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We present the design of negative refractive index acoustic metamaterials operating at near-megahertz fre-
quencies, intended for the eventual aim of enabling enhanced acoustic transmission through high impedance-
contrast biological layers. Leveraging the concept of complementary acoustic metamaterials, the negative
effective properties of the metamaterials are designed to match the magnitude of an ultrasound-blocking,
high impedance-contrast layer’s properties. The negative properties are obtained using a linear array of unit
cells containing Helmholtz resonators and membranes. Using finite element and analytical models, we calcu-
late the band structure and the effective modulus and density of the proposed negative metamaterials. Using
the full three-dimensional model of the metamaterials, we then simulate the enhancement of ultrasound trans-
mission, through layers with high impedance-contrast to water. For instance, we see an improvement from
80% transmission through a high impedance layer alone to 98% transmission through the metamaterial-plus-
high-impedance layer combination. Scaling arguments are provided to estimate the system dimensions needed
to provide higher operational frequencies appropriate for imaging and high-intensity ultrasound applications.
Finally, as a proof of feasibility, a preliminary experimental realization of the unit cell structure, created using
the nanofabrication approach, is presented and tested in the near-megahertz regime. These results provide
an important step toward metamaterial-enhanced devices for non-invasive biomedical ultrasonic imaging and
therapy.

I. INTRODUCTION

Acoustic metamaterial engineering has grown signifi-
cantly over the past two decades!'®, as it enables un-
precedented and beneficial material behaviors. One of
the most counter-intuitive and desired behaviors has been
a negative acoustic refractive index, predicted—among
other features—to enable imaging beyond the diffraction
limit®*®. Such negative index materials simultaneously
exhibit a negative effective density and a negative elastic
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modulus, and are achievable through the proper design
of arrays of locally resonant elements®“42, The finite
element method (FEM) has furthermore been used to
show that negative index materials, when matched ap-
propriately to a layer with high impedance-contrast to
the medium of interest, could act to effectively “cancel”
acoustic wave reflections from, and enhance transmission
through the layer. The metamaterial thus acts as a “com-
plementary acoustic material” (CAM je-L0m18,

In Ref. [I7], it was suggested that a CAM could be used
to improve biomedical ultrasound imaging through dense
layers positioned between the transducer and the medium
of interest, for example, imaging the brain through the
skull. This capability could also be used in concert with
other demonstrated techniques aimed at enhancing ultra-
sonic signal quality, including time reversal, phase con-
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jugation, and phased array methods™21, However, ex-
isting realization of negative refractive index metamate-
rials operate at much lower frequencies—around tens of
kHz frequencies or below—than biomedical ultrasound at
~2 to 15 MHz for most diagnostic imaging techniques2?
and ~0.25 to 2 MHz for high intensity focused ultra-
sound®¥24. An exception to this is the demonstration
of Ref. [13], wherein a suspension of macroporous mi-
crobeads produced a negative refractive index at near-
MHz frequencies. One of the limitations of Ref. [I3] is
the disorder implicit in the design, which may limit fu-
ture design possibilities. Examples of acoustic metama-
terials operating in this frequency regime for nanome-
chanical signal processing applications have also been
demonstrated, but can be expected to have poor energy
transmission into, and compatibility with, biological ma-
terials®™. Indeed, the initial proposal for using a com-
plementary acoustic material to cancel aberrating layers
operated at ~50 kHAZ.

In this work, we present the design and analysis of
near-MHz negative effective refractive index acoustic
metamaterials intended for eventual use in biomedical ul-
trasound applications. The metamaterials are based on
a waveguide architecture incorporating membranes and
Helmholtz resonators 812 We present two main designs
for use with a blocking or target layer, which serves as
our medium of interest. In the first design, the target
layer has an impedance less than water, and in the sec-
ond design, the target layer has an impedance greater
than water. These metamaterial designs are defined,
respectively, as the “high-” and “low-impedance” meta-
materials. We analytically and numerically, using FEM
simulations, calculate the dispersion band diagrams for
the resonant elements of the metamaterials, and retrieve
the effective densities, elastic moduli, and refractive in-
dices of the acoustic metamaterials from these results.
Via FEM simulations, we furthermore demonstrate the
ability of both of our metamaterial designs to serve as
one-dimensional (1D) CAMs, in each case complement-
ing the target layer in order to enhance the passage of
ultrasound. We envision these structures to be assem-
bled into a quasi-1D array where multiple channels are
stacked next to each other. Finally, we present acous-
tic wave transmission experiments on the low-impedance
metamaterials, seeking to validate both the design of the
metamaterial unit cell structure and our analytical and
numerical results by comparison.

