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particular have been the focus of recent 
research,[20,21] with demonstrations of 
acoustic cloaking,[22–25] selective absorp-
tion,[26–28] focusing,[29–34] reflected wave-
front manipulation,[35–38] passive phased 
array,[39] and acoustic holography.[40–42] 
These applications are generally realized 
by arraying metasurface units across an 
interface, resulting in spatially defined 
phase and/or amplitude modulation.[43–47] 
Functional acoustic metasurface subu-
nits include those based on spiral struc-
tures,[48–51] Helmholtz resonators,[32,52–54] 
and hybrid resonance units,[3,55,56] which 
are designed to alter the propagation 
path length, thus changing the equivalent 
phase, and/or modify the amplitude of the 

transmitted wave at a given frequency. These passive acoustic 
metasurfaces, which are composed of units with 3D coiled or 
cavity structures,[57,58] have demonstrated great potential for 
acoustic wave manipulation. However, such structures show 
limited compatibility with conventional microfabrication pro-
cesses,[59,60] which makes their application to high-frequency 
micromanipulation especially challenging.[20,61–68]

In this work, we demonstrate an acoustic metasurface in 
which subwavelength micropillars are used to achieve wavefront 
manipulation by modifying the effective density, and therefore 
sound speed, via a single-material, single-fabrication-step struc-
ture. Here the phase change is a function of the micropillar 
density in discretized subunits, where the micropillar height is 
uniform across the interface. Compared to other approaches, 
our acoustic metasurface demonstrates wavefront modulation 
using structures that can be fabricated using common silicon 
microfabrication techniques, making this particularly suitable 
for applications in miniaturized and planarized devices. Ana-
lytical and simulation models are further developed to predict 
the phase as a function of micropillar seeding density. We dem-
onstrate the flexibility of this approach using the principles of 
acoustic holography, whereby a unique phase map results in an 
arbitrarily defined amplitude distribution at a target plane, and 
where the phase-encoding metasurface hologram pillars are 
260 µm high at an operational frequency of 6.9 MHz, evidencing 
the smaller dimensions and high frequencies for  which  this 
metasurface approach is suited.[69–71] Compared with prior 
acoustic holography efforts, this acoustic metasurface realizes 
ultrathin and planar holographic kinoforms without the need 
for multilevel 3D fabrication. This is based on a novel approach 
and physical mechanism that extends the potential applica-
tions of acoustic holograms, and acoustic wavefront modula-
tion generally, especially for high-frequency/small-wavelength  

Acoustic metasurfaces offer unique capabilities to steer and direct acoustic 
fields, though these are generally composed of complex 3D structures, com-
plicating their fabrication and applicability to higher frequencies. Here, an 
ultrathin metasurface approach is demonstrated, wherein planarized micro-
pillars in a discretized phase array are utilized. This subwavelength meta-
surface is easily produced via a single-step etching process and is suitable 
for megahertz-scale applications. The flexibility of this approach is further 
demonstrated in the production of complex acoustic patterns via acoustic 
holography. This metasurface approach, with models used to predict their 
behavior, has broad potential in applications where robust, high-frequency 
acoustic manipulation is required, including microfluidics, cell/tissue engi-
neering, and medical ultrasound.

Research Article
﻿

1. Introduction

Metamaterials consist of artificial subwavelength structures and 
offer unique wave modulation capabilities to control wavefronts 
in a manner distinct from natural materials.[1–11] Metasurfaces 
are arrayed planar metamaterials capable of modulating wave-
fronts passing through them, and have found utility in physics 
and engineering applications for optical waves,[12,13] acoustic 
waves,[14–17] and elastic waves.[18,19] Acoustic metasurfaces in 
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micromanipulation. The design of simple, planar, and repro-
ducible metasurfaces as demonstrated here accordingly 
expands the application of wavefront modulation techniques 
in microscale applications including microfluidics, cell/tissue 
engineering, and medical ultrasound.

