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Numerical study of bulk acoustofluidic devices driven
by thin-film transducers and whole-system resonance modes®

André G. Steckel and Henrik Bruus®
Department of Physics, Technical University of Denmark, DTU Physics Building 309, DK-2800 Kongens Lyngby, Denmark

ABSTRACT:

In bulk acoustofluidic devices, acoustic resonance modes for fluid and microparticle handling are traditionally
excited by bulk piezoelectric (PZE) transducers. In this work, it is demonstrated by numerical simulations in three
dimensions that integrated PZE thin-film transducers, constituting less than 0.1% of the bulk device, work equally
well. The simulations are performed using a well-tested and experimentally validated numerical model. A water-
filled straight channel embedded in a mm-sized bulk glass chip with a 1-um-thick thin-film transducer made of
AlpeSco4N is presented as a proof-of-concept example. The acoustic energy, radiation force, and microparticle
focusing times are computed and shown to be comparable to those of a conventional bulk silicon-glass device actu-
ated by a bulk lead-zirconate-titanate transducer. The ability of thin-film transducers to create the desired acousto-
fluidic effects in bulk acoustofluidic devices relies on three physical aspects: the in-plane-expansion of the thin-film
transducer under the applied orthogonal electric field, the acoustic whole-system resonance of the device, and the
high Q-factor of the elastic solid, constituting the bulk part of the device. Consequently, the thin-film device is
remarkably insensitive to the Q-factor and resonance properties of the thin-film transducer.
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I. INTRODUCTION

An increasing number of microscale ultrasound acous-
tofluidic devices are used for applications within clinical
diagnostics, biology, and forensic sciences.'”> Examples
include but are not limited to rapid sepsis diagnostics by
detection of bacteria in blood,6 enrichment of prostate
cancer cells in blood,” high-throughput cytometry and
multiple-cell handling,®° cell synchronization,'® single-cell
patterning and manipulation,'""'? and size-independent sort-
ing of cells."® Furthermore, acoustofluidics has been used
for massively parallel force microscopy on biomolecules,'*
acoustic tweezing,'>'® and noncontact microfluidic trapping
and particle enrichment."’

Most applications rely on one of two basic methods for
exciting the ultrasound field. One method is based on sur-
face acoustic waves, excited by interdigitated metallic elec-
trodes positioned on the surface of a piezoelectric (PZE)
substrate. The other method relies on bulk acoustic waves
excited in liquid-filled acoustic microchannels embedded in
acoustically hard bulk devices by an attached bulk trans-
ducer that makes up 10%—-50% volume-per-volume (v/v) of
the device’® or in microchannels with a thin silicon-
membrane lid driven by a lead-zirconate-titanate (PZT) thin
film that makes up around 15% v/v of the actuated
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membrane, which is excited while leaving the bulk part of
the device inert.!

Recently, the bulk-acoustic-wave method has been
extended by the concept of whole-system ultrasound reso-
nances (WSUR) in which the resonant acoustic modes are
defined by the whole system and not just the microcav-
ities.’>** In this paper, we extend the WSUR concept by
substituting the large bulk PZE transducer by a tiny PZE
thin-film transducer integrated on the surface of the device
and constituting less than 0.1% v/v of the resulting globally
actuated device, a volume ratio 2 orders of magnitude
smaller than any previous device.

Integrated thin-film PZE transducers have been used
extensively for actuating electromechanical systems and are
often made of aluminum nitride (AIN). Thin-film trans-
ducers made of AIN are structurally and chemically stable,
have a low dielectric and mechanical loss, and are compati-
ble with standard silicon-based complementary metal-oxide
semiconductor (CMOS) microfabrication techniques.
Academic applications of AIN thin-film transducers include
radio-frequency (RF) filters,** suspended microchannel res-
onators,25 contour mode resonators,26 switches,”’28 and
accelerometers.”” AIN thin films have been deposited on
substrates of sapphire, crystal quartz, fused silica, and sili-
con,30 and 30-um-thick Si membranes.>'3? Commercially,
AlN-sputtered thin films are used in thin-film bulk-wave
acoustic resonator filters.>> However, hitherto thin-film
transducers have not yet been applied in generic MHz bulk
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acoustofluidic devices other than the aforementioned spe-
cialized silicon-membrane device.”'

In this paper, based on a well-tested and experimentally
validated numerical model,23’34’3 > we demonstrate by three-
dimensional (3D) numerical simulations that generic bulk
glass chips with integrated PZE thin-film transducers consti-
tuting less than 0.1% v/v of the system, as sketched in
Fig. 1, form devices with an acoustofluidic response on par
with that obtained in a conventional silicon-glass device
actuated by a bulk-PZT transducer using equivalent model
assumptions. This result offers several advantages for the
practical application of thin-film transducers within acousto-
fluidics: Thin-film devices do not depend on resonance
properties of the thin-film transducer itself, they require no
gluing, and can be fabricated by well-controlled reproduc-
ible microfabrication techniques subject to parallel mass-
fabrication processes. We use 3D modeling to capture the
axial variations observed experimentally even in straight,
rectangular acoustofluidic channels.

The paper is organized as follows: In Sec. II, we briefly
summarize the theory and numerical model used throughout
the paper. In Sec. III, we present a proof-of-concept example
showing that a thin-film acoustofluidic bulk device performs
on par with a conventional bulk-transducer bulk device. In
Sec. IV, we discuss the physical principle of the thin-film
transduction process; robustness of the device to the material,
thickness, and quality factor of the thin-film transducer; role
of the shape of the thin-film-transducer electrodes, spatial
regularity, and sensitivity of the device to shifts in the chan-
nel position away from exact centering in the glass chip.
Finally, in Sec. V, we present our conclusions.

