations.

mechanical frequency shift, as the sensing signal, can thus be
empolyed to detect analytes without degrading the optical @)
factor. Furthermore, when utilizing mechanical oscillations as
sensing signals, the sensing area can be significantly enlarged,
compared to the case when employing optical modes with small
mode volumes. In this work, using the mechanical mode as
the sensing signal, the sensitivitis dependent on the structural
parameters of a toroidal microcavity and the position of the
detection sites are discussed, providing knowledge for obtaining
a better detection limit and guiding the design process of a
microcavity optomechanical mass sensor.

II. MICROCAVITY DESIGN AND SIMULATION MODEL

The schematic of exciting mechanical oscillations of a
whispering-gallery-mode toroidal microcavity is illustrated in
Fig. 1(a). We propose to use a toroidal microcavity, because the
on-chip resonator is ready for parallel processing and compatible
integration [8]. The number of supported optical modes in a
microtoroid is reduced compared to that in a spherical micro-
cavity [20], so that the mode-locking is easier to be maintained,
which is necessary to obtain a stable frequency spectrum via a
basic spectrum analyzer for analyzing mechanical modes [18].
Furthermore, compared to a microsphere with an equal diameter,
the optical mode volume is smaller by a factor of about 5,
because the optical mode is tightly confined in the torus [21].
Fig. 1(b) shows the cross-sectional mechanical oscillations of

one mechanical mode with f,,, = 1.4 MHz simulated via finite-
element-method (FEM) simulation.

When an analyte nanoparticle attaches on the microcavity
surface, the frequency of the mechanical mode shifts, acting as
the sensing signal. The nanoparticles are placed out of the optical
mode field to avoid the degradation of the () factor. Note that
the variation of the quality factor of the mechanical mode (Q,)
induced by analyte attachments, defined as Qy, = fin /0 fmn (0 fin
is the full-width-half-maximum of the mechanical mode), could
also act as an alternative sensing signal [16], of which the
discussion will not be included in the current proposal.

The frequency shift of mechanical oscillations is applied
for mass detection of single nanoparticles in this work. The
sensitivity is defined by,

S = Afm/’rnp ~ _f111512)/2meff (1)

where Afy, is the frequency shift of the mechanical mode,
m,, denotes the mass of the analyte nanoparticle, and 9, is the
relative displacement at the analyte position compared with the
displacement maximum 7,,. When discussing the sensitivity,
one usually refers to the magnitude of S, i.e., | S|, and the posi-
tive/negative sign of .S correspond to a blue/red frequency shift.
Obviously, alarger mechanical frequency, smaller effective mass
and proper analyte position result in a higher sensitivity. In order
to optimize the sensing performance of the microcavity, the sen-
sitivity dependence on the following parameters are explored,
i) the radial position where the nanoparticle locates p, ii) the
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microcavity structural parameters including the major radius
T'major»> the minor radius 7 minor, the top-pillar radius rpiiar, and
the cavity thickness ¢ (see Fig. 1(b)).

In the theoretical model, we consider the sensitivity depen-
dence of mechanical modes categorized in three groups as shown
in Fig. 1(c). Two groups of modes are characterized by the
radial and azimuthal mode numbers (n,[), where n indicates
the number of oscillation maxima in the radial direction, and 2
is the number of wave nodes in the azimuthal direction [11].
For example, modes characterized by (1,0) and (2,0) corre-
spond to the first two rotationally symmetric radial modes.
The first-radial-order modes of (n. = 1,[) are also named as the
crown modes. Some special modes mainly oscillating within the
equator plane can also be excited, for example, torsional mode
(TOR), radial breathing mode (RBM), ellipse mode (ELL),
triangle mode (TRI) and rectangle mode (REC). The RBM
experimentally shows the strongest optomechanical coupling
due to the strongest modulation of the optical periphery [22].
The mechanical frequency shifts and sensitivities of those modes
are calculated when the diameter of single polystyrene (PS)
nanoparticle with a density of 1050 kg/m? varies from 20 nm
to 1000 nm.