Il. DESIGN AND PROPERTIES OF THE STRUCTURE

The concept of extraordinary ultrasound transmission
through a layer that has a large impedance mismatch
with the surrounding medium using a CAM™? is shown
in Figure a). The proposed CAM structuré®? is
composed of a three-dimensional array of SiNy mem-
branes that produce a negative effective density?? 32 and
Helmholtz resonators that produce a negative effective

modulus?®#29, In this study, we only investigate the ef-
fective properties of 1D chains of the constitutive blocks,
as are shown in Fig. [[[b). It is known that by tuning the
resonant frequencies of each element, a double negative
frequency range can be achieved where both the density
and modulus are negative, and the phase velocity op-
poses the group velocity. Since the periodicity, defined
by a unit cell length D, of our proposed metamaterial
is smaller than the corresponding wavelength in water
(D ~ A\/7 at 1 MHz), the metamaterial can be consid-
ered, as a first approximation, to be a strongly dispersive,
homogenized medium. In the following section, we use an
analytical lumped-element model®® to describe the dis-
persion of metamaterials composed of ) only membranes,
11) only Helmholtz resonators, and ii:) membranes and
Helmholtz resonators together.
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FIG. 1. (a) Principle of extraordinary acoustic transmission
via complementary acoustic metamaterials (CAMs). (b) One-
dimensional chain CAM composed of a channel with periodi-
cally assembled SiNyx membranes and Helmholtz resonators.

A. Dispersion band diagram

A membrane-based acoustic metamaterial exhibits a
dispersion relation of k = w+/pesr/Bo, where k is the
wavenumber, w is the angular frequency, By = poci is
the bulk modulus of water, and c¢g is the sound speed



in water. The water density is denoted as py and the
effective metamaterial density is peg. The last term may

be expressed as
2
7 “om
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where p' = M/V is the average density, M is the total
mass, V' is volume of fluid in the unit cell, and wq,, is the
membrane’s fundamental resonant frequency. In the an-
alytical lumped model, the membranes do not influence
the effective modulus of the metamaterial.

The dispersion relation of a Helmholtz-resonator-based
acoustic metamaterial is defined as: k = w+/po/Bet,
where Beg is the effective modulus. Its related compress-
ibility Bgﬂl is expressed as

w2y — w?

B = (14
where wog is the Helmholtz resonator frequency and
wig is the resonance corresponding to the Helmholtz
resonator connected to the channel**#%, Following the
lumped element model, the metamaterial’s effective den-
sity is not influenced by the Helmholtz resonator and is
assumed to be the density of water. Other studies3? have
shown that, while the effective density can indeed vary
around wqp, the constant density assumption remains
sufficiently accurate for predicting the effective modu-
lus. In our study, the resonant frequencies of membranes
and Helmholtz resonators are estimated via FEM simu-
lations (COMSOL Multiphysics version 5.3, COMSOL
Inc.) and then implemented in the analytical model.
In determining the resonances of the unit cell compo-
nents, a water-filled (density p = 1000 kg/m? and bulk
modulus By = 2.19 GPa.) cavity of 500x500x10 um in
size is connected to a neck 50x20x10 um formed from
rigid walls to create the Helmholtz resonator, and the
membranes are square, 70 um on a side, 660 nm thick,
and made from silicon nitride (SiNy). The membrane
prestress is set to be 400 MPa, based on wafer curva-
ture film stress measurements of the experimentally fab-
ricated membranes (which is later described in detail).
The aforementioned dimensions and prestress values(see
the Supplemental Material [43] for further simulation de-
tails) are for the low-impedance metamaterial design. For
this low-impedance metamaterial configuration, the res-
onance frequencies are estimated via FEM simulations
to be wop/(27) = 0.23 MHz, wiy/(27) = 0.44 MHz,
and wo,/(27) = 0.43 MHz, and the resulting dispersion
relations are shown in Fig. For the Helmholtz res-
onators and membranes, Fig.(a) and (b) provides their
individual dispersion relations, respectively, as solid red
lines. The dispersion relation of the combined Helmholtz
resonator and membrane unit cell is k = w+/pest/ Bet,
plotted as a solid red line in Fig. [2[c).

These analytical estimates are compared to an FEM
simulation eigenfrequency analysis conducted on a water-
filled unit cell assembly with matching geometry as
shown in Fig. b). The membrane is placed across the

main channel at the Helmholtz resonator neck. All the
boundaries of the structure are modeled as acoustically
rigid walls, except the channel extremities, where Flo-
quet boundary conditions are applied to simulate a peri-
odically infinite system.

We simulate three different unit cells: ¢) the chan-
nel and one Helmholtz resonator, i) the channel and
one membrane, and #ii) the channel, one Helmholtz res-
onator, and one membrane. For all cases, the length of
the unit cell is D = 200 pm. The simulated dispersion
curves are provided in Fig. |2l as blue markers, and the re-
gions of negative density, negative modulus, and doubly
negative material properties are highlighted with colored
backgrounds (blue = Beg < 0, red = peg < 0, green =
Bet < 0 & per < 0). For each case, we also present
the normalized acoustic pressure transmitted through a
ten unit-cell-long structure with respect to the frequency
as a solid blue line. For the transmission simulations,
plane wave radiation boundary conditions are used for
the channel extremities, so that a plane wave is emit-
ted from one end of the channel towards the other end.
The size of the mesh elements were restricted to A/150 or
smaller, and the frequency increment was set at 1 kHz.
The reported pressure is normalized by the incident pres-
sure.