Il. THEORY

Throughout this work, we use the theory and numerical
model developed by Skov et al.** including the effective
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7 X 0
(b) Thin-film transducer $ Hone
ta T W,

FIG. 1. (Color online) (a) A sketch of the yz-plane cross section of the long,
straight thin-film driven device consisting of an elastic solid (gray) of width
Wg and height Hg, an embedded fluid-filled microchannel (blue) of
width Wy and height Hy, and an attached thin-film transducer (beige) of
width Wy and small height Hy¢ &~ 0.001Hy. (b) A zoom-in on the thin-film
transducer (beige) showing its grounded top electrode (black, of width Wy
and potential zero) and split-bottom electrode (red “+” and blue “—" of
width W and potential * %(/)0), made to excite the antisymmetric half-
wave-like resonance mode.
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boundary layer theory for the fluid domain by Bach and
Bruus,” as briefly summarized in this section. This model is
well-tested and experimentally validated for acoustofluidic
devices,”****> and although it was originally stated for bulk-
PZT transducers, the model is trivially extended to describe
other types of PZE transducers, including thin-film transducers.

A. Governing equations for the time-harmonic fields

We consider a time-harmonic electric potential
@(r,t), which excites the PZE transducer and induces a
displacement field #,(r,?) in the solids that, in turn, leads
to an acoustic pressure p,(r, ) in the fluid channel. All of
these fields F(r,t) separate into a complex-valued ampli-
tude F(r) and complex time-harmonic phase factor with
frequency f,

F(r,)) =F(r)e ™, o =2nf. (1)
The phase factor e ' cancels out in the following linear
governing equations, leaving just the amplitude fields.

The first-order perturbation theory implies that the
acoustic pressure p; in the fluid is governed by the
Helmholtz equation with a damping coefficient I',>*

V2 = (1T To = (200 +1
pP1 = Cz +1 ﬂ)p17 fl — 37’fl+ylﬂ WK1,
fl
@)

where ¢ is the speed of sound, py is the density,
K = (pﬂcﬁf1 is the isentropic compressibility, and 7y and
nh are the dynamic and bulk viscosity of the fluid, respec-
tively; see Table SI in the supplementary material.*® The
pressure gradient governs the acoustic fluid velocity 'ufl],

1—il
ol = —i— T yp,. 3)
wpn
For the linear PZE transducer (of either Al _ ,Sc.N,
AIN, or PZT), the electrical potential ¢ is governed by
Gauss’s law for a linear dielectric without free charges,34

V.-D =0, (€]

where D is the electric displacement field, including a purely
electric part —(1 +il";)& - Ve, in which I, is a small damp-
ing coefficient, and ¢ is the dielectric tensor. The governing
equation for the mechanical displacement field u; in a linear
elastic solid (including the PZE) with density py is the
weakly damped Cauchy equation,***

—(1+ilg)pgw’u =V - aq, ®)

where I'y is a small damping coefficient. Using the Voigt
notation, the linear electromechanical coupling in the PZE,
which relates the stress and electric displacement to the
strain and electric field, is given by

André G. Steckel and Henrik Bruus 635


https://doi.org/10.1121/10.0005624

Oxx Ci Cpp Ci3 O 0 0 0
Oyy Cp Ci Ci3 O 0 0 0
0. Cis Ci3 Cxz O 0 0 0
Oy: 0 0 0 Cu O 0 0
o: | =1 0 0 0 0 Cu 0  —eps
Oy 0 0 0 0 0 Ce O
D, 0 0 0 0 es5 O &1l
D, 0 0 0 e5 O 0 0
D, e31  e31 €33 0 0 0 0

The remaining three components of the stress tensor are
given by the symmetry relation oj = o0y Similarly, the
Cauchy equation (5) governs u; in a purely elastic solid, but
now the stress-strain relation (6) includes only the first six
rows and first six columns as D and ¢ do not couple to oy
and u;. The parameter values are listed in Table SII of the
supplementary material.*®

B. Governing equations for the steady time-averaged
fields

The nonlinearity of the governing equations results in
higher order responses to the time-harmonic actuation.
Here, we are only interested in the steady time-averaged
second-order response and define F,(r) = (F,(r,1))
= (w/2m) 027[/(" Fy(r,f)dz. A time-average of a product of
two first-order fields is also a second-order term, which is
written as (Re[A;(t)]Re[B1(r)]) = 1Re[A;B;], where the
asterisk denotes complex conjugation. The acoustic stream-
ing v, is such a time-averaged field. It is a steady-state,
incompressible Stokes flow driven by the slip velocity stated
in Sec. IIC and time-averaged acoustic dissipation body
force proportional to 'y,

I'nw .
Vv, = Vp, — % Re[plv?], V-v,=0.
fl

(7

The spatial average Efl of the time-averaged acoustic
energy density in the fluid volume Vy is given as the sum of
the kinetic and compressional energy densities,

1 1 1
E§c=—J {—pﬂv?lzﬁxﬂlplz dv, ®)
fl

Vﬂv 4

where py and kg are the fluid density and compressiblity,
respectively.

