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1 |  INTRODUCTION

Fused silica has outstanding physical characteristics, such as 
high transparency, low intrinsic loss, and outstanding elastic 
properties, for micromechanical devices. Thanks to the mi-
crofabrication technique based on femtosecond laser-induced 
selective etching,1 highly complex 3D microstructures can be 
carved out of single glass substrate.2–4 This manufacturing 
process brings great opportunities in the field of microde-
vices such as MEMS, microfluidics system, and so on. One 
of the advantages of this fabrication process is its ability to 
combine, not only structural elements of various kinds but 
also optical ones in a single monolith. This process circum-
vents separating the bonded layers by mechanical damages 
such as repetitive vibration. Control of static and dynamic be-
havior of the entire MEMS structure takes an important role.5

Mechanical vibrations at the resonance may compromise 
the stability of a device, when it is undesired and uncon-
trolled as a result of extrinsic noise excitations. To broaden 
their usable frequency ranges, notably by reducing the vi-
bration amplitude for a given set of frequencies, the concept 
of ‘acoustic black hole’ (ABH) was proposed.6,7 There, it 
was shown that a plate with an acute angle wedge has less 
frequency dependence on vibrations.6,8 In particular, it was 
theoretically proven that a wedge with a profile defined by 
a power law shows effective damping. V. V. Krylov demon-
strated this effect experimentally with a ‘meter-sized’ steel 
plate.9 This approach is particularly attractive in aeronautics 
and for automotive applications,10 as in both cases, excitations 
of resonant modes can have dramatic effects if undamped. 
Likewise, applying this method at the microscale will enable 
noise attenuation from resonant vibrations in various types 
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of microsystems without the need for additional processing 
steps to add damping material.

Scaling ABH phenomenon down to the microscale is not 
just a matter of size, since slight inhomogeneity or defects of 
material as well as fabrication imperfections, most often neg-
ligible at meter-scale may have dramatic consequences at the 
microscale. Therefore, implementing ABH at the microscale 
requires a detailed analysis of the material properties after the 
fabrication process as well as high fabrication dimensional 
resolution and accuracy. While 3D microfabrication of fused 
silica using femtosecond laser may realize enough precise-
ness according to numerous optimization reports for irradia-
tion conditions,11–14 the effects of the laser at the atomic level 
are not fully understood as it is difficult to see the detailed 
gradation of material properties after writing complex pat-
terns inside the material.15 In addition, the effects on material 
properties, such as thermal expansion coefficient,16 Young's 
modulus,17,18 and density,19,20 after the etching process are 
not revealed. Further understandings on these mechanisms 
will enhance its reliability and broaden application fields.

In this study, a silica glass cantilever implementing an ABH 
effect was fabricated by a combination of nonablative femto-
second laser exposure and chemical etching. The vibration be-
havior of cantilever was observed and analyzed by comparing 
the experimental observations with theoretical calculations. In 
order to investigate the cause of disagreement between exper-
iments and theory, surface-properties change, including tex-
ture, roughness, and chemical bonding state, was considered. 
While we found a reasonable agreement between theory and 
experiments in the overall behavior of the device, we also no-
ticed significant differences that highlight the importance of 
subtle surface properties changes resulting from the fabrica-
tion process on the cantilever dynamic behavior.

1.1 | Theory of acoustic black hole 
effect and cantilever design

The followings are a brief review of the theoretical aspects 
behind the ABH phenomenon. Flexural waves in a beam are 
governed by the following equation:

where W stands for the displacement along the z-axis (see 
Figure 1), ρ for the density of the material of the vibrating beam, 
� for the angular frequency, and finally, D(x) for the bending 
stiffness. The bending stiffness of the beam with a rectangular 
cross-section is further expressed as:

where E is Young's modulus, h(x) is the thickness of cantilever 
at a position x along the beam, ν is the Poisson's ratio, and m is 
an exponent that defines the slenderness of the edge. In this ex-
periment, cantilever with the tapering edge, which ABH effect 
can theoretically be obtained, was designed and fabricated. A 
solution of Equation 1 can be expressed as follows:

where A(x) is the displacement in each point of the beam and 
Φ(x) is the phase difference between the excitation wave and 
the propagating wave in the beam. In the case of a cantilever in 
vacuum, the local wavenumber k is further defined by:

In practice, it is difficult to achieve a zero thickness at the 

tip. To a certain extent, the beam edge is always truncated 
with a minimum tip thickness hTip. The phase increment � (x) 
between 0 and x, writes:
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F I G U R E  1  Dimension of cantilever 
and position inside silica glass substrate. 
Laser-irradiated surface in red line and 
actual surface in green line [Color figure can 
be viewed at wileyonlinelibrary.com]
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For a coefficient m ≥2 (see Equation 3), the phase dif-
ference increment diverges as x increases. This means that 
a flexural wave propagating in the beam never reaches the 
edge.8 As the energy is dissipated through dynamic defor-
mation, a phase difference between stress and strain is ob-
served. In such a case, the Young's modulus is expressed in a 
complex form: E∗ =E0

(
1− i�0

)
. Consequently, the reflection 

coefficient R will decrease and result in an ABH effect.

where Imk=
1

4�0

Rek and �0 is the intrinsic loss factor of the 

material.
The ABH theory assumes that the wave fully propagates 

toward the edge, without partial reflection. This assumption 
is valid for a slowly varying thickness profile at the tip of 
the cantilever. In practice, fabricating such slender profiles 
is difficult to achieve at the microscale with conventional 
manufacturing processes, such as lithographic ones, as this 
design is intrinsically three dimensional. To overcome this 
challenge, we took advantage of the femtosecond laser micro-
machining of glass substrates. The design of the silica glass 
cantilever is shown in Figure 1.

Based on Equations 3, 5, and 7, the increase in m seems 
to be the most efficient way to have a greater attenuation ef-
fect. A larger m in the profile function generates an abrupt 
change in the thickness at the start point of ABH design. In 
our design, m = 2 is chosen and we assume that the obtained 
geometrical profile has enough smoothness to avoid count-
er-propagating waves at the boundary between the tapered 
and the flat part. In such conditions, the design is fulfilling 
the normalized wavenumber variation given in Ref. [21]:

This criterion indicates that the change in wavenumber 
must be smaller over distances comparable to the wavelength. 
In this way, the incident wave fully propagates toward the tip 
of the cantilever without loss at the beginning of the tapered 
section of the profile.

2 |  EXPERIMENTAL 
PROCEDURES

2.1 | Cantilever fabrication

The principle is to sequentially use a nonablative femto-
second exposure process and a chemical etching step.22,23 
The cantilever was fabricated out of a 500-µm-thick silica 

substrate (Corning 7980-0F). The substrate contains 1000-
ppm OH and traces of Cl in the order of 100 ppm (Class-
III fused silica). For femtosecond laser irradiation, we used 
a Yb-fiber amplifier (λ  =  1030  nm) emitting at a rate of 
800 kHz, 230 nJ pulses of duration 270 fs. Scanning velocity 
was 10 mm/s (corresponding to 80 pulses deposited in 1 µm 
distance along the writing direction). The polarization was 
always set perpendicular to the writing direction. To focus 
the laser beam, we used an objective with a numerical aper-
ture of 0.4. The focal spot volume has an approximated el-
lipsoidal shape with a short axis width of 1.6, and 10 µm for 
the long axis, oriented towards the beam optical propagation 
axis (ie, the z-axis direction).22 The contour of the cantilever 
was defined with a set of adjacent straight lines, as shown in 
Figure 2. Spacing between lines was 1 µm in the x-axis direc-
tion and 10 µm along the z-axis direction. Those distances 
were optimized for efficient etching.12 After exposure, the 
specimen is immersed in a low-concentration HF bath (2.5%) 
until all the previously exposed volume dissolved, and the 
surrounding bulk falls off. Soak time was about 10 hours for 
cantilever without tapered profile and 40 hours for the one 
with a tapered end.