The analytical model and the FEM simulations of the
dispersion relations in Fig. [2| show good agreement in
all three cases. In Fig. 2fa), the Helmholtz resonators’
band structure shows a band gap between the natural fre-
quencies of the resonators where the effective modulus is
negative. The transmission clearly drops in the band gap
region. The phase velocity (v, = w/k) becomes infinite
at w = wiy. In Fig. b), the membranes alone produce a
band gap at low frequencies, w < wq,,, which can also be
seen via the transmission drop. For metamaterials com-
posed of both membranes and Helmholtz resonators, the
dispersion relation plotted in Fig. c) shows two band
gaps, one at w < wog which will be shown to correspond
to negative density, and a narrow one at wo;, < w < wig
that will be shown to correspond to negative modulus.
At the overlap of these bands, between woy < w < wWom,
a propagating band with opposite group and phase veloc-
ities can be seen in woy < w < wWom, between 0.23 MHz
and 0.43 MHz, which will be shown to correspond to a
negative refractive index. Some oscillations are visible
in the transmission spectrum shown in Fig. (a,c) for
the ten unit-cell structure over the frequency range cor-
responding to the lower propagating branch of the sys-
tems. These oscillations are due to acoustic interactions
between the unit cells and the surrounding environment
bounding the assembled structure, and the total number
of peaks (or resonances) is equal to the number of unit
cells in the structure.
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FIG. 2. Dispersion curves for the (a) Helmholtz resonator, (b) membrane, and (c) combined membrane and Helmholtz resonator
for the low-impedance metamaterial design, where won /(27) = 0.23 MHz, wig/(27) = 0.44 MHz, and wom /(27) = 0.43 MHz.
The solid red line corresponds to analytical predictions from Ref. [33], while the blue markers and solid blue line correspond
to our FEM results. The negative density and modulus regions are depicted by a colored background (blue = Beg < 0, red =
pett < 0, green = Beg < 0 and pegr < 0). The right panels of each subfigure plot the normalized transmitted acoustic pressure
through a ten unit-cell-long structure as a function of the frequency.
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FIG. 3.  Effective densities and moduli for the (a) Helmholtz resonator, (b) membrane, and (c¢) combined membrane and
Helmholtz resonator. The real and imaginary portions of the FEM analysis are plotted as solid blue and red lines, respectively,
while the dashed green lines correspond to the analytical model, comparable to the real component of the FEM simulation
results. The negative density, negative modulus, and doubly negative regions are highlighted blue = Beg < 0, red = peg < 0,
and green = Beg < 0 and peg < 0.

B. Estimation of effective properties and sound speed are then calculated from n and Z. For
plane waves normally incident on a sample of density peg
and sound speed cef = \/Beft/pest placed between two
identical media—in our case, water—on both sides, the
refractive index is

The effective properties of the metamaterials were cal-
culated via FEM analysis using the method developed
by Fokin et al®8, wherein the effective refractive index
n and acoustic impedance Z is extracted from reflection co icos*1 (%[1 —(R% - Tz)]) 2tm

and transmission coeflicients. The effective mass density n= Coff - kd + kd "’ (3)




and the acoustic impedance is
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where R and T are the reflection and transmission coef-
ficients, d is the thickness of the sample, and m is the
branch number of the arccosine function (which is equal
to zero for a single unit cell). We note that both the
refractive index and impedance are complex functions.
From eqs. and 7 the effective density and modulus
may be written as peg = nZpg and B(;_fl = (n/Z)B; ",
respectively.

To estimate the reflection and transmission coefficients
for a wave propagating through our metamaterial, we
placed a single constitutive block of the metamaterial
at the center of a channel of dimension 70x70x200 pm
in our simulation, and implemented a scattering ma-
trix formalism via a four-probe method: two pressure
probes before and after the sample. Plane wave radia-
tion boundary conditions were used for the channel inlet
and outlet, with a plane wave generated at, and prop-
agating from, the channel inlet. The other boundaries
were defined as acoustically rigid walls. The mesh and
frequency resolutions were kept identical to the earlier
simulations. Once the reflection and transmission coeffi-
cients were obtained, we estimated the effective density
and modulus from the refractive index and the acous-
tic impedance using eqns. and , respectively. The
signs of these equations were chosen assuming a passive
metamaterial, implying the real part of the impedance Z
remains positive. The imaginary part of n was chosen to
be negative,2% to ensure that the sound speed retains a
positive imaginary component.