The acoustic radiation force F™ acting on a single par-
ticle with radius a, density p,, and compressibility xps sus-
pended in the fluid is minus the gradient of the acoustic
potential U™d 404!
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where fy and f; are the so-called acoustic monopole and
dipole scattering coefficients, respectively.

To further quantify the quality of the acoustophoretic
response in the fluid volume Vy of a standing half-wave-like
pressure wave, which by F™ focuses microparticles in the
vertical nodal plane y =0, we use the figure of merit R in
Vi, introduced by Moiseyenko and Bruus,22

J — sign(y) F¢dv
R=""1

(10)
|, rospav
Vi

R is large when the focusing force —sign(y)F™ with the
appropriate sign is large and the magnitude |F ;ad“ of the ver-
tical force is small. Essentially, R expresses how many times
larger the average horizontal focusing force component is
compared to the vertical focusing force component.

Another quantitative measure is the time f, it takes, on
average, after turning on the acoustic field to focus by acous-
tophoresis a dilute suspension of microparticles of radius a
into the narrow region |y| < 8a, centered around the vertical
nodal plane y =0 from their initial positions. We consider N
particles that start from the evenly distributed positions
r;, 1=1,2,...,N, outside of the narrow region. The equation
of motion for a single particle with velocity v, suspended in a
fluid with a streaming velocity v, is the force balance
between the Stokes drag force and acoustic radiation force,
vp(r) = va(r) + (1/6mnga) F™(r).** The time, #;, when a
given particle reaches the narrow region, |ys| = 8a, is found
by numerical integration of the trajectory as detailed in the

André G. Steckel and Henrik Bruus


https://doi.org/10.1121/10.0005624

supplementary material.®® The average focus time for the
homogeneous particle distribution is, therefore, defined by

3
toc = = l_ﬁ~
N i=1

Quantitatively, for a given actuation voltage, a good acous-
tophoretic resonance mode is characterized by having a
large E,, large R, and small #¢..

(1)

C. Boundary conditions fluids, solids, and PZE

The boundary conditions of the fields on all boundaries
and interfaces of the model are specified as follows. On the
surfaces facing the surrounding air, we assume zero stress
on the solid and PZE as well as zero free surface charge den-
sity on the PZE. On the surfaces with electrodes, the PZE
has a specified alternating current (ac)-voltage amplitude.
On the internal solid-PZE and solid-fluid surfaces, the stress
and displacement are continuous except for the latter in the
form of the effective boundary conditions derived by Bach
and Bruus.’” These boundary conditions include, analyti-
cally, the shallow viscous boundary layer of thickness
on = \/2np/(pgw) =~ 0.5 um, which, therefore, does not
need to be resolved numerically, the complex-valued shear-
wave number k; = (1 +1) ;" of the fluid (fl), and the veloc-

ity vl = —iwu; of the solid (sl),
sl-air: o6y -n =0, nisthesurfacenormal, (12a)
. _ : sl fl
sl-fl : 6y -n = —pn+ ik (vl — ”1)» (12b)
i
Vi-n=Vg-n —&—k—V”-(vsl—vl)H (12¢)
PZE-air: D-n=0, (124d)
top elec.: ¢ =0, (12e)
1
botelec.: ¢ == E(po. (12f)

Further, at fluid-solid interfaces, the slip velocity v3°, driv-
ing the streaming, takes into account both the motion of the
surrounding elastic solid and Reynolds stress induced in a
viscous boundary layer in the fluid,*”

bc

v, =v, n- v3° =0, (13a)
1 2
2-i £l i £l il
—Re EVH "UIH —&—%Q_Uu UIH )
(13b)

where the subscript indicates the derivative or vector
components parallel to the surface and, likewise, “1” indi-
cates the perpendicular components. Equation (13) is the
special case of the slip velocity v3°, which is only valid near
the acoustic resonance, where |v'!| in the bulk is much larger
than |v}!| of the walls at the fluid—solid interface.

“H”
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Finally, we use the symmetry at the yz- and xz-planes to
reduce the model to one-quarter the size in the domain x > 0
and y > 0, allowing for finer meshing and/or faster computa-
tions. We apply the symmetric boundary conditions at the
yz-plane x =0 and anti-symmetry at the xz-plane y =0 for
the first-order fields and symmetric boundary conditions at
both planes for the second-order fields,

Symmetry, x =0:

(14a)
8):(/) = 0, axpl = 0, axpz = 0,
vl =0, oy, =0, 9} =0, (14b)
v, =0, gy, =0, vy, =0, (14c)
Anti-symmetry, y =0 :

Y Y (14d)
¢ = Oa P1 = 07 aypZ = Oa
v, =0, 9}, =0, v}.=0, (14e)
oy =0, vgy =0, Oy, =0 (14f)

lll. MAIN RESULTS COMPARING A THIN-FILM
AND A BULK-TRANSDUCER DEVICE

A. The two main model devices

As a proof of concept that a tiny thin-film transducer is
able to drive a bulk acoustofluidic device as well as a con-
ventional bulk transducer, we study the two devices shown
in Figs. 2(a) and 2(c), which both contain a water-filled
microchannel of length Lg =35 mm, width Wy = 0.377 mm,
and height Hy =0.157 mm, chosen as a typical channel size
used in the literature' and specifically studied experimen-
tally and theoretical in Ref. 43. We emphasize that both
devices are simulated on equal footing using the same model
approach with the same assumptions on damping and lack
of clamping. Also, both devices are made of acoustically
hard materials with high acoustic impedances relative to
water, namely, 13.2 for silicon and 8.4 for glass.