2.2 | Vibration tests

The cantilever shows a resonant vibration with simple dy-
namic deformation. The resonant frequency can be expressed 
as function of material constants. In the case of a planar can-
tilever without tapered end, the resonant frequency fn writes:

where n is the vibration order for a given mode n, �n is a con-
stant depending on the mode, h and L are thickness and length 
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F I G U R E  2  Schematic illustration of laser scanning process to 
pick out the tapered cantilever of the silica glass substrate [Color figure 
can be viewed at wileyonlinelibrary.com]
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of the cantilever, respectively, E is the Young's modulus, and 
ρ is the density of the cantilever material. In the case of the 
cantilever with a taper design, the resonant frequency cannot 
simply be obtained from the analytical formula of Equation 9, 
but rather through simulation.

Here, we focused on the first mode of vibration for each 
cantilevers. A triangulation laser sensor (Keyence LK-
H022K) was used to measure the cantilever tip deflections 
at a sampling frequency of 50 kHz. The cantilevers were set 
on a plate itself mounted on a piezoelectric actuator (Noliac, 
NAC2003). An AC voltage of 100 mVpp was applied to the 
actuator, and its frequency was swept from 2000 to 3700 Hz 
for n = 1 (primary mode) in Equation 9. The dynamic be-
havior of the cantilever with a tapered end at the resonant 
frequency was simulated by the Finite Element Method using 
COMSOL® using the measured dimensional parameters of 
the actual, fabricated cantilevers, and compared with the ex-
perimental values. In our simulations and calculations, the 
relevant material constants were E = 72.5 GPa, ρ = 2201 kg/
m3, and ν = 0.17.

Ring down measurements consisting of exciting the can-
tilever to its resonant frequency and subsequently turning off 
the vibration source, followed by monitoring vibration am-
plitude decay, were performed to further evaluate the vibra-
tion damping behaviors. The measurement of the decay time 
provides an estimate of the ABH-induced attenuation. The 
amplitude decay curves showed a single exponential decay 
in early stage.

2.3 | Static properties observation of the 
cantilever after processing

Surface profile h(x) of the fabricated cantilever was meas-
ured by a stylus profiler (Dektak) to evaluate the precision 
of the micromachining. The stylus radius was set to 12.5 µm 
and scan speed was 0.133 µm/s. The center of the cantilever 
was scanned along the x-axis. The front and backside were 
measured separately. The measured profile of the tapered 
part was fit by a function of h(x) = axm + b, where a is a 
proportional constant of the power function and m is the 
exponent of fit function. As a preprogrammed design, m = 2 
for all designs.

The surface roughness of the cantilever surface was ob-
served and measured by a laser microscope (VK-8510, 
Keyence Corporation). Roughness was evaluated using the 
Arithmetical mean deviation Ra value of the horizontal and 
vertical direction of the cantilever.

Fourier transform infrared (FTIR) reflection spectra for 
the sample surface were measured at room temperature in the 
wavenumber range 600-4500  cm−1 by a micro-FTIR spec-
trometer (JASCO, FT/IR-6100, IRT-5000). The aperture size 

was 50 µm × 50 µm and resolution was 4 cm−1. Spectra were 
obtained from 3 different cantilevers.

3 |  RESULTS

3.1 | Geometrical profile of cantilever after 
processing

The thickness of tip at the end of cantilever hTip and flat part 
hc was measured by observing the cross section in an opti-
cal microscope. The thickness profile of the tapered canti-
lever was fit with the Least-square method to compare the 
profile function of the exposed pattern with the end-product, 
ie, the fabricated cantilever. Results are shown in Table 1. 
Tapered part thickness was designed to decrease quadratic 
function (m = 2). All cantilevers had almost the same thick-
ness at the tip and flat part, and m value after fitting was 
found in the range 1.86-2.01. The change in thickness at the 
base (Nonexposed) before and after etching was less than 
10 µm. The profile result shows a good agreement of the sur-
face profile between the design and the fabricated cantilever. 
The typical thickness hTip and hc were always about 25 µm 
smaller than the laser-irradiated line for all samples, regard-
less of the etching time.