Figure [3] shows the effective density and modulus ex-
tracted from three different unit cell arrangements for
the low-impedance metamaterial design, where a single
unit cell was used to extract the effective parameters: (a)
only Helmholtz resonators, (b) only membranes, and (c)
a combination of membranes and Helmholtz resonators.
Dashed green lines represent the analytical values while,
as before, the negative density and modulus regions are
highlighted by colored backgrounds. The real portion
of the simulated results (blue) should be compared to
the analytical results (dashed green). The single neg-
ative modulus or negative density regions are well de-
scribed. Likewise, the doubly negative region appears,
as expected, between woy < w < woy,. However, for the
Helmholtz resonator alone, the effective density around
wog varies in the FEM results while the simplified analyt-
ical model predicts a constant value. This effective den-
sity variation has been already observed in Ref. [35] and
is also present in the combined Helmholtz resonator and
membrane system (Fig.[3{c)). There is also a sharp drop
at the edge of the doubly negative regime in Fig. [3(c)
that corresponds to the transition from negative density
alone to doubly negative behavior.

C. Enhanced acoustic transmission

Enhanced acoustic transmission via CAMs was eval-
uated by simulating the acoustic propagation of ultra-
sound through low-impedance (Ziarget < Zwater) and
high-impedance (Ziarget > Zwater) target layers. The
evaluations were made both with and without the dou-
bly negative acoustic metamaterial. The target layer’s
properties were chosen to match those of the metamate-
rial for the purposes of this study. However, using the
results from this effort, a reader could later tailor the
metamaterial to the target layer.

For the low-impedance case, we chose a target ma-
terial matching the properties of the double negative
metamaterial described in Figs. 1,2 and 3 at a fre-
quency of 0.276 MHz, corresponding to parget = 0.09609,
Biarget = 0.786By, and Ziarget = 0.27Zp. For the en-
hanced transmission simulations we considered a 10 unit
cell, 2-mm long metamaterial structure matched with a
2-mm long target material. The dimensions, dispersion
curves and acoustic impedance for these simulations are
provided in the Fig. SI-1 (see the Supplemental Material
[43]). Figure [i{(a) provides schematics of the simulated
system and Fig. b) illustrates the results of enhanced
transmission through the low-impedance target layer at
0.276 MHz, showing the normalized transmission inten-
sity through: 7) an empty channel, ii) the target and sin-
gle negative only-membrane metamaterial i7¢) the target
and single negative only-HR metamaterial, iv) the target
material and double negative CAM, and v) the target ma-
terial alone. The normalized transmission intensity only
through the low-impedance target layer is 64%, but when
the CAM is added, the transmission increases to 85% at
0.276 MHz. When only single negative metamaterials are
used with the target material, the transmission drops to
less than 5%. This is expected because the investigated
frequency range corresponds to forbidden bands of prop-
agation for singly negative metamaterials (see Fig. .

We also design a double negative metamaterial to en-
hance transmission through high-impedance target lay-
ers. In this case, the membrane is thicker and stiffer,
1 pm thick with a residual tensile stress of 1.2 GPa. The
HR is also smaller, with a cavity size of 150x150x 10 pm,
a neck at 20x20x10 pm, and a narrower channel
(2020 pum). Furthermore, the length of the unit cell
is shortened to D = 100 um. The complete dimen-
sions are provided in Fig. SI-2 (see the Supplemen-
tal Material [43]). The dispersion relations and trans-
mission are given in Fig. a) and (b), showing two
band gaps (pest < 0) with their corresponding suppres-
sion in transmission, and a double-negative propagating
branch between ~1.5 and ~2 MHz. Using FEM simu-
lation, we tested enhanced transmission through a high
impedance layer at 1.93 MHz, at which the metamate-
rial shows double negative behavior with a maximum
acoustic impedance of Z.g = 1.97Z; (Fig. SI-2). For
the simulations, we again considered a 2-mm long, 20-
unit cell metamaterial structure matched to a 24-mm
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FIG. 4. (a) Schematics of the FEM simulations to study

enhanced transmission through high contrast-impedance tar-
get layers using negative metamaterials. (b) Enhanced trans-
mission through a low-impedance target layer (Ziarget =
0.27Zy). Each plot shows the normalized transmission
through an empty channel (Channel), the target layer plus
only membrane-based metamaterial (Memb+target), the tar-
get layer plus only Helmholtz resonator-based metamate-
rial (HR+target), the CAM and the target layer showing
enhanced transmission (Meta+target), and the target layer
alone (Target). At 0.276 MHz, the transmission increases
from 64% to 85%.

long high-impedance target material (prarget = 1.83p0,
Biarget = 2.14Bg, Ziarges = 1.97Zy). The transmission
using the high-impedance target material is provided in
Fig. Bfc), showing that the transmission at 1.93 MHz
improves from 80% without the CAM to 98% using the
CAM—almost perfect transmission. As before, the use of
single negative metamaterials strongly suppresses trans-
mission.