The thin-film device consists of a rectangular glass
block of Lg =40mm, width Wy = 3.02mm, and height
Hg = 1.4mm. An Al ¢Sco4N thin-film transducer of length
L = Ly, width Wyy = Wy, and height Hye =1 um is
deposited on the bottom surface of the xy-plane, thus, occu-
pying only 0.07% of the total device volume. To excite the
half-wave-like pressure wave, an antisymmetric voltage
actuation is effective®> and made possible by splitting the
bottom electrode in half by a 40-um-wide gap along the x
axis. The microchannel is centered along the x- and y axes,
but its top aligns with the center of the glass height %Hgl to
mimic that the glass block consists of two glass slabs of
equal height bonded together except that the microchannel
is etched into the top surface of the bottom slab; see Fig. 1.
This specific device is chosen because in a recent study, we
successfully modeled and experimentally validated a similar
thin-film-glass-block device without the microchannel.**
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FIG. 2. (Color online) (a),(b) A bulk glass chip driven by a 1-um-thick Al ¢Sco4N thin-film transducer (not visible) actuated at resonance /' = 1.946 MHz
with 1 V. The 3D color plots are #; from 0 (blue) to 15nm (yellow) and p; from —1.23 MPa (blue) to +1.23 MPa (red). (c),(d) A conventional Si-glass
chip driven by a bulk PZT actuated at resonance f = 1.927 MHz with 1 V. The color plots are u; from 0 (blue) to 3.6 nm (yellow) and p; from —0.55 MPa
(blue) to +0.55 MPa (red). (e) The color plots of p; from —pp,x (blue, value in the square bracket) to +pmax (red) of the Aly¢Scy4N-driven device on the
left and PZT-driven device on the right in seven cross sections from x/Ly = 0.5 to 0.92 in steps of 0.07 are shown. (f) The color plots as in (e) but for the
streaming velocity magnitude v, from zero (black) to v5'** (white, value in the square bracket) and with vectors showing v». (g) The color and vector plot as

in (f) but for the radiation force F™¢ from zero (black) to Frd

max
the animations of the modes in the supplementary material (Ref. 38).

The bulk-transducer device has been studied extensively
both experimentally and numerically in the literature.*®*** Tt
consists of a silicon substrate of length Ly = 40 mm, width
Wy = 2.52 mm, and height Hg = 0.35 mm into which the cen-
tered microchannel is etched and onto which is bonded a Pyrex
glass lid of the same length and width but with the height
Hpy = 1.13 mm. This silicon-glass chip is placed off-center on
a nominal 2-MHz PZT transducer of L,; = 40mm, width
Wpa = Smm, and height H},; = 1 mm such that the rightmost
side walls align. In the actual device, the transducer is glued to
the chip, but here we neglect the glue layer and assume an ideal
bonding instead. Note that the fraction of the total volume occu-
pied by the bulk-PZT transducer is large, Vi /Vioe = 57% V/v.

Using these dimensions and the material parameters
listed in Tables SI and SII of the supplementary material,”®
we implement these two 3D device models in the commer-
cial finite-element software COMSOL Multiphysics 5.4,
closely following the implementation method described in
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(white, value in the square bracket) for suspended 5-um-diameter polystyrene particles. See

Ref. 34. We use tetrahedral meshes chosen to have at least
12 nodal points per wavelength at 2 MHz in all domains (18
in the fluid domain) except in the z-direction of the thin-
film, where the thickness is much smaller than the wave-
length. So here, a swept mesh was used to ensure at least
four nodal points. Performing a standard mesh convergence
analysis,>® we found deviations in the acoustofluidic
responses of about 1% when comparing to the highest mesh
resolution possible in our setup. We observed no changes by
adding additional nodal points in the thin-film thickness
direction. All simulations were run on a workstation with a
16-core processor Intel 19-7960X at 3.70 GHz boost clock
and 128 GB random access memory (Intel, Santa Clara, CA).

B. Mode analysis of the two devices

The first step in our analysis is to identify good acoustic
resonance modes in the two devices, which we actuate in a

André G. Steckel and Henrik Bruus


https://doi.org/10.1121/10.0005624

comparable manner with a peak-to-peak voltage of
@o = 1 V. In the thin-film device, the voltage amplitude of
the ac-voltage on the “positive” (“negative”) half of the bot-
tom electrode is set to 43 @ (— 3 @y, 180° out of phase) rel-
ative to the grounded top electrode. Similarly, the voltage
amplitude on the top electrode in the bulk-PZT device is set
to + % @, relative to the grounded bottom electrode. The fre-
quency of the actuation voltage is then swept from 0.1 to
3.5MHz while monitoring the acoustic energy density Egc,
Eq. (8), in the water. The frequency steps in the sweep are
adaptive, ranging from Af = 16kHz when the local curva-
ture in E% (f) is small (far from resonance peaks) down to
Af = 0.03 kHz when it is large (near resonance peaks).

As expected, the strongest resonance peak in Efllc hap-
pens near the hard-wall standing half-wave resonance
fo=cn/2Wy, = 2MHz. This main resonance is located
at finr = 1.946 MHz with a maximum energy density of
E! (fnr) =72 T m™* for the thin-film device and at
fou = 1.927MHz with a E (f,,) =22 J m~3. The ampli-
tude p; of the pressure and u; of the displacement field for
these main resonance modes in the two devices are shown in
Figs. 2(a)-2(d). One immediate conclusion is that the qual-
ity of the resulting resonant pressure mode in the two devi-
ces is comparable: a nearly perfect antisymmetric wave
across the channel with only weak variations along the chan-
nel. The pressure amplitude of 1.23 MPa in the thin-film
device is 2.2 times larger than the 0.55-MPa amplitude in
the bulk-PZT device.

