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Understanding the behavior of water-immersed membranes in the megahertz range is critical to develop
novel acoustic metamaterials compatible with biomedical ultrasound applications. Herein, we study the
influence of water on the resonance frequency and quality factor near the megahertz range of silicon nitride
membranes fully immersed in water using Laser Doppler Vibrometry. The resonance frequency of silicon
nitride membranes significantly decreases in water compared to air. For a 40 pm wide membrane, the
resonance frequency is reduced from 11.2 MHz in air to 1.24 MHz after immersion in water, which is confirmed
by finite element method simulations. Our results indicate that the water mass loading plays a major role in
the resonance frequency reduction, with a ratio of water mass to membrane mass of Mwater/Mmembrane ~10?
and NAVMI factors of I' ~1.3. We attribute the main losses to acoustic radiation with small contributions
from viscous damping. We estimate that silicon nitride membranes with widths below 50 pm are required
to build negative metamaterials operating above 1 MHz. The large NAVMI factors suggest strong coupling
between membrane motion and acoustic waves in water, which is important to develop metamaterials able to

manipulate acoustic fields.

I. INTRODUCTION

Membranes have emerged as crucial components to
obtain effective negative density in acoustic metamate-
rials by inducing opposite phase between pressure and
acceleration.' ™ Hyperbolic metamaterials with negative
effective density built by two-dimensional membrane ar-
rays have enabled super lenses with resolution beyond the
diffraction limit at 1 kHz.® When membranes enabling
negative density are combined with Helmholtz resonators
producing negative effective modulus®, double negative
metamaterials (i.e. negative density and negative mod-
ulus) can be obtained.”® These extraordinary materials
are predicted to enhance acoustic transmission through
high-contrast biological barriers such as the skull, which
could enable novel capabilities in biomedical ultrasound
such as non-invasive neurostimulation and transcranial
brain imaging and therapies. However, the experimen-
tal realization of negative acoustic metamaterials has not
reached the operating frequency of medical ultrasound.
The implementation of membranes with resonance fre-
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quency in the MHz range in water is one of the major
challenges which needs to be solved.

Silicon nitride (SiNy) membranes are widely used as
mechanical resonators in microelectromechanical systems
(MEMS) and have broad applications such as pressure
sensors and transducers, membrane sieves, microres-
onators, and microfabrication shadow masks'®'7. They
are remarkably strong against static loads and chemically
stable in a wide range of environments.'® These proper-
ties make SiNy a natural candidate to produce membrane
components in acoustic metamaterials operating in high-
frequency range. There are several studies on SiNy mem-
branes used as capacitive ultrasound transducer®29,
filters'®, and pressure sensors?!, but there are no specific
studies on their resonance behavior in the MHz range
fully immersed in water. Solid plates dominated by flex-
ural rigidity immersed in liquid have also been studied??,
but the resonance frequency of membranes with residual
tensile stress operating fully immersed in water still near
the MHz range remains largely unexplored. The main
limitation to achieve MHz resonance frequency is the
strong reduction in resonance frequency of mechanical
resonators upon immersion.23 2% The main factors caus-
ing this reduction are the kinetic energy transfer from the
membrane to the liquid and the viscous losses.?6:27 Un-
derstanding the resonance frequency reduction of SiNy



membranes and damping phenomena are important for
their implementation in acoustic metamaterials for ultra-
sound imaging applications.

Herein, we study the reduction in resonance frequency
and quality factor of SiNy membranes from air to water.
Previous reports have suggested that unit cells in the
100 wm range could operate around 1 MHz in water®,
therefore, we decided to study membranes with widths
around 100 pm, fabricating membranes with widths be-
tween 40 and 160 pm wide. The membrane vibrations
are studied using Laser Doppler Vibrometry (LDV), al-
lowing measuring the resonance frequency and imaging
their respective vibration modes. We also use finite el-
ement methods (FEM) to simulate the behavior of the
membranes. From the experimental values of resonance
frequency and quality factor (@ factor) we extract the
water loading added mass, the non-dimensionalzed added
virtual mass incremental (NAVMI) factor, the damping
ratio and the damping coefficient for different vibrating
modes of membranes with different sizes. The estimated
NAVMI factor and damping coefficients are crucial pa-
rameters that will facilitate the design of SiNy mem-
branes for negative acoustic metamaterials close to rele-
vant medical ultrasound frequencies.