In these simulations, we never achieve perfect, 100%
transmission for our double-negative CAM. This is ini-
tially unexpected, given there is no dissipation in the
simulation and experience from theory where an ideal,
homogeneous CAM might achieve perfect transmission.
The metamaterial is composed of discrete resonant com-
ponents rather than a homogeneous idealized material.
Further, the complex geometry of each unit cell, such
as the Helmholtz resonator’s neck, will scatter acoustic
waves. A more detailed analysis on the fluid behavior
inside the unit cells would likely provide more informa-
tion about these losses in the metamaterial. The system
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FIG. 5. (a) Dispersion curves and (b) normalized transmis-

sion coefficients for the proposed high-impedance double neg-
ative metamaterial composed of membranes and HR. (¢) En-
hanced transmission through a high-impedance target layer
(Ziarget = 1.97Zp) with negative metamaterials.

also has a modest number of unit cells and a finite size,
both contributing to the discrete and therefore imper-
fect resonance response. The unit cells nearer the high-
impedance-contrast material or an end produce a differ-
ent response than the interior unit cells as they have dif-
ferent boundary conditions. In a structure with a limited
number of unit cells, 10-20 here, the effect of the bound-
aries of the structure and the cells adjacent these bound-
aries will be greater than in an ideal model of an infinite
number of such unit cells or even a structure of 100 or
more cells. A comparison of the results from the 10-unit-
cell metamaterial (shown in Fig. 2[c) and Fig. [f{b)) to
the 20-unit-cell metamaterial (shown in Fig. [5) supports
this view.

11l. PROOF OF CONCEPT AND FEASIBILITY

To evaluate the feasibility of the proposed metamate-
rials, we present the fabrication and experimental char-
acterization of two types of unit cells, membrane-only,
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the channel. The Helmholtz resonator is on the front and the membrane is on the back of the layer. (c-e) Experimental and
numerical normalized displacement of the first three membrane resonances, where (c) corresponds to the (1,1) mode, (d) to the
(1,2) mode, and (e) to the (1,3)4(3,1) mode.
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FIG. 7. Transmission results for the low-impedance metamaterial design. (a) The configuration used to obtain the results for
panels (b-g) with (Top) and without (Bottom) the Helmholtz resonator. (b-d) FEM and (e-g) experimental characterization
of the unit cell. The effect of introducing the Helmholtz resonator (HR) is shown in the FEM-derived normalized FFT plots
of frequency with respect to the Gaussian modulated sine wave index in (b, e) without the HR and (c, f) with the HR. (d)
Normalized FFT intensity from FEM for a central frequency of 0.24 MHz (vertical dashed black line), which corresponds to
index 5 (vertical dotted white line from panels (b, c)). (g) Normalized FFT intensity experimental for a central frequency
of 0.29 MHz (vertical dashed black line), which corresponds to index 10 (vertical dotted white line from panels (e, f)). The
Helmholtz resonance frequencies are highlighted by a gray background at (d) 0.23 MHz and (g) 0.27 MHz. Each individual
spectrum in panels (b) to (g) is normalized to that spectrum’s maximum.

and membrane-and-Helmholtz resonator, aiming to re- A. Fabrication
produce the properties of the low-impedance metamate-

rial presented in Fig. 2. A flowchart of the nanofabrication steps is provided in

Fig. SI-3 (see the Supplemental Material [43]). In sum-
mary, the structures are fabricated on 200 pm thick (100)



Si chips, which defines the length of the unit cell D. The
membrane-only unit cells are fabricated by depositing
660 nm thick silicon nitride (SiNy) films on both sides of
the chip by plasma-enhanced chemical vapor deposition
(PECVD). The film deposition step is very important
since deposition parameters such as pressure, tempera-
ture, and gas precursor composition and ratios affect the
residual stress of the SiN film that remains after fabrica-
tion. This tailoring of the residual stress allows us to tune
the resonance frequency of the released membranes 2042

After the SiN, deposition, the SiN, on the “back” side
is patterned to form windows by UV lithography and
dry etching. A deep reactive ion anisotropic dry etch
is then performed to remove 180 pum of the Si bulk and
form vertical walls. This is followed by anisotropic KOH
wet etching to remove the remaining Si bulk and form
the SiNy membrane. For the membrane-and-Helmholtz
resonator unit cell, 660-nm thick SiNy is deposited by
PECVD ounly on the “front” side of a blank Si chip (in
contrast to both sides in the membrane-only case). The
back side is then structured by UV lithography and a
Si dry etching process to produce the Helmholtz cavity
and neck with respective dimensions of 500x500 um and
50x20 pwm, both having a depth of 10 um. A 1 pum thick
SiNy layer is then deposited on the back side to protect
the topography of the Helmholtz cavity and neck during
the membrane fabrication steps.