When inspecting the displacement field in Figs.
2(a)-2(d), it is seen that it has a more regular mode with a
larger 15-nm amplitude in the thin-film device [Figs. 2(a)
and 2(b)]compared to the more complex resonance mode
with a smaller 3.6-nm amplitude in the larger volume of the
bulk-PZT device [Figs. 2(c) and 2(d)]. Figure 2(e) shows the
pressure in seven vertical channel —cross sections, equally
spaced along the channel from its center to its end, showing
the abovementioned weak axial variations in p; for both
devices. Clearly on a qualitative level, the tiny 0.07% v/v
thin-film transducer is seen to deliver a comparable, and per-
haps even better, acoustic response in the device compared
with the conventional large 57% v/v bulk-PZT transducer.

As a first rough quantitative comparison, we sample p,
in 700 equidistant points along a straight line parallel to the
x axis through the edge point (0,%Wﬂ, — %Hﬂ). We find the
following regression lines with standard deviations:
p1 (6, S Wi, — LHgl) = (1.15 ~0.832 i0.16> MPa for the
thin-film and (0.56 — 0.23(2x/Lg)*0.05) MPa for the bulk-
PZT device. The former pressure is nearly twice as large as
the latter at the center x =0, namely, 1.15 versus 0.56 MPa,
but they both end at the same value at the channel end
X = %Lﬂ, namely, 0.32 versus 0.33 MPa. Clearly, the pres-
sure is higher in the thin-film device, but the pressure varia-
tions are also three times larger, namely, 0.16 versus
0.05 MPa compared to the bulk-PZT device. In the follow-
ing, for further quantitative comparison, we study the acous-
tic radiation force F™! and related focusing time #;, that it
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takes to focus 5-pum-diameter particles in the vertical pres-
sure nodal plane y =0.

C. The acoustic radiation force and streaming
at resonance

The acoustic modes p; and u; are the basic fields giving
rise to the steady time-averaged responses used for applica-
tions in acoustofluidic devices, namely, the acoustic stream-
ing v, in the fluid and the radiation force F™ acting on the
suspended microparticles. In Figs. 2(f) and 2(g), these
responses are shown in the same seven cross sections as
were used in Fig. 2(e). Being second-order responses, the
amplitudes of v, and F™ become 2.2% ~5 larger in
the thin-film than in the bulk-PZT device, where 2.2 is the
aforementioned ratio in the pressure amplitudes. Similarly,
the axial variations in v, and F™ are nearly five times larger
in the thin-film than they are in the bulk-PZT device.

For a more complete quantitative comparison of the
acoustophoretic response, we compute the acoustic energy
density E,. [Eq. (8)], the figure of merit R [Eq. (10)], and
the focusing time g [Eq. (11)] for suspended 5-um-diame-
ter microparticles for the two main resonance modes in
Fig. 2. As detailed in the supplementary material,”® 7o for a
given mode is given by the average of the focus time of
3536 individual particle trajectories computed by numerical
integration. The respective values are listed in Table I, and
they support the result of the qualitative comparison of the
shape of the pressure, streaming, and force fields: The time-
averaged response of the AlpgSco4N thin-film device is
comparable in terms of E,., R, and f, to that of the bulk-
PZT device. It supports the usual quadrupolar Rayleigh
streaming pattern, and the radiation force points toward the
vertical center plane along the axis, which can, thus, serve
as a plane for particle focusing. Whereas R is 22.7/7.1
= 3.2 times smaller, Ef}c is 72/22 = 3.3 times larger and g,
is 1.73/0.53 = 3.3 times faster in the thin-film device com-
pared to the bulk-PZT device. From this first example, it is,
therefore, clear that the thin-film bulk device would work as
an excellent acoustofluidic device and thin-film transducers
can be used on generic bulk chips without fabricating the

TABLE 1. The quantitative comparison of the quality of the resonance
modes of three thin-film (thf) and one bulk (bulk) device: Al ¢Sco 4N (thf)
and Pz26 (bulk) of Fig. 2, as well as AIN (thf) and Pz26 (thf) discussed in
Sec. IV B. Listed are the resonance frequency fi.s, the figure of merit, Eq.
(10), the acoustic energy density E,., Eq. (8), and the focusing time f,., Eq.
(11), for 5-um-diameter microparticles. See the animations of the resonance
modes in the supplementary material (Ref. 38).

AIN A10'6SCO.4N Pz26 Pz26
Response thf thf thf bulk
fres (MHz) 1.948 1.946 1.942 1.927
R(-) 6.7 7.1 8.5 22.7
EL 0m™) 7.3 72 21x10° 22
thoc (3) 5.4 0.52 0.016 1.73
ED tioe O sm ™) 39.4 37.4 34.2 38.1
EN/et , (mF ' Ref.38) 7.0 10.3 9.9 —
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delicate and expensive membrane devices.?! In the follow-
ing, we investigate further the physical characteristics of the
thin-film bulk device.