2. Principles and Design

Figure 1a illustrates the sound-speed modifying acoustic meta-
surface concept. A modulated wavefront is generated by modi-
fying the phase of the acoustic wave that is transmitted through 
the metasurface. Each metasurface unit is composed of a 
number of micropillars, where the phase shift in each metas-
urface unit is determined according to the micropillar volume 
fraction. Figure  1b demonstrates an example application of 
this metasurface for acoustic holography. Here an acoustic 
transducer generates incident acoustic waves, which transmit 
through the metasurface hologram plane. The wavefronts are 
then phase-modulated and propagate toward the target plane, 
resulting in the desired acoustic field. The fabricated all-silicon 
metasurface hologram (held on a finger for scale) and an inset 
helium ion microscopy image are shown in Figure  1c. In our 
implementation, the metasurface structures comprise 1.5  cm 
squares, each of which contains 150 × 150 metasurface units, 
and where each unit comprises 3 × 3 pixels, in which each pixel 
can be either etched or a pillar, resulting in nine discrete phase 
levels. Figure 1d shows the wavefronts corresponding to various 
pillar volume fractions (PF), where PF = Wp/Wu, in which Wp 
and Wu are the width of the metasurface and the unit, respec-
tively; a PF of 0 corresponds to no pillar, a PF of 50% corre-
sponds to a pillar one half of the domain width, and PF of 1 
corresponds to 100% pillar infill. Notably, as this examines the 
case where the in-plane domain in question is subwavelength, 
an equivalent phase is produced regardless of the location or 
distribution of these pillars, so long as the total fraction of the 
cross-sectional area composed of pillar material remains the 
same. P in the color bar in Figure 1d is the acoustic pressure. 
Here, for PF = 0 (no pillar unit), the position where the acoustic 
pressure is zero for a given time step is at Z = 0. The pressure 

node subsequently moves along the wave propagation direc-
tion as PF increases (black dashed line), and the corresponding 
sound speed increases with increasing silicon (and decreasing 
water) makeup, resulting in an increased phase.

To implement this principle across a 2D metasurface, the 
metasurface plane is discretized into units, each comprising 
spaces in which pillar (or lack thereof) is placed. The phase of a 
unit is a function of PF, where the volume fraction of the pillar 
is the sum of pillars in a unit. Metasurface units are accord-
ingly composed of same-height micropillars and surrounding 
water, as shown in Figure 2a, where the height and width of the 
metasurface pillars correspond to Hp and Wp, respectively. To 
produce a phase shift from 0 to 2π when the PF varies between 
0 and 1, the height (Hp) of the metasurface is defined such that 
the waves in the micropillars and the waves in the water at the 
top of the metasurface are always in constructive interference, 
as shown in Figure 2a. Therefore, Hp is given by

1
p

m p

H
f

c

f

c

=
−

�

(1)

where cm and cp are the longitudinal acoustic velocity of 
medium and micropillar, respectively, and f is the input  
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Figure 1.  Sound-speed modifying pillar-based metasurfaces. a) Schematic of working principle where a metasurface, composed of metasurface units 
containing different pillar fractions, produces a modulated wavefronts from an incident acoustic wave. b) Example application in acoustic holography, 
where an acoustic hologram consisting of tens of thousands of metasurface units generates the target acoustic field at the target plane in water.  
c) Fabricated silicon-based metasurface hologram (1.5 cm × 1.5 cm) and helium-ion microscopy image showing the micropillars. Scale bar: 100 µm.  
d) The phase increases as pillar volume fraction (PF) increases.

Figure 2.  Pillar-based metasurface design principles. a) The waves in the 
micropillar and the water result in constructive interference at the top of 
a metasurface unit with Z = Hp. b) The relationship between pillar frac-
tion and resulting phase, with analytical and simulation results shown.
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frequency of the transducer (see the Supporting Information for 
derivation). As a lower Hp is desirable for fabrication, lowering 
the required etch depth and aspect ratio, this can be achieved 
by using materials with high cp, according to Equation  (1). In 
this work, silicon (cp ≈ 8433 m s−1) is used to fabricate the meta-
surface micropillars due to its high cp and ready compatibility 
with standard microfabrication etching processes.