To fabricate the membrane in the combined
membrane-and-Helmholtz resonator unit cell, windows
in the back side SiNy are defined by UV lithography
and dry etching, as in the membrane-only unit cell
fabrication procedure. As before, deep reactive ion
anisotropic etching and KOH wet etching are then
used to remove the Si bulk and form the front SiNy
membrane. Representative scanning electron microscopy
images of the fabricated structures are presented in
Fig. [6(a-b). We note that the Helmholtz resonator is
not fully enclosed after the single-unit-cell fabrication.
The Helmholtz cavity is formed as a result of clamping
together two unit cells, with the side of the next unit
cell forming the final wall of the cavity.

Since uniform and reliable fabrication is critical for the
metamaterial’s performance, our approach is based on
fabricating unit cell chips using cleanroom microfabrica-
tion and offers important advantages. The dimensions
and acoustic properties of each unit cell chip may be in-
spected before assembling to ensure that they are within
tolerance as predefined from FEM simulations and the-
oretical analysis. Furthermore, semiconductor fabrica-
tion is a very mature technology, with a broad range of
tools and decades of refinement to routinely produce mil-
lions of parts with nearly identical features.** However,
a downside of this approach is the precision required in
unit-cell alignment and assembly, which we have man-
aged to address here but may grow to be important with
an increase in frequency. We also note that a similar
fabrication approach can be used to develop double nega-
tive metamaterials for high-impedance barriers such as in

Fig. 5 and SI-2, however, the reduced cavity dimensions
and higher membrane stress requires further fabrication
development and processing.

We prepared membrane-only unit cells with three dif-
ferent silicon nitride membranes. In addition to the mem-
brane geometry used in Figs. [2]and [3] the two remaining
membranes were designed to have smaller widths and
higher pre-stresses in order to test our design’s potential
for reaching the ~1-10 MHz frequencies characteristic
of biomedical ultrasound technologies. For each type of
membrane we constructed and measured four nominally
identical samples.

B. Measurements

All of the samples were immersed in water and their
resonant frequencies and corresponding transverse vibra-
tion distribution was measured using a scanning laser
Doppler vibrometer (LDV, UHF-120-SV, Polytec). The
membrane was excited by a single period 2.09 MHz si-
nusoid wave with a 625 Hz repetition rate generated by
a (hard) piezoelectric disk (C-213 media, 1 mm thick
x 40 mm diameter, Fuji Ceramics, Ltd., Tokyo, Japan)
placed 2 cm from the sample and under the control of the
LDV. A uniform, square grid of 625 points was defined
across the entire membrane for the LDV measurement.
Each point was measured ten times and then averaged
to eliminate extraneous noise typical of interferometry-
based measurements that use specular reflections. The
Si and SiNy were both opaque to the 532-nm laser of the
LDV. Figure [6] provides the first three membrane mode
shapes obtained from both the experimental LDV mea-
surements (left) and the FEM simulations (right) for the
70x70x0.66 pm (400 MPa) membranes. These results
correspond to the membrane geometry and resonant fre-
quency information in Fig. The resonant frequencies
and mode shapes are closely correspondent in the LDV
measurements and FEM simulation results.

Table [ reports the resonant frequencies obtained from
both experiments and FEM simulations for the first
three modes of all three membrane types. The aver-
age values and standard deviations are computed based
upon the differences between the four nominally identi-
cal samples of each membrane type. By decreasing the
membrane width to 39 um and increasing its residual
stress to 1.2 GPa, we were able to measure a funda-
mental membrane resonance at 1.24 MHz, approaching
the working frequency range for biomedical ultrasound
technologies?™ 38, The observed variations in the fre-
quency response may be reduced by improving fabrica-
tion and alignment of the unit cells.

We also characterized the acoustic response of the
membrane-and-Helmholtz resonator unit cell. The mem-
brane for the combined unit cell has the same dimen-
sions and stress as the membrane-only unit cell shown
in Figs. specifically, 70x70x0.66 wm and 400 MPa.
The Helmholtz resonator was made with cavity di-



TABLE I. The resonance frequencies of three different membranes immersed in water along with their standard deviations (o)
for the three first modes of vibration from experiment and computation are in good agreement. The resonant frequencies are
the average values obtained by measuring four samples for each membrane size.

Membrane Frequency (MHz)

Size Residual mode (1,1) mode (1,2) mode (1,3)+(3,1)

(pm) stress (MPa)| fexp £ 0 | fsim ||fexp — fsim|| fexp £ 0 | foim ||fexp — fsim| fexp T 0 sim | |fexp — fsim|
70x70x0.66 400 0.68 £ 0.18| 0.43 1.380 1.32 £ 0.06| 1.32 0.000 2.31 £0.03 |2.35 1.330
82x82x0.20 1200 0.43 £0.01] 0.43 0.000 1.17 £0.01] 1.21 4.000 1.89 £ 0.06 | 2.06 2.830
39%x39x0.20 1200 1.24 £ 0.05| 1.43 3.800 3.32 £ 0.04| 3.72 10.000  |not measurable| 6.35 -

mensions of 500x500x10 pm and neck dimensions of
50x20%x10 um. As previously described, the membrane-
and-Helmholtz resonator unit cell was completed by
clamping a membrane-only unit cell to the open side of
the Helmholtz resonator cavity to form the fully enclosed
unit cell. The unit cells were immersed into DI water,
degassed for one hour, and assembled underwater with
screws through alignment holes present at the four cor-
ners of each chip.