1. METHODS

The membranes were designed with square shape and
widths of 40, 80, 120 and 160 pm aiming to reach reso-
nance frequencies around 1 MHz in water. Fig. 1(a) illus-
trates the microfabrication of the suspended SiNy, mem-
branes for this study which is based on conventional KOH
etching. Our process starts with a 400 um-thick, double-
sided polished silicon wafer (4-inch (100) silicon wafer,
University Wafer Inc., MA, US) with 200 nm-thick SiNy
layers deposited on both sides by low-pressure chemical
vapor deposition. Then, a chrome metallic layer is de-
posited on the top (membrane) side to protect the top
SiNy during wafer processing. Ultraviolet photolithogra-
phy was then carried out on the back side of the wafer
with a positive photoresist (AZ12XT-10PL, Microchem-
icals, Ulm, Germany), followed by SiNy dry etching on
the backside to define opening windows for KOH etch-
ing. Then the photoresist and Cr protective layer are re-
moved. Finally, the topside SiNy thin film was released
by KOH wet anisotropic Si etching (40 wt%, 80°C, 5
hrs). The wafer is cleaned in a HCI bath for 30 min for
potassium decontamination followed by RCA cleaning.
Fig. 1(b1)-(b4) shows an optical microscope image of four
membranes with different membrane widths on the front
side of the chip. Due to fabrication process limitations,
the final membranes had slight variations from the de-
signed values. For example, the membranes in Fig. 1(b1)-
(b4) have actual sizes of 39 pwm, 82 pm, 118 pm and
157 pm in width. An important aspect from the fabri-
cation are variations in thickness. Supplementary infor-
mation (Fig. SI-1) shows the experimental mapping and

thickness fitting data from ellipsometry (J.A. Woollam
M-2000D Ellipsometer) confirming the thickness of 204
nm with a variation of & 2 nm. Fig. SI-2 also shows that
the thickness of the SiNy layer is 200 nm. It also shows
SEM images of the 39 pm wide suspended membrane
morphology from the backside of the silicon substrate,
showing the KOH cavities.

LDV measurements?®3% were performed with a UHF-
120SV equipment (Polytec, Waldbronn, Germany) with
the measurement setup shown in Fig. 1(c). The mem-
branes were excited by a 4 by 4 cm square shape lithium
niobate thickness-mode device with an adhesive putty ab-
sorber between the lithium niobate and the silicon chip
hosting the membrane. The distance between the lithium
niobate and the membrane was set at 1 cm to prevent
dynamic or near-field coupling between the membrane
and transducer, ensuring that any vibration in the mem-
brane is induced via the fluid.?! The excitation from the
water on the Si frame is expected to be negligible in com-
parison to the water-membrane coupling given the large
acoustic impedance difference between water and sili-
con. The membranes were excited with a chirp wave by
a vector signal generator (SMBV100A, Rohde Schwarz,
Germany) and an amplifier (ZHL-32A+, Mini-Circuits,
Brooklyn, NY) before being applied to the face electrodes
of the lithium niobate. Frequency sweeps were performed
from 9 kHz to 20 MHz in air and from 9 kHz to 4 MHz
in water with 625 Hz steps in both cases. The chirp
wave period was set to 1.6 ms to match the average time
elapsed between each LDV measurement from point to
point as it scanned across the membrane. Each displace-
ment measurement was averaged ten times to reduce the
potential signal noise. Four samples for each membrane
dimension were measured from which the average and
standard deviation of the resonance frequency and @) fac-
tor were extracted. Size variations were mainly due to
the fabrication process. Lorentzian distributions curve
fitting characteristic of resonance responses of dynamic
systems were utilized to extract the peak position and @
factor for each resonance. The experimental @) factor is
calculated by Qexp = fr/(f2 — f1) where fi and fo are
frequencies at which the amplitude of is 1/ V2 times of
the resonance frequency fr. Since our LDV setup pro-
duces a laser spot of 3 um in diameter, we were able
to study the (1,1), (1,2), (1,3)+(3,1), (1,4) of the mem-
branes. However, in the particular case of the 39 um
wide membranes, the laser spot was too wide to resolve
the (1,3)+(3,1) and (1,4) modes.