To understand the relationship between PF and phase, the 
micropillars and surrounding water in a single unit are treated 
as fluid–solid composites.[72,73] The relationship between the 
effective acoustic velocity of the unit (cunit) and the phase (ϕ) is 
expressed as (see the Supporting Information for calculation of 
cunit and their derivations)

2
1 1

p
m unit

f H
c c

ϕ π= −





�

(2)

where the relationship between PF and phase according to 
Equation  (2) and simulation (see Figure S3 in the Supporting 
Information for details) is shown in Figure 2b. The results in 
this figure show that the metasurface achieves a continuous 
phase change from 0 to 2π within a PF range of 0–1 with low 
coefficient of variation (< 10−3) of the resulting wavefronts.

To further demonstrate the relationship between the 
metasurface acoustic properties, frequency, and Hp, Figure 3a 
shows the critical dependence of Hp on frequency and the solid–
liquid acoustic velocity ratio, where the medium used in this work 
is water (cm ≈ 1480 m s−1). Qualitatively, these results indicate that 
when the ratio of cp to cm is less than 4 ( 4

�
k < ), the pillar height 

is significantly larger than that when 4
�

k > , where the required 
pillar height asymptotes for higher solid sound speeds, thus 
reducing the dependence of Hp on k. Importantly, this further 
shows that Hp is inversely correlated with frequency f, indicating 
that thinner metasurface heights are required for increased fre-
quencies, resulting in lower pillar height while retaining similar 
pillar aspect ratios in fabricated devices. Therefore, such meta-
surfaces are particularly suitable for high-frequency (>5  MHz) 
applications, where silicon pillars with corresponding heights of 
<300 µm can readily be fabricated using deep-reactive ion silicon 
etching.

Figure  3b demonstrates the relationship between the unit 
size of the pillar array (Wu) and the wavefront coefficient of var-
iation (CV), where CV = σ/µ, and σ and µ are the standard devi-
ation and averaged pressure across a plane, respectively. Here 
a CV is calculated at planes 300 and 600  µm from the meta-
surface (as depicted in Figure S4 in the Supporting Informa-
tion), thus with two CV measurements for each PF. This shows 
that an increased CV indicates the formation of nonuniform 
acoustic wavefronts and therefore a breakdown in the utility 
of this metasurface approach, which necessitates sufficiently 
small feature widths such that the silicon–water composite is 
effectively a single material from the perspective of the trans-
mitted wavefront. For Wu < 0.7λm, the CV is in the order of 10−4, 
where λm is the wavelength in the fluid medium, indicating 
desirable negligible wavefront deformation for subwavelength 
unit sizes. For larger unit sizes with Wu ≳ λm, the increased 
CV indicates that diffraction effects in the metasurface unit 
becomes significant.

To further improve the quality of wavefront, the concept of 
nonlocal metasurfaces has recently been proposed for gener-
ating accurate acoustic fields, in which the coupling between 
metasurface units has been taken into account.[74] Here, solid/
fluid–mechanical coupling via local evanescent fields and 
within the solid elements themselves can impact the uni-
formity of the acoustic field in the far field in structures that 
especially subject to these effects and can take advantage of 
this. Accordingly, design methods for nonlocal acoustic meta-
surfaces including coupled structures[74–76] and deep learning[77] 
have been reported. Our structures, however, incorporate rela-
tively simple longitudinal elements, and while a local evanes-
cent field evolves at pillar extrema (as shown in Figure S5 in 
the Supporting Information), this does not impact the acoustic 
field in the far-field, and where simulation results incorporate 
solid-mechanical coupling effects without strong evidence 
for the impact of evanescent fields and mechanical coupling 
through the metasurface structures. Nevertheless, discontinui-
ties in the phase of adjoining metasurface domains requires a 
nonzero length over which acoustic wavefronts evolve in the 
fluid, where the local acoustic field directly above this discon-
tinuity is a summation of the contributions from both phase 
domains. Figure S6 (Supporting Information) examines the 
effect of phase difference between adjacent regions on the 
resulting coupling length, where these lengths increase with 
phase differentials, although only up to the scale of the meta-
surface depth itself.