As shown in the top illustration of Fig. m(a), clamping
these two samples together creates a second membrane
in this test configuration, which was then used to mea-
sure the acoustic response of the unit cell via LDV (with
~ 1 pm laser spot diameter). These results were also
compared with measurements on a membrane-only unit
cell that was clamped together with a wafer of the same
thickness and with neither a membrane nor a Helmholtz
resonator, instead containing only a channel as can be
seen in the bottom illustration of Fig. [fa). A Gaussian-
modulated sine wave packet was then generated as an
acoustic input via the piezoelectric disk as previously
described. The central frequency was swept from 0.2
to 0.3 MHz in increments of 0.01 MHz with fifty-times
averaging for each measured frequency. These results
are shown in Fig. b—d) from FEM simulations and in
Fig. [f[e-g) from experimental measurements.

The normalized fast Fourier Transform (FFT) intensi-
ties are plotted in panels (b, e) for the membrane-only
unit cells, and in panels (c, f) for the membrane-and-
Helmholtz resonator unit cells. The key feature to ob-
serve in the experimental data is the dip in transmis-
sion appearing at 0.267 MHz for the membrane-and-
Helmholtz resonator unit cell spectra (Fig.[7|f)), which is
absent in the membrane-only unit cell spectra (Fig.[7(e)).
We therefore attribute this dip to the resonant frequency
of the Helmholtz resonator. This feature is also ob-
served in the FEM simulations, but is shifted down to
0.237 MHz, resulting in an error of ~12% between the ex-
perimental and numerically predicted resonant frequen-
cies.

For further clarity, we also separately plot the spec-
trum for a 0.24 MHz center excitation frequency in
Figs. [(d) (FEM) and [7|(g) (experimental). The input
spectrum corresponds to the LDV measuring directly on
the transducer, and all spectra are normalized to their
own maximum. It is clear that the same dip can be ob-

served in the measured and simulated data. We suggest
that the differences between the experimental and FEM
numerical results for the Helmholtz resonator frequency
could be due to small deviations of the neck or cavity
during fabrication. For instance, if the Helmholtz cavity
was just 1 um deeper than expected, it would result in a
change in the resonance frequency of 0.03 MHz, close to
the deviation observed between the experimental and nu-
merical results. We should remark that these results do
not demonstrate double negative behavior, which would
require the analysis of acoustic phase shifts between the
input and output signals. However, the close match-
ing between the simulated and experimental spectral re-
sponse of the fabricated unit cells shows they are promis-
ing components as building blocks for double negative
metamaterials as demonstrated in the enhanced trans-
mission FEM simulations in Fig.[d and 5] The evolution
between the transmission through a single unit cell con-
figuration (Fig.[7]), and the transmission through the sim-
ulated metamaterial composed of 10 unit cells (Fig. c),
is shown in Fig. SI-4. In both cases, we note that the
transmission is suppressed at the resonance frequency of
the HR (wo, i /27 ~ 0.23 MHz), which will form the ulti-
mate edge of the negative index band as the number of
unit cells approaches infinity. Above wg, r, peaks corre-
sponding to high transmission appear, where the number
of peaks equal the number of unit cells in the system.

C. Feasibility for biomedical ultrasound applications

In order to utilize negative index metamaterials for
biomedical therapy applications, 1-10 MHz resonant fre-
quencies are needed for the membrane and Helmholtz
resonators, and a sufficiently large doubly negative band-
width must be maintained. These operating frequen-
cies can be achieved for the membrane, as seen by our
39 um wide and 1.2 GPa pre-stress membrane, by re-
ducing the membrane’s size and increasing its pre-stress.
Furthermore, the Helmholtz resonator is patterned by
standard nano-fabrication methods, and its depth, one
of the drivers for the resonator’s frequency, is determined
by the dry etching process.

Dry etching is routinely used to etch sub-micron
depths, suggesting that 1-10 MHz resonant frequency
resonators can be fabricated. Concerning the bandwidth,



we note that for our low-impedance metamaterial design,
wWom 18 in between wop and wq g, such that the difference
between wy,, and wyy bounds the bandwidth for our dou-
ble negative regime. In the case where wy,, is above w1y
and wgy, the difference between wy g and wyy will govern
the bandwidth for the doubly negative regime.