Simulations in air were performed using the built-in
thermo-acoustics model in COMSOL Multphysics, con-
sidering the thermal and viscous damping effect in wa-
ter. The linearized Navier-Stokes equation was solved
with the thermoviscous boundary layer condition. The
thickness of the thermo-viscous boundary layer is set as
Oy = 0.57(um)@ where f is working frequency?2.
The velocity of sound in water is 1480 m/s and bulk vis-
cosity is 2.47x 1073 Pa-s.3% The resonance frequency and
quality factor can be obtained by eigenfrequency simula-



tion. For each multimode vibration shape, the resonance
frequency is calculated by FEM resulting in a complex
number frequency (fr = freal + @fimag). The real part
(freal) represents the resonance frequency and the imagi-
nary part (fimag) shows the dissipation. Thus, the @ fac-
tor at resonance can be obtained from Q = freal/(2fimag)-

IIl. RESULTS AND DISCUSSION

The LDV characterizaton of an 82 um wide SiN, mem-
brane is shown in Fig. 2, showing the resonance frequency
and @ factor in air and water. Fig. 2(a-c) show the nor-
malized displacements and mode shapes of the membrane
in air with Lorentzian fittings for the resonance peaks.
The resonance frequencies in air for (1,1), (1,2) and
(1,3)+(3,1) modes are ff = 5.38 MHz, f§ = 8.49 MHz
and f{f = 12.3 MHz. The mode (1,3)+ (3,1) is actually
a superposition of the natural (1,3) and (3,1) modes as
discussed in the Supplementary Information in Fig. SI-3.
In the case of the (1,2) modes, there might be also some
superposition of the (1,2) and (2,1) modes, also discussed
in the Supplementary Information in Fig. SI-4. Fig. 2(d-
f) show the results for the same membrane, 82 pm wide,
immersed in water. The drastic decrease in resonance
frequency from air to water is evident. The (1,1) mode
frequency is reduced by ~10x from ff‘f{ = 5.38 in air to

14t = 0.44 MHz in water. Similarly, the resonance
frequency for the higher modes are reduced from 8.49 to
1.17 MHz for the (1,2) mode, and from 12.3 to 1.87 MHz
for the (1,3)+(3,1) mode. The @ factor is also reduced
after water immersion. For the (1,1) mode, @ reduces
from 138.1 to 5.31, illustrating the strong damping forces
affecting the motion of the membrane in water.

We compared experimental LDV measurements with
analytical calculations and FEM simulations. Fig. 3(a)
shows the resonance frequency as function of membrane
width for the (1,1) mode, exhibiting good agreement be-
tween experimental measurements in air by LDV (red
squares), FEM simulation in air (red line), and analytic
theoretical values (black dotted line). The theoretic res-
onance frequency values of membranes are extracted by
the following equation:3*
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where a is the membrane width, and h = 200 nm is the
thickness; p = 3170 kg/m?® and v = 0.23 are the density
and Poisson’s ratio of silicon nitride; f}r is the natural
frequency for 7,7 mode where ¢ and j refer to the num-
bers of half-wavelengths present in the mode shape along
the x and y axes; N is the linear tensile load; J; is a
constant that depends on the mode number and bound-
ary condition (J; =1.248 for clamped membranes); A; ;
are geometrical parameters for the 7 and j modes.?* The
experimental and theoretical values for higher resonance

modes are shown in the Figure SI-5 and listed in Table SI-
1 in the Supplementary Information. The resonance val-
ues at different mode shapes show also a good agreement
between experiments, simulations, and analytical result.
The overall frequency mismatch between experimental
and simulation results is less than 5%. A critical param-
eter that determines the membrane vibration behavior is
its tensile stress. This value is calibrated by matching
the calculations for resonance frequency from Eq. 1 with
LDV measurements for various resonance modes. The
calibrated value obtained from the (1,1) mode is 1.2 GPa.
The results from higher modes (1,2) and (1,3)4(3,1) also
confirm the stress of membrane of 1.2 GPa.