To check the quality of the surface smoothness, the rough-
ness of the cantilever surface was observed. The bottom of 
Figure 3 shows the optical microscope images of the sample 
surface. In the laser exposed area, the periodic texture is sim-
ilar to a texture reported in Ref. [4]. In contrast, the nonex-
posed area showed a clear flat surface. Table 2 shows the Ra 
of the flat part of the cantilever (laser exposed), and the base 
part of the sample (unexposed), respectively. These values 
were in good agreement with microscopic image in Figure 3, 
showing that the exposed surface has rough surface due to 
laser exposure even after etching.

3.2 | Vibration measurement

The resonant frequency was measured and compared with 
the simulation results. The results are shown in Figure 4. 

T A B L E  1  Measured dimensions of the fabricated cantilevers 
with different LTaper

LTaper/mm hTip/µm hc/µm m

0 - 250 -

3.33 54.2 ± 1.0 251 ± 1 1.86

5.00 53.9 ± 0.8 250 ± 3 2.00

5.65 56.1 ± 0.4 249 ± 2 1.99

8.57 58.8 ± 0.8 252 ± 1 2.01
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The calculated values are the frequencies of the primary 
vibration mode (n = 1 in Equation 9), which corresponds 
to a deflection aligned along the z-axis, with a static-node 
at the fixed end. The dependence of LTaper on the resonant 
frequency showed the same trends in both experimentally 
measured and simulated values. The simulations with three 
different models were done in order to find out the most 
effective parameters affecting the values of the resonant 
frequency.

The first model, shown with a smooth line in Figure 4, 
had average dimensions among fabricated cantilever as fol-
low: hTip  =  55  µm, hc  =  250  µm, and m  =  2 (Model A1). 
To account for the error due to the profile function change 
during the fabrication process, m = 1.8 with the same dimen-
sion (Model A2) was also simulated. The resonant frequency 
difference between these 2 models was within 4%, which is 
smaller compared to the difference between the simulated 
frequencies of two models (Model A1 and A2) and their ex-
perimental values. The experimental frequency was 3%-10% 
lower compared to simulation. Model B with the dimen-
sions shown in Table  1 was plotted with asterisk mark for 
LTaper = 3.3, 5.0, 5.7, 8.6. Although the fabricated Model B 

had more accurate dimensions compared to the desired pro-
file, the resonant frequency was still estimated higher com-
pared to its experimental value.

Figure 5 shows the results of the vibration test for a tapered 
(LTaper = 5.0 mm) and a nontapered cantilever, respectively. 
(A) is the Fourier transformed spectrum of the amplitude ob-
tained by the frequency sweep test. The frequency is normal-
ized with the resonant frequency f0. The tapered cantilever 
shows a broader resonant peak; The FWHM of each resonant 
peak was 1.5  Hz (Δf∕f0 =4.6×10−4) for tapered cantilever 
and 0.8 Hz (Δf∕f0 =3.5×10−4) for cantilever without taper. 
This means the cantilever amplitude had a lower resonant fre-
quency dependence.

Figure  5B shows the typical result of ring down mea-
surement. The deflection amplitude decay after the resonant 
vibration of the nontapered cantilever and the tapered can-
tilever (LTaper = 5 mm), respectively. The cantilever with an 
ABH effect attenuated over a shorter period compared to the 
nontapered one. The tapered cantilever showed a damping 
effect without any additive absorbing material demonstrat-
ing the concept of ABH. A fitting function A ∙e

−�
f1

Q
t was 

applied on the decay curves to extract the Q factor, which 
indicates the acuity of a resonant vibration peak. The Q 
factors obtained for each cantilever with different LTaper 
(0-8.6 mm) are plotted in Figure 6. The Q factor decreases 
as the tapered length gets longer, which shows an increase 