The structural parameters of the microcavity are set as: the
major radius ryajor = 36 pm, the minor radius ryinor = 4 ym,
the top-pillar radius rpij.r = 5 pm, and the disk thickness
t = 2 pm. We consider the sensing areas as the region out of
the torus and out of the region on top of the pillar, i,e., the disk
area subtracting the area on top of the pillar, so that the () factor
of the optical mode can be preserved during the sensing activi-
ties. Nanoparticles with different masses altered by the particle
diameters are placed at the radial position of p = 18.5 pm.

III. RESULTS AND DISCUSSIONS
A. Frequency Shifts of Different Modes

The frequency of the mechanical mode shifts when placing
a single nanoparticle on the surface of the microcavity due to
the change of the effective mass of the mechanical oscillator.
The relative frequency shifts of the first-radial-order, the second-
radial-order, and five special modes are shown in Fig. 2(a-c).
By linear fitting the relationship of the frequency shift and the
nanoparticle mass, the sensitivities are obtained and compared.

Among the mode group with the same radial mode number,
the magnitude of the sensitivity is larger for the mode with a
higher azimuthal mode number, except that |S(; ] is slightly
larger than |S(; 1)| due to a higher mechanical frequency (see
the inset of Fig. 2(a)). In the first-radial-order group, the me-
chanical frequency is nearly proportional to 12, consistent with
the vibration of a thin plate. While the effective masses of modes
(1,1 > 1) are similar, |S(; ;)| shows a quadratic dependence on
the azimuthal mode number (Fig. 2(d)).

The mode group (2, /) shows better sensing performance than
the mode group (1,1) does due to a relatively smaller effective
mass and a higher oscillation frequency (Fig. 2(d)), and the
mechanical oscillations of the former nearly match with the
sensing area. For example, when the azimuthal mode num-
ber [ = 1, the second-radial-order mode is ~ 480 times more
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Fig. 2. Frequency shifts of (a) the first-radial-order, (b) the second-radial-

order, and (c) special mechanical modes, when placing single nanoparticles
with different masses at p = 18.5 um. The inset in (a) shows details of the
frequency shifts of the modes (1,0) and (1,1). The solid lines in (a)—(c) show
the linear fittings. (d) The sensitivities of the three groups of mechanical modes.
The sensitivity dependence of the first- and second-radial-order modes are fitted
quadratically and linearly respectively. The solid line connecting the special
mode data is a guided line.

sensitive than the first-radial-order mode. Compared to that of
the first-radial-order mode, the mechanical frequency and the
azimuthal mode number also have a quadratic relationship, i.e.,
fm o< [2. Fig. 2(d) shows that |S(2,)| and [ has a nearly linear
dependence, i.e., |S(2,| o< I.

The sensitivity magnitude of the five special modes is smaller
than that of the second-radial-order modes. When comparing to
that of the first-radial-order modes, except that the sensitivity of
the TOR mode is similar to that of the mode (1,2), the sensitivities
of the RBM, ELL, TRI and REC modes are a few times to
two orders of magnitude larger than that of the first-radial-order
modes, still owing to a higher mechanical frequency. Especially,
the RBM shows the strongest optomechanical coupling [22],
and is thus used when the excitation power is limited to a
lower value to avoid photo-damage, for example, in biological
sensing applications. In comparison, a higher-radial-order mode
are used when the sensitivity is a critical factor in the sensing
performance.

B. Sensitivity Dependence on Sensing Sites

When a single nanoparticle is moved along the radial di-
rection, the frequency shift of the mechanical mode depends
on the radial position p. When the nanoparticles are placed at
the radial position of p =0 ~ 30 pum, the magnitudes of the
sensitivities of the first- and second-radial-order modes with
the same azimuthal mode number (I = 3) are calculated and
shown in Fig. 3. The radial position larger than 30 um is
not considered, because the analyte close to the torus has the
risk of spoiling the optical @ factor. As predicted by Equation
(1), the sensitivity is proportional to the square of the relative
displacement in both cases. When the nanoparticle locates on the
radial position above the top-pillar region (rpij1ar = 5 pm), the
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Fig. 3. The sensitivity magnitudes of (a) the first-radial-order (1,3) and (b)

the second-radial-order (2,3) modes, when the nanoparticle is placed along
different radial positions of p = 0 ~ 30 um. The insets show cross-sections
of the mechanical oscillations when the nanoparticle, pointed by the red arrows,
locates at different radial positions.

sensitivity is close to zero, because the mechanical oscillations
are almost negligible. When the nanoparticle moves towards the
torus, i.e., p increases, it enters the region showing mechanical
oscillations. Therefore, the magnitude of the sensitivity of mode
(1,3) monotonically increases, and |S7 3| = 175.6 Hz/pg when
p =30 pum (Fig. 3(a)). As for the mode (2,3), the sensitivity
reaches the maximum of 3.4 kHz/pg at p = 20 pum, where the
peak displacement locates (Fig. 3(b)). When the radial position
continues to increase, the sensitivity decreases as the oscillation
displacement decreases.