Fig. 3(a) clearly shows the drastic reduction of reso-
nance frequency in water. For the (1,1) mode and for
widths from 160 to 40 pm, the membranes in air (red
line/squares) reach a frequency range of ~ 2.59 — 11.2
MHz, but after immersion in water, the range decreases
to ~ 0.18—1.24 MHz (blue line/squares). Fig. 3(b) shows
the ratio of frequencies in air to water ( fa” /15 a
function of width for the (1,1) mode. For 40 um, the
ratio f?“r/fWater is ~9, while for 160 pm it reaches ~14.
This reduction in resonance frequency after water immer-
sion is observed for higher resonance modes. Fig. 3(c)
shows f7] air and Wjater for the higher resonance modes for
a 118 um wide membrane and Fig. 3(d) shows the cor-
responding falr / f""‘“er ratios. The natural mode (1,1)

shows the largest reduction with f{if/f#*" ~15, while
the higher (1,4) mode shows a smaller reductlon with
f‘”’r f{"”jjter ~6. The @ factor also shows a strong re-
duction for different widths and modes. For the (1,1)
mode, the @ factor drops to Qwater < 10 for the all the
membranes from 40 to 160 pm as shown in Fig. 3(e). In
particular, the largest drop occurs for the smallest 40 pm
membrane , dropping from Qi = 694 to Qwater = 5.6.
The @ factor for different modes of the 120 um mem-
branes is shown in Fig. 3(f). In addition, we explored
the behavior of circular membranes by simulations since
fabrication of circular membranes at this size scale poses
more challenges. In the Supplementary Information in
Fig. SI-6, we present the resonance frequencies for cir-
cular frequencies, f{'] and f""ater7 as well as the ratio of
the frequencies (f / fwatcr) for diameters of 40, 80, 120
and 160 um. The results show the similar trends, with
a drastic reduction in frequency from air to water. For
40 pm, the ratio f{/fi¥3%" is ~7, while for 160 pm it
reaches ~15.

To analyze the reduction in frequency, we first look at
the contribution from water loading that causes a transfer
of kinetic energy from the membrane to the liquid. From
the resonance frequency in water and mass, the added
mass for mechanical resonators in liquid can be estimated
from the expressions:3°

fwatcr o Mmembrane (2)

fair mmembrane + mwater
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The ratio of the water added mass (Mmyater) over
the membrane mass (Mmembrane) as function of mem-
brane width for different modes is plotted in Fig. 4(a).
It increases as the width (a) increases, starting at
Myater/ Mmembrane 80 for a = 40 um up to
Myater/ Mmembrane = 212 for a = 120 um, followed by
slight decrease to 206 for a = 160 wm. The large ratios of
Myater/ Mmembrane indicate that the restoring elastic force
of the membrane is also transferred to a water body much
larger in mass than the membrane itself. For the higher
(1,2) and (1,3)+(3,1) modes, the Mmyater/Mmembrane ra-
tio decreases to a range from 25 to 100, with a closely
linear increment as function of membrane width. The
added mass can be quantified by the nondimensionalized
added virtual mass incremental, or NAVMI, factor re-
flecting the ratio of kinetic energy of the water to the
kinetic energy of the solid membrane®3. The shift in res-
onance frequency and the NAVMI factor (') are related
by:23

water
S = 1/V1+T8 (4)
%,
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where 8 = dpya/ph is a thickness correction factor and
pw 18 the water density. The NAVMI factor can be un-
derstood as a ratio between the membrane width a and
the thickness of the water layer following the membrane
motion l,,. The NAVMI factor is plotted in Fig. 4(b)
as function of membrane width for different modes. As
expected from the added mass values in Figure 4(a), the
NAVMI values for the (1,1) mode are higher than for
(1,2) and (1,3)+(3,1) modes. For the (1,1) mode, based
on the NAVMI factor range of I' ~ 1.3 — 0.8, it can be
estimated that the water layer following the membrane
motion is close to the actual width of the membrane.
However, it should be stressed that the membrane is
not in a symmetric environment. One side of the mem-
brane faces the Si chip cavity with size ~a, while the
other side has an infinite opened geometry, therefore, the
layers of water following the membrane can be different
on the two sides. As the membrane is reduced, the Si
cavity is also reduced and this may affect the NAVMI
factor of smaller membranes. In the case of the higher
(1,2) and (1,3)+(3,1) modes, the NAVMI factor is smaller
and shows a behavior independent of size. For a given
membrane width, the NAVMI factor clearly decreases for
higher resonance modes as shown in Fig. 4(b). This is
expected as the propagation in water of acoustic waves
following higher membrane modes is more difficult com-
pared with (1,1) mode that can easily couple to pres-