3. Experiments

Acoustic holograms[71,78–80] are an excellent test of the achiev-
able complexity and flexibility of this approach, where acoustic 
holography results in a designed acoustic wavefield at a target 
plane. The generation of a metasurface-based acoustic holo-
gram is shown in Figure 4. To generate an acoustic hologram, 
first the desired input image (i.e., the target acoustic pressure 
field) is defined, where the binary amplitude of the letter “A” is 
located in a rectangular domain of ​​1.5 cm × 1.5 cm (Figure 4a–f).  
The iterative angular spectrum approach (IASA),[71,81] described 
in detail in the Experimental Section, is then used to calculate 

Adv. Mater. 2023, 35, 2208002

Figure 3.  Impact of frequency and pillar dimensions. a) The pillar height 
decreases as the frequency increases and the acoustic velocity of the 
metasurface increases. For k ≳ 4(the ratio of pillar to fluid sound speeds), 
the dependence of pillar height on k is reduced and a lower pillar height 
is required. b) The relationship between the unit size and the coefficient 
of variation of the resulting wavefront, where subwavelength unit dimen-
sions are required for effective wavefront control.
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the phase map (Figure 4b) of the acoustic hologram. Here each 
metasurface unit has 9 pixels, and each pixel can be either a 
pillar or cavity (i.e., composed of water or silicon), yielding  
9 discrete phase levels. To utilize the IASA with these discrete 
phase levels, the phase of each holographic element is con-
verted to the closest phase distribution at each step of the itera-
tion (as per Equation (2)).

The metasurface-based holograms are then designed 
(Figure 4c) and fabricated (Figure 4d) via silicon etching, where 
22 500 metasurface units are produced on a single hologram 
with a pillar height of 260 ± 20 µm. We randomize the position 
of pillar elements within each unit to reduce the potential for 
off-target in-plane resonances (those occurring along the plane 
of the metasurface) to occur, where periodic features have the 
potential to generate resonances at frequencies corresponding 
to a given periodicity. While the magnitude of such resonances 
arising from subwavelength features would be small, and 

where this not a criterion for the viability of this metasurface 
approach, randomizing the positioning of pillars within units 
minimizes the potential for unintended periodicity to occur in 
any direction in the metasurface plane across the variety of arbi-
trary metasurface phase maps that might be produced. The spe-
cific position of a pillar in a given 9 pixel unit is thus randomly 
assigned, where Figure S7 (Supporting Information) shows that 
different randomized micropillar positions in a metasurface 
unit do not impact the resulting phase. Figure S8 (Supporting 
Information) also shows the bandwidth for the hologram of 
letter “A” designed at 6.9 MHz, where the peak signal-to-noise 
ratio is used to describe the target plane quality at different fre-
quencies and is greater than 19 dB in the ±0.3 MHz bandwidth 
of the design frequency.

The 6.9  MHz acoustic waves are generated by a lithium 
niobate (LiNbO3) transducer, with wavefronts passing through 
the phase-modulating metasurface. The target acoustic field is 

Adv. Mater. 2023, 35, 2208002

Figure 4.  Metasurface-based acoustic holography. a) Input image with a binary amplitude. b) Phase map calculated from the input image. c) The 
hologram design transformed by the phase map that defines the micropillar positioning. d) Fabricated hologram. e) Experimental PDMS microparticle 
patterning. f) Target field output from IASA calculations. g) Hydrophone scans of pattern cross-sections of (e). h) A localized phase map. i) A subset 
of 3 × 3 = 9 units is displayed, where each unit contains 9 pixels, and each pixel represents either a pillar or blank position. The unit size is 100 µm × 
100 µm and scale bars are 2 mm.
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defined at a distance of 1.3  cm from the metasurface, where 
poly(dimethylsiloxane) (PDMS) particles are used to visualize 
the field and hydrophone scans are implemented to charac-
terize the target acoustic pressure field (Figure 4g). The prepa-
ration and experimental procedures are detailed in the Experi-
mental Section, and PDMS microparticle patterning is shown 
in Video S1 (Supporting Information).