A key parameter affecting the frequency of wg,, and
wig is the unit cell period length D, wherein the pe-
riod affects the second Helmholtz resonator resonance
(wig) via the channel volume and the membrane reso-
nance (wom,) via the mass of the unit cell.
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FIG. 8. (a) The membrane resonance frequency, wom/(27),
is plotted as a function of the square membrane’s side length
while maintaining a constant 200 nm thickness and residual
stress of 1.2 GPa, for two period lengths, D = 20 and 100 pm.
(b) The resonance frequency, wom /(27), is plotted as a func-
tion of the Helmholtz resonator cavity volume for different
neck dimensions. (c) The resonance frequency, wim/(27), is
plotted as a function of the Helmholtz resonator cavity vol-
ume for different period lengths D (channel 25x25x D pm)
and a single neck dimension of 20x10x10 pum.

To explore the effect of the system dimensions on the
behavior of the membrane and Helmholtz resonator, we
study via FEM simulation the membrane resonance fre-
quency as a function of the square-shaped membrane lat-
eral dimensions for a membrane thickness of 200 nm, an
initial membrane stress of 1.2 GPa, and two unit cell
lengths, 20 and 100 pm, as shown in Fig. a). We
observe that the resonant frequency of the membrane
increases as its size decreases. The resonance exceeds
10 MHz when the membrane size is less than 10x10 pm
for a unit cell period length of 20 um. For a specific
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membrane width, the resonance frequency of the mem-
brane is increased when the period length of the unit cell
is reduced.

In Fig. [§(b), we show the wop/(27) and wip/(27)
of the Helmholtz resonator as a function of cavity vol-
ume for several different neck sizes and unit cell period
lengths. Both wyg and wy gy are dependent on the dimen-
sions of the neck and cavity, while the period length only
affects w1g. As expected, wop /(27) grows rapidly with
the decrease of the cavity volume, reaching above 1 MHz
for a 100x100x 10 pm (1x10% wm?) Helmholtz resonator
cavity size for neck dimensions of 20x10x10 um (see
Fig. [§[(b)). There is also a slight increase of woy with
the shrinking neck dimensions.

In Fig. c), we see the expected increase in woy as
the cavity volume decreases. We note that for given neck
and cavity dimensions, wqg is fixed while wy g is tuned by
the period of unit cell length, which means as the channel
volume decreases, the bandwidth between wog and wigy
increases.

Leveraging this scaling analysis and results from the
high-impedance design, we suggest that an experimen-
tally achievable CAM with negative index behavior above
1 MHz could take the form of a unit cell length of D ~
100 um, a membrane of dimensions 20x20 um with pre-
stress of 1.2 GPa, and a HR cavity of ~100x100x10 pum.
While the microfabrication issues appear surmountable,
we note that the fluid dynamics in such tiny waveguides
could also involve different relevant physical phenom-
ena when the dimensions reach sub-micron or nanometer
scales. Viscous, thermal noise and thermal dissipative ef-
fects may become increasingly important and affect the
resulting metamaterial properties. These open questions
concerning the physics of downscaling will be explored
in future work.In addition to the fabrication challenges
of the metamaterial itself, the design and integration of
ultrasound transducers that can facilitate the coupling of
ultrasound transducers into the waveguides still requires
further work. Technologies such as capacitive and piezo-
electric micromachined ultrasound transducers (CMUT
and PMUT) can be incorporated as ultrasound sources
for the metamaterials.

IV. CONCLUSIONS

In this work, we have explored the acoustic properties
of a negative index acoustic metamaterial designed for
the eventual aim of achieving enhanced acoustic trans-
mission through low- and high-impedance biological lay-
ers at frequencies relevant to biomedical ultrasound based
on 1-D arrays of membranes and HR resonators. The
acoustic metamaterials are based on a realistic, manu-
facturable, experimentally verified design. The analyti-
cal and numerically calculated dispersion band diagrams
for the constitutive building blocks of our metamaterials
have been presented along with their properties. Even
though our proposed material works as 1-D array, the



acoustic components could be implemented in 2-D and
3-D arrays.

We also computationally demonstrate, using a three-
dimensional geometric model of our metamaterial, the
possibility of achieving an enhanced acoustic trans-
mission through high impedance-contrast layers when
the metamaterial effective properties are negative and
matched to the magnitude of the layer’s properties. Fi-
nally, preliminary experimental realization of the unit cell
structure is presented using conventional silicon based
microfabrication, which has the potential for future down
scaling. The realized unit cells were tested in the near-
MHz regime, and showed promising behavior and good
agreement with our predictions. This work contributes
towards the aim of enhanced acoustic transmission to
enable non-invasive imaging and focused high-power ul-
trasound in difficult clinical conditions. Achieving this
aim will also require the fabrication, assembly, and use
of structured metamaterial arrays that could conceivably
be constructed from arrays of the unit cells presented in
this work.
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