sure acoustic waves. Previous reports on clamped cir-
cular plates (motion driven by flexural rigidity) in in-
finite open geometries have reported NAVMI values of
I' = 0.35 for natural (1,1) mode and lower values of
I' < 0.3 for higher order modes.?? In our case, our nat-
ural (1,1) mode for squared clamped membranes gives
a higher NAVMI factor, indicating a stronger coupling
with water motion. The higher values in our case can
be due to the cavity geometry on one side of the mem-
branes, which may extend the water motion coupled to
the membrane as compared with an infinite open geome-
try. Another reason for the larger NAVMI factor maybe
that for our thin membranes, the restoring force is driven
by residual stress that is thickness independent, whereas
plates are driven by flexural rigidity that require thicker
dimensions to achieve same restoring forces. Therefore,
the ratio of water mass to membrane mass is expected to
be higher than for plates.

The main damping mechanisms in water are acoustic
radiation and viscous losses. The Reynolds number for

our membranes can be expressed as:36

2

pfwwatera
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where p¢ is the fluid density, wyater is the angular fre-
quency in water, and pu is the bulk viscosity. For the (1,1)
mode (Wyater ~ 27 x 10% rad/s), we obtain R, = 3327
for the 39 pm membrane and R, = 7826 for the 157 pm
membrane. These large Reynolds numbers suggest an
low viscous fluid regime in which the main damping fac-
tor is the energy lost through acoustic radiation, which
as mentioned earlier, seems probable due to the large
NAVMI factor and added mass values. The damping ra-
tio ¢ = 1/(2Q) is shown in Fig. 4(c) as function of mem-
brane width for different resonance modes. The damping
ratio ( is the highest for the (1,1) mode, reaching ¢ ~ 0.1.
The (1,2) and (1,3)+(3,1) modes have smaller damping
ratios of ¢ = 0.01 —0.03. The damping behavior of these
modes requires further studies since their motion is in-
fluenced by the super-position of the (1,2) and (2,1), and
(1,3) and (3,1) modes, respectively. Understanding the
contribution of each natural mode to the superposition is
required to understand the damping of the membranes at
their particular modes. The supplementary information
(Fig. SI-3 and SI-4) contains images of these modes and
the superposition result. Since ¢ < 1 for all cases, we can
assume that the membrane oscillations are underdamped,
which is crucial for the operation of the membranes as
acoustic metamaterial components. The damping coeffi-
cients

o Mmembrane T Mwater (7)

"Y - Q water

are shown in Fig. 4(d), showing a decrease as membrane
width decreases. This is encouraging for acoustic meta-
materials targeting operation above 1 MHz. Based on
Fig. 4(d), it is possible that membranes below 40 pwm can



reach higher frequencies without suffering strong over-
damping, allowing effective interactions between mem-
branes and acoustic waves.

IV. CONCLUSIONS

This work reports the significant reduction in
resonance frequency when membranes with widths
a=40—160 um are immersed in water, reaching a ~10x
reduction factor. Based on our measurements, to achieve
resonance frequency in water >1 MHz, SiN, membranes
with widths below 50 um are likely required. The strong
reduction in frequency is associated with a heavy water
loading effect, reaching mass ratios of myat /Mmem ~ 102.
The NAVMI factor reaches values close to I' ~1 for the
first (1,1) mode, indicating that the water layer [,, fol-
lowing the membrane motion is close in magnitude to the
membrane width, i.e. I, ~a. Lower NAVMI values in the
0.2-0.4 range are obtained for higher modes. Based on
the estimated Reynolds number, R, >3000, for the mem-
branes studied, we infer that the main losses are due to
acoustic radiation with limited effect from water viscos-
ity. This is supported by the large NAVMI value for the
(1,1) mode. This is a positive aspect for membranes as
acoustic metamaterials components, suggesting a good
coupling between membrane motion and acoustic waves.
The damping coefficients for the (1,1) mode for 40 pm
membranes is ~10~%, with higher values as the mem-
brane width increases. These may indicate that smaller
membranes with higher resonance frequencies above 1
MHz will not be severely affected by damping effects.
The presented NAVMI factor and damping coeflicients
can serve as guidelines to design membranes for negative
acoustic metamaterials operating in the MHz range for
medical ultrasound applications. Further studies are re-
quired to analyse the coupling between the membrane
vibration and acoustic radiation. An effective energy
transfer from the membrane motion towards acoustic ra-
diation would favor the manipulation of acoustic fields
through negative metamaterials based on membranes.