F I G U R E  3  Appearance of the fabricated cantilever with 
tapering. Top: side view of fabricated cantilever (LTaper = 5 mm). 
Bottom: microscopic photographs of laser-exposed surface (left) and 
nonexposed one (right) of cantilever [Color figure can be viewed at 
wileyonlinelibrary.com]

T A B L E  2  Typical values of the surface roughness Ra (in µm) 
measured on the cantilever

Non-exposed Exposed

Along x-axis (50 µm) 0.02 0.097

Along y-axis (50 µm) 0.107

F I G U R E  4  Experimental and simulated resonant frequency of 
each cantilever with various taper length. Model A1 and A2 show 
simulation results using average cantilever dimensions with different 
function parameter m. Model B is simulated with the measured 
dimensions for each cantilever with uniform Young's modulus. Model 
C shows the simulation results on the cantilever with lower Young's 
modulus surface layers of Esurface = 60 GPa of 10 µm thickness [Color 
figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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in attenuation efficiency with a larger proportion of ABH 
design.

3.3 | Chemical properties of the surface 
after processing

The FTIR reflectance spectrum of the one cantilever surface 
of three different samples is shown in Figure 7. The spectrums 
from the three different cantilevers showed the same trends.

The absorption spectra were obtained using the Kramers-
Kronig transformation applied to the corresponding 

reflectance spectra. A significant peak around 1110  cm−1 
shows the asymmetric stretch band of Si-O-Si bonding.24 
The average position of peak around 1100 cm−1 showed dis-
tinctive dependence on surface condition. Original silica sub-
strate before etching had the peak at 1109.5 ± 0.3 cm−1. After 
etching, 1108.9 ± 0.5 cm−1 for nonexposed and 1111.4 ± 0.7 
for exposed surface. Although average peak position was 
almost constant for nonexposed surface before and after 
etching, peak position of exposed surface shifted to higher 
wavenumber side.

The peak around 3600 cm−1 is related to the presence of 
OH groups. This peak gets emphasized on the exposed sur-
face. Peak around area I (2000 cm−1) and area II (2233 cm−1) 
were also detected only on exposed surface, which is assigned 
to Si-H bond.25,26

4 |  DISCUSSION

Silica glass cantilever with various taper length showed vi-
brational attenuations in the frequency range around 2.5-
3.5  kHz. The ABH design was successfully implemented 
by taking advantage of the precise control of the thickness 
profile at the microscale using femtosecond laser and wet-
etching microprocessing. To date, the experimental investi-
gations of ABH had been limited for meter-scale structure 
in metal or in composite materials. The result shown in this 
report broadens the capability of the ABH effect.

To handle the vibrational behavior of microstructures, it 
is necessary to control both the preciseness of the structural 
profile and the materials properties. Therefore, a particular 
attention was paid on the effects of the fabrication process 
on fused silica for further understanding possible factors 

F I G U R E  5  (A) Frequency spectra 
obtained by Fourier transformation of 
vibration amplitude-wave form in Sweep 
test. (B) Decay curves of vibration 
amplitude after resonant vibration in Ring 
down measurement [Color figure can be 
viewed at wileyonlinelibrary.com]

F I G U R E  6  Experimental Q factor obtained by fitting decay curve 
from Ring down measurement into the function A ∙e

−�
f1

Q
t

www.wileyonlinelibrary.com
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affecting vibrational behaviors. Here, we analyze the vibra-
tion characteristics, such as resonant frequency and energy 
dissipation factors, by comparing experimental and calcu-
lated results.

4.1 | Fabrication profile evaluation by ABH 
implementation

The actual surface of cantilever after etching was always 
below the programmed design, although the reduction rate 
was nearly constant among all samples. Typical dimension 
values, such as tip thickness hTip, were 53.9-58.8 µm, canti-
lever thickness at flat part hc was 249-252 µm, as shown in 

Table 1. There were always about 40-50 µm in total thick-
ness reduction compared to the original design. The function 
of thickness profile was kept as a quadratic function within 
93%-100% accuracy based on m value obtained from surface 
profile scanning.