IV. PHYSICAL ASPECTS OF ACOUSTOFLUIDIC BULK
DEVICES DRIVEN BY THIN-FILM TRANSDUCERS

In this section, we use the numerical model to study
various physical aspects of acoustofluidic devices with thin-
film transducers. The study includes the physical principle
of the thin-film transduction process; the robustness of the
device to the material, thickness, and quality factor of the
thin-film transducer; the role of the thin-film-transducer
electrode shape; the spatial regularity; and the sensitivity of
the device to shifts in the channel position away from the
exact centering in the glass chip.

A. The physics of thin-film actuation of bulk devices

The ability of the thin-film transducer to create the
desired acoustophoretic microparticle focusing by radiation
force or mixing by acoustic streaming in a bulk acoustoflui-
dic device relies on three physical aspects of the system: the
in-plane-expansion of the thin-film transducer under the
action of the orthogonal applied electric field, the acoustic
whole-system resonance of the device, and the high Q-factor
of the elastic solid, constituting the bulk part of the device.

Traditional bulk PZE transducers typically work by
exciting a standing half-wave in the transducer thickness
direction, which is also the direction of both the polarization
and applied electrical field. This gives a large mechanical
displacement because of the large longitudinal PZE coeffi-
cient es33. This thickness mode is fairly easy to compute and
design for, and it is also relatively good at transferring
acoustical power into a device attached to the transducer by
the large displacement component along the surface normal.
Conventional bulk PZE transducers with a millimeter-
thickness typically have good resonances in the low-MHz
regime.

In contrast, the half-wave transducer resonances of the
thin-film transducers are pushed up into the GHz regime as
a result of the micrometer-sized thickness, which is much
higher than the low-MHz frequencies typically used in bulk
acoustofluidics. Therefore, the transduction studied in this
work is dominated by the transverse PZE coefficient ez, .
The large electric field on the order of MV/m that results
from applying, say, a potential difference of 1V, across a
1-um-thick thin-film transducer, generates a large strain that
accumulates along the millimeter-sized transducer—glass
interface, which is the first of the three physical prerequi-
sites. When this strain pattern has a sufficiently compatible
overlap with that of a given resonance mode in the large
glass block, the system will be excited at a frequency near
this resonance mode frequency. This is the second physical
prerequisite. We emphasize that this transduction mecha-
nism does not rely on exciting any resonances in the thin-
film transducer but instead on exciting resonances in the
whole system, of which the transducer is only a minute part.
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— ~

1.946 MHz |

FIG. 3. (Color online) The 3D numerical simulation in the yz-plane at x =0
of the displacement field u; (enhanced by a factor of 7000 for clarity) in the
AlgeSco4N thin-film device of Fig. 2(a) at the whole-system resonance
Jfme = 1.946 MHz. The vector plot of u; (cyan vectors) and color plot of its
magnitude u; from O (dark blue) to 15nm (light yellow) is shown. The
mode is excited by the Aly¢Sco4N thin-film transducer driven by a 1-V,,
ac-voltage at the frequency f=1.946 MHz. The in-plane strain Oyu, , e, (red
vectors) generated by the transducer on the transducer-glass interface shows
expansion on the left and contraction on the right side in a way that is com-
patible with the strain field of the whole-system resonance mode. See the
animations of the modes in the supplementary material (Ref. 38).

The thin-film transduction mechanism is exemplified in
Fig. 3 (and in the corresponding animation in the supple-
mentary material38) by the mode fi,s in the thin-film device
[Fig. 2(a)]. The in-plane strain (Oyu1 y)e, on the transducer—
glass interface generated by the antisymmetrically driven
split-bottom-electrode thin-film transducer corresponds to
an expansion on the left side and a contraction on the right
side. This strain pattern is compatible with that of the
whole-system resonance mode, which, therefore, is excited
with a large 15-nm displacement amplitude. The resulting
antisymmetric oscillatory displacement field of the glass
block pushes on the water in the channel, which leads to an
antisymmetric pressure wave p; [Fig. 2(e)] with the desired
acoustofluidic properties shown in Figs. 2(f) and 2(g).

The third and last physical prerequisite is the high-
quality factor of the whole system as an acoustic resonator.
Because the thin-film transducer in our main example con-
stitutes only a 0.07% v/v, the quality factor is completely
dominated by that of the glass block, which has a high
value, O ~ 10°, in a typical glass.*

B. The robustness of the device to the material,
thickness, and quality factor of the thin-film
transducer

The above thin-film transduction method implies that
the functionality of the thin-film acoustofluidic device is
robust to changes in several characteristic properties of the
thin-film transducer, essentially because of its small volume
fraction of the whole system. In the following, we study
three such properties, namely, the material, thickness, and
quality factor of the thin-film transducer.

We simulate three types of PZE materials. One is the
commonly used PZT, having large PZE coefficients. One
drawback of this material is its lead content, which is being
out-phased for health and environmental reasons, and
another is the difficulty in fabricating the material with a
sufficiently low dissipation. Whereas other materials have
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lower PZE coefficients than PZT, they may be fabricated
with higher purity and less dissipation. The lead-free
AIN is a choice for its simpler and better well-controlled
high-quality depositing on a variety of substrates, which
allows for higher break-down voltages that may compen-
sate for the lower PZE coefficient. Al; _ Sc, N offers a
PZE coefficient between the values of PZT and AIN with
many of the same advantages as AIN, but it has a more
complex fabrication process and alower break-down
voltage.