SUPPLEMENTARY INFORMATION

Supplementary Information contains: Fig. SI-1 with
SiNy thickness data from ellipsometry; Fig. SI-2 with a
SEM cross section of SiNy layer and the backside mor-
phology of suspended SiNy membrane; Fig. SI-3 and SI-4
showing the superposition of modes (3,1) with (1,3), and
(2,1) with (1,2), respectivly; Fig. SI-5 with plots with
resonance frequency for different membrane widths and
vibration modes from experimental measurements and
simulations; Table SI-1 that contains results from differ-
ent membrane widths and modes with analytical values
of resonance frequency in air, experimental values of res-
onance frequency in air, experimental values of resonance
frequency in water, @ factor in air, and @ factor in wa-

ter; Fig. SI-6 showing ff“{ and fff?ter and the ratio of
air

the frequencies (ff/f{4*") in air and water for simu-
lated circular membranes;
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FIG. 1. (a) Process flow for the microfabrication of suspended silicon nitride membranes using photolithography to define
etching windows, followed by KOH wet etching of Si for membrane release. (bl)-(b4) Optical image of SiNx membranes with
different membrane widths of 39 pm, 82 um, 118 pm and 157 pum; Scale bar: 100 pm, (¢) LDV experiment setup for resonance
frequency measurements.
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FIG. 2. SiNx membrane characterization: (a)-(c) Measured resonance frequency and mode shapes by LDV of an 82 pm-square
SiNx membrane in air. (d)-(f) Measured resonance frequency and mode shapes by LDV of the same membrane in water. Red
solid lines correspond to Lorentzian fittings.
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FIG. 3. (a) Resonance frequency as function of membrane width in air and water from LDV measurement, FEM simulations
and analytical calculations. (b) Ratio of resonance frequency in air to water ff‘,i{ /fi¥3*" as function of membrane width for
(1,1) mode. (c) Resonance frequency for different vibration modes for a membrane 118 um wide in air and in water. (d) Ratio
of resonance frequency in air to water f7/f#" for different membrane modes of a 118 um wide membrane. (e) Q factor in
air and in water as function of membrane width in air and water for (1,1) mode. (f) @ factor for different vibration modes for

a membrane 118 um wide in air and water.



a)soo b
( ) —m—(1,1) ( )1_4- —u—(1,1)
250 b —u—(1,2) L - —m—(1,2)
=E=(1,3)43,1) 12} ‘“‘——ﬂ\ —m—(1,3)+(3,1)
— L o
@ 200 .
: e 5 10f
£ - S
150 - 8 o8 .
£100 | 0.6}
3 ] <
| [ ] = b
F /‘?. 04| - L] L]
50| T -
/. L -— . =
oL il . ) . . 0.2}
o 100 150 20 40 60 80 100 120 140 160
(c) Membrans width {um) (d) Membrane Width (zm)
0.15 - 183
"‘51'” F [—m—(1,1)
—m—(1,2) Y Bl iy "
—m=(1,343,1) s | —:—11:3;4-(3,1) / B
/ 2 | )
£
o 010} . = "
o 2 n u -
£ % b b /
=3 o
£ )
§ oos| >
=3
- i—— ] £
a
0.00 L L L L L L L 1E-5 1 1 1 1 1 1 1

20 40 60 80 100 120 140 160
Membrane Width (zm)

20 40 60 80 100 120 140 160

Membrane Width (um)

10
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