Vibrational behavior supports the accuracy of the 3D can-
tilever outline. The ABH effect was observed for the cantile-
ver with the tapered thickness profile since this effect is only 
attainable with a smooth and accurate profile, as shown in 
Equation 6.

Even though with an accurate outline profile of the fab-
ricated cantilever, the measured resonant frequency could 
not be obtained from simulation. As shown in Figure 4 with 
several models, a frequency difference degree of 100 Hz that 

F I G U R E  7  Micro-IR spectra before and after etching. (A) Specular reflection spectra and (B) Absorption spectra obtained by Kramers-
Kronig transformation. Green and red solid lines are the laser-exposed and nonexposed surface after etching, respectively. Blue broken line 
indicates the initial sample before treatment. Insets represent the expanded spectra of the respective vibration regions [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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cannot be related to the deviations from the designed pro-
file was observed. Therefore, material properties used in the 
simulation, such as Young's modulus, Poisson's ratio, and 
density, can be the reasonable factor that may cause such 
difference.

4.2 | Material properties change resulting 
from manufacturing

As shown in Figure 4, the experimental values for the reso-
nant frequency were always lower compared to the simulated 
ones. As shown in the result comparing both, the gap between 
design and actual profile would not make such a significant 
difference. Here, we consider the origin of this disagreement 
as a residual material property change due to laser exposure, 
as the change was observed only at the exposed surface after 
processing.

First of all, the femtosecond laser irradiation condition in 
the fabrication process leads to the formation of nanogratings 
that consists of self-organized texture parallel to one another 
as can be observed in SEM images.22,27 A significant change 
in refractive index (consisting on a periodic modulation of its 
value in the laser-affected zone) is generated in highly local-
ized ellipsoidal volume that are 10-µm high along the laser-in-
duced direction and about 2 µm wide along the waist.1 The 
critical mechanism of high aspect ratio etching of fused silica 
is not fully understood.13,15,28 Intense irradiation of femtosec-
ond laser induces defects in silica such as NBOHC and ODC 
(II)29 that show broad fluorescence in the visible wavelength 
region. However, no fluorescence was found after the etching 
process by Raman spectrum measurement using an excitation 
laser with a wavelength of 532 nm. This observation suggests 
that the exposed volume containing these defects have been 
dissolved or chemically changed. The material property pro-
file in higher resolution compared to laser focal point is not 
yet measured. Residual effect after etching is not yet figured 
out in detail.

In the case of the same microfabrication process reported 
in a previous study,12 the laser drawing spacing in z-axis di-
rection is less than 18 µm results in a higher etching rate of 
over 90 µm/hour. The etching rate decreases by 99% when the 
spacing is more than 21 µm. Similarly, in this report, etching 
always stopped at 20-25 µm below the laser irradiation line 
(about 50 µm reduction in thickness, 20-25 µm, respectively, 
for top and bottom side), and this reduction was independent 
of etching time. These results indicate that laser affected 
modification around 20  µm away from the focal point has 
essential effect on etching mechanism.

We now turn our attention to the results obtained in this 
study. The surface condition was different among laser exposed 
and nonexposed surface after processing. From the FTIR mea-
surement shown in Figure  7, spectrum differences between 

exposed and nonexposed surface after etching can be clearly 
observed. Reflectance spectra of exposed surface showed no-
ticeable shoulder at 2000 cm−1 as shown in Figure 7A. The 
same trend was found on both taper and flat part of 3 different 
cantilevers' surface, but never found on nonexposed surface.