In the first three columns of Table I, the simulation
results of these different PZE materials are listed, while
keeping all other quantities fixed in the model: AIN,
Alg¢Sco 4N, and PZT Pz26, and maintaining this order when
referring to the numerical results in the following. In spite
of the very different material parameters listed in Table SII
of the supplemental material,*® the resulting acoustofluidic
response of the main resonance fi¢ is nearly the same shape-
wise, and only the amplitudes vary. Within 0.3%, the reso-
nance frequencies are identical, fi,y = 1.948, 1.946, and
1.942 Mz, whereas the field amplitudes reflect the difference
in the PZE coefficients and are for the pressure |p;| = 0.44,
1.20, and 3.50 MPa, the displacement |u;| = 5.1, 15, and
38 nm, and the acoustic energy density ESC =17.3, 72, and
2.1 x 10° I m~3. Besides the obvious difference in the
amplitude, the computed whole-system resonance is nearly
the same in all three cases, showing a nearly ideal antisym-
metric pressure wave in the microchannel. This is also
reflected in the last two rows of Table I, which show how
well the scaling laws 7! oc EM oc e%lf are obeyed in the
three cases.

The thin-film device is also insensitive to the quality
factor of the thin-film transducer, which, in terms of the
damping coefficient I'y; in the Cauchy equation (5), is given
by O = %Fs_ll. For two reasons, we expect a weak depen-
dency on Q. The tiny volume of the transducer implies that
the Q-factor of the system is completely dominated by that
of the glass block. Consequently, as the transduction mecha-
nism does not rely on the resonance properties of the thin-
film transducer, the strong Q-dependence that is usually
associated with the resonant modes in the transducer is
absent. The simulation results shown in Fig. 4 confirm this
expectation. Here, the acoustic energy density E'. in the
microchannel of the thin-film device [Fig. 2(a)] at the reso-
nance fi,y = 1.946 MHz is shown as a function of QO from
the original value of 1000 down to an appalling low value of
5. The resonant behavior reflected in EI (f) is maintained,
and the change in Q by a factor of 200 results in a drop of
the peak value of Efl by a factor of only 2, from 72 to
40 J m—3.

Finally, the simulation results in Fig. 4 also show that
the main resonance mode fi; is maintained when changing
the thickness by a factor of 3.5 from Hyr = 1 to 3.5 um,
numbers typical for the current AIN and Al; _ ,Sc,N thin-
film fabrication technology. The amplitude of the resonance
peak in E! is nearly constant (72%1) J m~? from the thin-
nest to thickest film.
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FIG. 4. (Color online) The 3D simulations of the acoustic energy density
EEC of the resonance mode for the system shown in Fig. 2(a) versus the fre-
quency from 1.938 to 1.954 MHz as a function of the thin-film Q-factor
O, decreasing from 1000, 50, and 10 to 5 (red arrow), and as a function of
the thin-film thickness Hy,¢, increasing from 1 to 3.5 um in steps of 0.5 yum
(blue arrow).

C. Enhancing the acoustic response of the device by
shaping the electrodes of the thin-film transducer

Thin-film transducers are fabricated by standard micro-
fabrication deposition techniques, and this implies several
distinct advantages. The lateral shape of the transducer or its
electrode can be chosen freely by photolithography techni-
ques; the attachment of the transducer to the glass chip is
reproducible, stable, and strong, and the less controlled use
of glue, known from standard bulk-transducer technology,*®
is avoided. Commercially, microfabrication techniques open
up for volume production with relatively cheap unit prices, a
necessary prerequisite for widespread single-use applica-
tions in biotechnology and medicine, where the cross-
contamination arising from the multiple use of the same
device is a no go.

An illustrative example of how the shape of the metal
electrodes on the surface of the thin-film transducer may
enhance the acoustic response is shown in Fig. 5. Here, the
thin-film device of Fig. 2(a) is used as a starting point, but
instead of the split-bottom electrode used for antisymmetric
excitations, the bottom electrode is used for symmetric exci-
tations in the three different cases of Figs. 5(a)-5(c), keep-
ing all other parameters fixed: (a) an un-split electrode, (b) a
large-gap split electrode, and (c) a two-gap split electrode.
The aim is to excite with varying strength the symmetric
full-wavelength-like pressure mode having two vertical
nodal planes, which obeys the symmetry condition
p1(x, —y,2z) = pi(x,y,z). Indeed, such a symmetric whole-
system resonance is located at f=3.578 MHz as shown in
Figs. 5(d)-5(g). As listed in Fig. 5(h), the strength of the
mode depends on the electrode design. By reducing the elec-
trode coverage from 100% in case (a) to 33% in case (b),
the acoustic energy density can be increased by a factor of
2. Another factor of 2 is obtained by having the 49% elec-
trode coverage of case (c), which includes an excitation
voltage of +¢, on the outer electrodes and —¢,, on the cen-
ter electrode.
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(h) Electrode design
Variable (a) () (c)

Area [%]] 100 33 49
Ef [J/m3]|15.3 26.0 57.8
. |Frad] [pN]| 24 38 82
T | [nm]| 4.7 6.3 9.2
lp1]  [MPa][0.69 0.90 1.42

FIG. 5. (Color online) Simulations of the device in Fig. 2(a) but now excit-
ing the symmetric full-wave-like resonance mode at f = 3.578 MHz.
[(a)—(c)] Three designs of a symmetric bottom electrode for exciting this
mode, where red is actuated by ¢ = +¢,, blue is actuated by ¢ = —¢,,
and gray marks no electrode. The top electrode is grounded, ¢ = 0.
[(d)~(g)] The 3D simulations of u;, p;, and F™ in the device with electrode
design (c) using the same plot format as in Fig. 2 but with the color scales
given in (h), together with the acoustic energy density E,. and the area (in
%) covered by the bottom electrode for all three electrode designs. See the
supplementary material for animations of the resonance mode in all three
cases (Ref. 38).