Microparticles can be assembled into arbitrarily defined 
target patterns using this approach. Figure 5 demonstrates its 
flexibility in defining the contours of a number- (Figure  5a), 
letter- (Figure  5b), shape- (Figure  5c, logo of Collins Biomi-
crosystems Laboratory), and point-based particle aggregation 
(Figure 5d). The hologram fabrication results and phase distri-
bution corresponding to Figure  5a–d, respectively, are shown 
in Figure 5e–h. Figure S9 (Supporting Information ) shows the 
measurement of phase delay for a cross-section in Figure  5e, 
demonstrating good agreement between the designed and 
experimentally measured phase. Note, however, that a finite-
width hydrophone, whose width is on the order of the unit 
dimensions, has the effect of spatially averaging the observed 
phase delays.

4. Conclusion

We report an acoustic metasurface that employs planar micro-
pillars for robust wavefront modulation. The micropillar volume 
fraction of single subwavelength units determines the effective 
sound speed and thus the corresponding phase of each unit, 
where each unit can be treated as an independent acoustic point 
source. The planarized structures are comparatively straight-
forward to fabricate compared to the complex 3D and printed 
structures required in previous work, where we instead utilize 
a single-layer, single-step etching process, making this far more 
amenable to smaller structures, and correspondingly higher fre-

quencies, than approaches requiring 3D printing. In this work, 
we further demonstrate the theoretical basis of this pillar-based 
metasurface, showing that the pillar dimensions are vitally 
important to producing the desired phase. We also implement 
this approach in establishing a pixel-based design methodology, 
where 9 pixel units result in 9 discrete phase levels, and where 
tiling these units produces the desired metasurface phase maps. 
Evidencing the flexibility of this approach in generating designed 
acoustic fields, we implement this in the context of acoustic 
holography, yielding a range of target fluid-based particle pat-
terning effects. This approach subsequently has the potential to 
be uniquely suited for microfluidic and/or micromanipulation 
applications, with utility in acoustic holography, microassembly, 
tissue engineering, and medical ultrasound.

5. Experimental Section
Calculation of Hologram Plane: The IASA[71,81–83] was used to predict 

the phase distribution of the hologram plane. Considering that U(x, y, 0) 
was the acoustic pressure wave of the z = 0 plane, its angular spectrum 
A(kx,ky,0) could be obtained via Fourier transform

, ,0 , ,0 d dA k k U x y e x yx y
j xk ykx y∫( ) ( )= ∫ ( )

−∞

∞
− + � (3)

where kx and ky are the wavenumber in x and y, respectively. When 
A(kx,ky,0) propagated to a new plane along the z-axis, the angular 
spectrum A(kx,ky,z) at z was

, , , ,0 , ,A k k z A k k H k k zx y x y x y( ) ( ) ( )= � (4)

The transfer function H(kx,ky,z) was expressed as

, ,
2 2 2

H k k z ex y
jz k k kx y( ) = − − � (5)

Adv. Mater. 2023, 35, 2208002

Figure 5.  Metasurface-based hologram particle patterning, for example, numbers, letters, and shapes. a) Number “1.” b) Letter “C.” c) Logo of the Col-
lins Biomicrosystems Laboratory. d) Focus point for particle aggregation. e–h) The corresponding metasurface-based holograms, where insets show 
the phase distribution. Scale bars: 2 mm.
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where k = 2π/λm is the wavenumber in the medium. The wave function 
U(kx,ky,z) at z could be obtained by inverse Fourier transform of its 
angular spectrum

, , 1
4

, , d d2U x y z A k k z e k kx y
j xk yk

x y
x y∫π ( )( ) = ∫ ( )

−∞

∞
+ � (6)

The IASA steps were as follows: 1) the pressure field of the hologram 
plane was transformed into the angular spectrum (Equation  (3)) and 
propagated to the target plane (Equation (4)), 2) the angular spectrum of 
the target plane was transformed into the wave function (Equation (6)) 
and the quality of the obtained pressure field was evaluated (steps 
exited if quality threshold reached), 3) the amplitude of the target plane 
was reset using the input image, 4) the angular spectrum of the target 
plane was obtained and backpropagated to the hologram plane, 5) the 
hologram plane angular spectrum was transformed into the pressure 
function, where the pressure functions’ phase corresponded to the 
phase of metasurface units, 6) returning to step 1.