C. Sensitivity Dependence on the Microcavity Dimensions

Next, we explore the sensitivity dependence on the microcav-
ity dimensions, which consists of three parts, the disk region, the
torus region, and the pillar region. The nanoparticle is placed at
the center between the edges of the pillar and the torus, for
example, when rpajor = 30 pm, p = 15.5 um.

1) Disk Radius and Thickness: As the disk radius, rmajors
scales down, the sensitivity increases, which is similar as the
cases of micro-membranes and micro-cantilevers [23], [24].
According to the bending vibration equation, the mechanical
frequency is inversely proportional to the square of the scale.
As the disk radius increases, the effective mass of the first-
radial-order mode is approximately linearly proportional to the
radius, i.e., Mefr,(1,1) X Tmajors While Mg (2.7) X rﬁ,ajor. Be-
cause |S| ~ fmég /(2meg), the sensitivity dependence on the
azimuthal number is fitted via [S1 )| o< 7.2, and [S(a )| o
("major — b)~*, as shown in Fig. 4(a). The fitting parameter b
is used in the case of the second-radial-order mode, because
the mechanical oscillations are more likely perturbed by the
top-pillar, while that of the first-radial-order mode mainly appear
in the torus.

However, the sensing area also shrinks quadratically as 7,4 jor
decreases (Fig. 4(a)). The sensitivity magnitude of the second-
radial-order mode (2,3) is still up to two orders of magnitude
higher than that of the first-radial-order mode (1,3), as discussed
in Section III-A. When 7,50, increases from 20 pm to 66 pum,
1S(1,3)| (IS(2,3)]) decreases by one (two) order of magnitude,
while the sensing area enlarges parabolically by about 16 times.
The grey-shaded region in Fig. 4(a) indicates trade-off disk
dimensions with 7,50, around 32 ~ 38 pm, which shows both

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 28, NO. 2, MARCH/APRIL 2022

(a) —~
B 5
S 40 110
N o
£ :
%) <
2 3
3 20F —=—(13)mode{ 5
’é —e—(2,3) mode )
3 %300 %
::::gu""' n
0 C 1 1 1 0
20 40 60
Major radius f,o, (LM)
(b) 150
[ TY .

'o‘ —=—(1,3) mode =

3 ., —e—(2,3) mode 2
N ., N
T " .‘q. z
23 \ L) 13 @
> 75 u ‘q. . >
2 9 %o, 2
2 b, o, 2
3 n oy @
L) [ ° 42 o

pLL T T P
0 1 1 1

1 2 3
Thickness t (um)

Fig. 4. The sensitivity magnitude dependence of the first-radial-order mode
(1,3) and the second-radial-order mode (2,3) on (a) the disk radius and (b) the disk
thickness. The black and red curves are the purely third-order and fourth-order
polynominal fittings of the sensitivity dependence on 7, jor- The purple curve
shows the sensing area as a function of 7major-

relatively large sensitivities (|S(y 3)| ~ 30.0 Hz/pg, |S(2,3)| =
3.5 kHz/pg) and sensing areas (A ~ 3500 ym?).

Similarly, the sensitivity magnitude |S| also decreases as
the disk thickness ¢ increases (Fig. 4(b)). Especially, |S(1 3]
decreases faster than [S(5 3)|. Although the microcavity with a
thinner thickness shows a higher sensitivity, a microtoroid with
sub-micrometer thickness is fragile. Practically, a thickness of
2 pm is usually applied in a microtoroidal structure [2], [5],
[8], [25]. When ¢t = 2 um, |S 4 3)| still have a reasonable value
(1S(1,3)] = 25.4 Hz/pg), but is two orders of magnitude smaller
than |S(23) |

2) Torus Radius: The torus radius (also termed as the minor
radius, rminor [260]) influences the sensitivities of the first- and
second-radial-order modes in different manners (Fig. 5). With
increasing 7 minor, the sensitivity of the mode (1,3) monotoni-
cally decreases due to the increase of the effective mass, and
|S(1,3)| is almost zero when 7inor > 14 pm (Fig. 5(a)).