As shown in absorbance spectrum from Figure 7B, OH 
group and Si-H bond were detected only on the cantilever 
surface after laser exposure and etching. Si-H bondings are 
reported to show different peak position depends on the con-
nectivity of Si atom; the peak at area I shows Si-H with Si 
atom connected to 3 oxygen (O3SiH), and another slight peak 
around area II shows Si3SiH.30 On the other hands, the de-
fects such as NBOHC (≡Si−O∙), ODC (II) (≡Si∙), and ODC 
(I) (≡Si−Si≡) structure were found at femtosecond laser 
irradiated spot.29 Furthermore, silicon nanocluster could be 
generated with relatively low pulse energy with kiloheltz rep-
etition.31 Considering these facts, these defects might be the 
precursor and combined with H+ during etching to generate 
OH groups and Si-H bondings. As a result, residual effect of 
laser exposure might remain after etching and formed dis-
tinctive surface compared to nonexposed. Higher roughness 
on exposed surface may also bring increment of OH groups, 
although extra modification was suggested by significant ef-
fect on reflection around 2000 cm−1.

In addition to generation of functional groups, absorption 
peak around 1110 cm−1 shifted to higher wavenumber side 
at the cantilever surface. This peak can be correlated with 
the fused silica density. Generally, the upshift of this peak is 
due to an increase in the Si-O-Si bond angle. Moreover, this 
increment indicates a density decrease in silica glass.32 The 
shift was 2.5 cm−1, and this is enough to induce 500 ppm re-
duction in silica density,33 ending up in a decrease from 2201 
to 2200 kg/m3. In the case of fused silica, a lower density has 
a correlation with lower etching rate.34

In this experiment, FTIR measurements were observing the 
chemical bonding state down to 10 µm under the surface of the 
cantilever. These chemical properties change at the exposed 
surface indicates the generation of a silica layer with different 
material constants such as density and Young's modulus, con-
secutive to the micromachining process. As increment of OH 
contents in fused silica lowers the Young's modulus,35 we con-
sidered the same effect is occurring on the cantilever surface 
containing terminal bondings like Si-OH and Si-H.

These material properties change affects the vibration 
characteristics, as shown in Equations  2-8. Experimental 
results for all cantilever showed a lower resonant frequency 
compared to the simulation, as shown in Figure 4. This dif-
ference can be explained by having a lower Young's modulus 
layer at the surface, as if an absorbing layer covers the canti-
lever. Model C in Figure 4 was plotted with empty diamonds, 
has lower material constants (Esurface = 60 GPa) in a region of 
10 µm below the exposed surface, supposing a residual effect 
of laser exposure and etching. Partial decrease in material 
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constants lowered the resonant frequency more than the di-
mensional error.

The surface of silica glass after femtosecond laser mi-
cromachining was modified, and this effect was analyzed 
qualitatively. At this point, the measurement of density and 
Young's modulus profile inside the glass sample was diffi-
cult. With further understanding of surface properties, quan-
titative analysis of damping effect based on ABH theory 
given in Krylov's report7 will be possible.

However, it seems clear that a key factor for ABH damp-
ing of microscale structure is not only the design of the shape 
but also the material properties change during the fabrica-
tion process. Lower Young's modulus provides a damping 
effect by lowering the reflection coefficient R as given in 
Equations 5 and 7. In the case of ABH effect implementa-
tion, this femtosecond laser-induced modification effectively 
enhanced the damping effect.

5 |  CONCLUSION

In conclusion, an Acoustic Black Hole effect was ob-
served in a fused silica microscale cantilever. It success-
fully showed the ABH effect with double-sided tapering 
taking advantage of microscale accurate machining using 
a femtosecond laser. In addition, the effect was realized in 
the lower-frequency range compared to previous reports. 
It is now possible to attenuate desirable frequency that de-
pends on structural design with a wide variety of materials. 
Furthermore, additional damping layer of different mate-
rial is unnecessary to enhance the ABH effect and to keep 
the optical transparency of the cantilever. In this way, the 
ABH effect can be applied in the field of micro-optical de-
vices by combining factors such as microdimension and 
transparent material. This study is the first approach of 
ABH (vibration dynamics) toward micromechanical and 
optical systems.

It seemed all laser-affected area was washed away after 
etching, although residual exposure effects were observed 
through vibration test with various tapered length cantilevers. 
This modified layer affects the dynamic behavior of the mi-
crofabricated structural object, and gives an additional damp-
ing effect on micro-3D structural objects.
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