The hologram calculation typically converged in <150 iterations. A 
spatial cutoff frequency was also introduced to reduce aliasing caused at 
high spatial frequencies. The cutoff frequency kc was given as[84]

0.5
0.5c

2

2 2k k L
L z

=
+

�
(7)

where k is the wavenumber in medium and L is the hologram side 
length.

Metasurface Fabrication: Metasurfaces were produced on 500 µm-thick 
4 in. silicon wafers using conventional photolithography and etching 
processes. A 28 µm-thick photoresist mask (for etching) was fabricated 
on the wafer using AZ-40XT positive photoresist (Microchemicals 
GmbH, Ulm, Germany) according to the manufacturer’s instructions. 
The mask was then hardened at 80 °C for 20 min. The silicon wafer was 
then etched to the target depth of 260.15  µm by the standard Bosch 
(deep reactive ion etching, DRIE) process[85] in a DRIE system (Oxford 
Instruments Plasmalab 100, UK), resulting in a substrate depth height 
of ≈240 µm. For the purposes of the definition of terms, the metasurface 
itself has a depth equal to the height of silicon pillar elements, and 
comprises the silicon pillar/water composite region, where the 
monolithic silicon substrate depth immediately below this region serves 
as a support and backing material for the silicon metasurface pillar 
elements. The phase map that is encoded in the metasurface domain 
is not a function of the substrate depth, however, and which is dictated 
in the parameters in Equation (2). A phase delay, however, is introduced 
between the transducer and the top of the substrate/bottom of the 
metasurface domain according to ϕ  = L/cω, which for a 240  µm-thick 
substrate corresponds to ≈70°, though this delay was uniform at 
the substrate/metasurface boundary and does not impact the phase 
distribution produced by the metasurface. The effect of substrate height 
and material on the unit transmission coefficient is further described 
in the Supporting Information, and the transmission coefficients for 
different metasurface unit compositions is listed in Table S1 (Supporting 
Information). While other materials might yield improved transmission 
coefficients compared to silicon, its combination of high sound speed 
(yielding lower metasurface thicknesses) and ready ability to etch high-
aspect ratio structures to defined depths made this material practical 
and appropriate for this study.

Acoustic Transducer Fabrication: A 4 in. 128° Y-cut LiNbO3 wafer 
was subjected to e-beam evaporation for electrode layer deposition of  
(Cr 25 nm/Al 250 nm). This step was then repeated on the other side 
of the wafer. Wafers were diced into 1.5 × 1.65 cm chips, with the longer 
width in 1D permitting the formation of electrical contact on both sides 
of the transducer. The upper side of the wafer was spin-coated with a 
protective photoresist layer, followed by acetone, isopropyl alcohol, and 
deionized water for removing the protective layer.

Experimental Setup: The experimental setup consisted of a 
polypropylene container (113  mm × 167  mm × 58  mm) with acoustic 

damping polymer (First Contact, WI, USA) lined on the inside domain 
of the container and filled with deionized water, as shown in Figure S10 
(Supporting Information). The transducer was secured to the bottom 
of the vessel by polyimide tape and the metasurface hologram was 
mounted on top of the transducer. The 3D printed acoustic window filled 
with PDMS particles (see Figure S11 in the Supporting Information for 
details) was covered with polyethylene terephthalate film at both sides 
and suspended above the acoustic hologram plane for visualizing the 
target acoustic field. The 6.9 MHz continuous sine signal generated by 
the function generator (DG4162, Rigol, Beijing, China) was amplified 
to 0.8  W by an amplifier (TVA-R5-13A+, Mini Circuits, NY, USA) and 
connected by a coaxial cable and copper foil tape to actuate the 
acoustic transducer, where 6.9 MHz corresponded to the first resonant 
frequency of the transducer. A needle hydrophone probe (200 µm needle 
hydrophone, Precision Acoustics Ltd., Dorchester, UK) was mounted on 
a motorized stage (MOXYZ-02-50-50-50, Optics-Focus, Beijing, China) 
and used to scan the acoustic pressure field. The hydrophone amplifier 
was connected to a digital oscilloscope (2208B, Picoscope, St Neots, 
UK), in which a MATLAB script was used to control all instruments and 
acquire data.
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