In comparison, the sensitivity of the mode (2,3) does not
monotonically dependent on 7,0, due to the mode hybridiza-
tion with the TRI mode (Fig. 5(b)). The mode hybridization re-
sults from the asymmetric support of the vertical pillar structure
and was also reported in Refs. [27]-[29]. When 7,in0r inCreases,
the frequency of the mode (2,3) decreases, while the TRI mode
behaves in the opposite way and crosses the former one at
Tminor ~ 8.5 um (Fig. 5(d)). When 7rpinor < 2.8 pm, |STri| is
slightly larger than |S(, 3)|. With increasing rminor, |STr1| de-
creases dramatically, while |S(2’3)| increases until 7inor ~ 8.5
pm at the crossing point (Fig. 5(b)). At this point, the mode (2,3)
and TRI mode hybridize, and the FEM simulation of the mechan-
ical oscillations is shown in Fig. 5(c). After the crossing point,
|S(2,3)| and [Str1| follow the previous dependence on rminor-
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Not only the sensitivity is dependent on the torus (minor)
radius, the optical quality factor () is also dependent on 7,ip0y-
Larger torus reduces the radiation loss and thus leads to a higher
Q factor [30]. Moreover, when 7yj0r > 18 um, @) saturates at
Tminor > 2 pum [30]. Practically, the torus part of a microtoroidal
cavity is formed via re-flowing a microdisk cavity using a CO»
laser [8], so that the minor diameter can be controlled by the
dimensions of the disk and the re-flow process. For example,
with the condition that the minor radius is larger than the disk
thickness, mminor gets larger when extending the period of the
re-flow process or repeating the re-flow procedure for multiple
times. When 7major = 60 pm (major ~ 30 um) and ¢ ~ 2 ym,
and the re-flow process is only done for once, the minor radius
of the toroidal part is about 3.5 pm [8] (3 pm [18]).

3) Pillar Radius: The sensitivity dependence on the top-
pillar dimension is shown in Fig. 6. The bottom of the pillar is
integrated to the wafer, and is set as a fixed constraint in the sim-
ulation model. Similarly as the nanoparticle arrangement shown
in Fig. 4(a), when examining the relationship of the sensitivity
and the top-pillar radius, the nanoparticle is placed at the center
between the edges of the pillar and the torus. As rp;j1,, increases,
the sensitivity increase of the first-radial-order mode (1,3) could
be resulted from two reasons, i) the nanoparticle approaches
closer to the mechanical oscillations mainly locating around the
torus as shown in the insets of Fig. 6(b), which is consistent to
the increase of the sensitivity as illustrated in Fig. 3(a), ii) the
normalized energy density where the nanoparticle lies is larger,
for example, the normalized energy density is 0.04, 0.07 and
0.71 respectively, as shown in Fig. 6(b).

The sensitivity of the second-radial-order mode (2,3) is about
two orders of magnitude higher that of the first-radial-order
mode (1,3). Unlike |S; 3/, |S2,3] is not monotonically depen-
dent on the top-pillar radius (Fig. 6), which is similarly as the
sensitivity dependence on the minor radius as shown in Fig. 5(b).
The sensitivity dependence curves of the mode (2,3) and the TRI
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three dashed vertical grid lines indicate the nanoparticle position. In the insets,
the white symbols indicate the positions where the nanoparticle locates, and the
white dashed curves indicate the top-pillar dimensions. When 7112y = 1 pm,
the top-pillar is too small to be seen in the inset.

mode coincide with each other around 71, = 18 ym due to
the hybridization of those two modes as discussed in Sec. III-C2.
When rpi1ar increases from 1 to 29 um, although | S5 3] increases
by 2.6 times, the sensing area decreases by 5.6 times (i.e., from
3213.8 to 574.9 yum?).

Besides the sensitivity, the mechanical quality factor, Qy,,
is also dependent on the top-pillar dimension. A larger 7pijjar
adds the mechanical loss to the pillar, resulting in a higher
oscillation threshold power [14], [19]. Therefore, reducing the
pillar diameter is critical for lowering the threshold powers.
Practically, techniques of performing extra etching processes
has been applied to achieve a smaller pillar [19]. The mode
coupling around 11, = 18 pmmay also introduce mechanical
clamping losses and spoiling @)y, [27]. Therefore, when using
the mode as the sensing signal, the pillar radius can be set
around 13 ~ 16 pm (shaded region in Fig. 6) as a trade-off
option of the sensing area, the sensitivity and the mechanical
quality factor. Experimentally, the pillar radius can also be
altered by controlling the time of the etching process, in which
part of the silicon wafer is etched away to form the pillar.

The detection limit of the mass sensor is defined by the
ratio of the sensitivity and the detection resolution. The fre-
quency uncertainty of mechanical oscillations is lower than
10 Hz reported in Ref. [18]. Taking the frequency uncertainty
as the detection resolution, the detection limit is ~ 3 fg, when
using the second-radial-order mode (2,3) with a sensitivity of
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~ 3.5 kHz/pg. Note that the sensitivity is also dependent on
the microcavity material, because the mechanical frequency and
the effective mass are dependent on the rigidity and density of
the material. For microtoroidal cavity fabricated using different
materials or cavity with different shapes (e.g., microbubble [31],
[32] and microdisk [33]), the sensitivity optimization can follow
similar process proposed in this work.

Experimentally, during the sensing process of a microcav-
ity sensor, the analyte position is usually not controlled. With
sufficient sensing activities, statistical analysis can be applied to
obtain the analyte information, for example, the analyte size [2],
[34]. However, when the analyte quantity is limited and only
a limited number of analyte-sensor interactions is attainable,
it’s critical to control the location of the analyte on the sensing
region. The analyte location on the microcavity can be controlled
either by a tip [16] or a taper [7] of which the position can be
manipulated by precise piezo-controllers. Once the position of
the analyte on the sensor is defined, the analyte mass is possible
to be detected by monitoring the mechanical shift.

IV. CONCLUSION

Mechanical oscillations of a microcavity can be excited via
optical spring effect due to ultra-high light confinement, which
can act as sensing signals to detect the mass of single nanopar-
ticles. In this work, we explore the sensitivity dependence of
mechanical modes on different cavity modes, the sensing sites,
and the microcavity structures. Comparing to modes in the
first-radial-order group that are relatively easier to be excited, the
sensitivity magnitude of the mode with a higher radial order is
two orders of magnitude larger. When the modes are in the same
radial-order group, the sensitivity magnitude |S| also increases
with higher azimuthal mode number. The TOR mode has a
similar sensitivity to the fundamental modes, while the RBM,
ELL, TRI and REC modes are a few times to over two orders of
magnitude more sensitive. The sensitivity is highly dependent
on the locations of the nanoparticles, and reaches maximum at
the oscillation-peak position.

During the sensitivity optimization process, the sensitivity,
the sensing area, and the robustness of the device are considered.
The microcavity dimensions determine both the sensitivity and
the sensing area. Although a thinner disk thickness results in a
higher sensitivity, the microcavity becomes fragile, so the disk
thickness is usually around 2 pm. When the major diameter
increases, the sensing area enlarges quadratically, while the
sensitivity magnitude decreases rapidly, so the major diameter is
suggested to be around 35 pm as a trade-off of the sensitivity and
the sensing area. When the minor (top-pillar) radius increases,
the sensitivity magnitude of the first-radial-order mode mono-
tonically decreases (increases). The mode hybridization of the
second-radial-order mode and one of the special modes appears
when the minor radius or the top-pillar radius is set at certain
values, which degrades the quality factor of the mechanical
modes. Especially, the increase of the pillar dimension quadrat-
ically shrinks the sensing area. Therefore, trade-off values need
to be carefully chosen when designing the microcavity. The
knowledge of the sensitivity dependence is essential when the
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microcavity is used for mass sensing applications, and provides
a way for optimizing the detection limit when designing a
microcavity sensor.
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