The explanation of this result is found in the spatial form
of the whole-system resonance mode. By inspection, we see
that the displacement field at the glass-transducer interface
forms a wave with in-plane contractions and expansions. The
PZE coefficient e3; s in the transducer implies the presence of
an electric field with a vertical component that changes sign
along the in-plane direction. This tendency is counteracted
by the fully covering bottom electrode, which imposes a uni-
directional electrical field. Consequently, by removing the
central part of the bottom electrode (or adding the anti-phase
central part), this constraining boundary condition is relaxed
(or changed into a supporting condition) while the remaining
side parts of the electrode are still capable of exciting the
whole-system resonance mode. This example offers a
glimpse of the opportunities for design improvements by per-
forming a shape optimization of the electrodes or perhaps the
entire thin-film transducer.

D. Spatially regular modes in the thin-film device

Intuitively, the simplicity of the thin-film device con-
sisting essentially of just a glass block should lead to simpler
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modes with regular spatial dependencies. As mentioned
above, the presence of a bulky PZT transducer leads to the
excitation of whole-system resonance modes with a more
irregular wave pattern in the displacement fields. Also,
experimentally, this has been observed as hot spots in the
pressure field along an otherwise perfectly shaped rectangu-
lar microchannel.*®

In Fig. 6(a), we show six different whole-system reso-
nance modes at lower frequencies near 1 MHz in a thin-film
device with a 1-um-thick split-bottom-electrode AIN thin-
film transducer mounted on the bottom of a rectangular
Schott D263 glass block (Schott Suisse SA, Yverdon,
Switzerland) of length Ly = 45 mm, width Wy = 2.8 mm,
and height Hg = 1.4 mm. The microchannel of the system
has length Lg =40 mm, width (at its top) W = 0.43 mm, and
height Hg =0.15 mm. To mimic the shape obtained by the
isotropic etching in the glass, the side walls are modeled as
quarter circles as shown in Fig. 6(b). The quarter circles
increase the resonance frequency, but by increasing the chan-
nel width, we maintain a usual half-wave-like resonance
mode close to 2MHz as in Fig. 2(a). The frequencies of the
resonance modes near 1 MHz are far from this 2 MHz and,
thus, we would not expect these modes to be very strong.
However, a clear spectrum with well-separated resonance

(c) B, (J m_3)

06l |@0.739Tm ]
: -3
0.4 0070 Jm ™= 0.012 J ]
02l 0.036 Jm™ 418 J 3 0.009Jm 3
0 O . A® L @ . ! . L
' 0.96  0.97 £ (MHz) 1.00  1.01

FIG. 6. (Color online) The simulation of the low-frequency modes near
1 MHz in a thin-film device with a 1-um-thick split-bottom-electrode AIN
thin-film transducer. The system is symmetric around the vertical center
plane at x =0 and antisymmetric around the vertical center plane at y =0.
(a) The lowest six resonance modes n =0, 1,...,5 with 2n nodal planes
along the x axis and one nodal plane along the y axis. The plot format is the
same as in Fig. 2(a). (b) The cross-sectional shape of the microchannel in
the vertical yz-plane. (c) The acoustic energy density spectrum ESC (f) iden-
tifying the six resonance modes. See the supplementary material for anima-
tions of the six resonance modes (Ref. 38).
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modes appears as shown in Fig. 6(c), yet another example of
whole-system resonances excited by the thin-film transducer.

The antisymmetric actuation of the split-bottom elec-
trode, combined with the geometrical symmetry, dictates
that the system is symmetric around the vertical plane, at
x =0, across the device, and antisymmetric around the verti-
cal plane, at y =0, along the device. In Fig. 6(a), one imme-
diately notices the spatial regularity of both the
displacement field u; and pressure field p; in the six dis-
played modes. Both fields have the required symmetry along
the x axis and anti-symmetry along the y axis, and both
fields exhibit one nodal plane along the transverse y direc-
tion and, respectively, 2n nodal planes withn = 0,1,2,...,5
along the axial x direction. In Fig. 6(c), the spectrum E'L (f)
in the frequency range from 0.952 to 1.015 MHz is shown,
which allows for the identification of the six resonance fre-
quencies f, 10, where the indices refer to the number of
nodal planes in each direction. Of the six modes, the n =0-
mode without nodes along the x axis has an axial structure
that matches the x-independent voltage boundary condition
better than the other modes, and indeed it has the highest
energy density. As the number n of x axis nodes increases,
the corresponding mode exhibits an increasing number
of nodes and, hence, an increasing mismatch with the x-
independent voltage boundary condition. This explains the
monotonically decreasing peak value of E};]C for the increas-
ing values of n shown in Fig. 6(b).

E. Device sensitivity to breaking of geometrical
symmetries

As a final point, we discuss the consequences of break-
ing the perfect anti-symmetry of the thin-film device imposed
in Figs. 2, 3, and 6. Using the microfabrication techniques,
many geometrical features can be defined with accuracies
down between 1 and 10 um; however, it can be problematic
to reach such accuracies when dicing up a full-sized wafer
into the individual devices. For microelectronics, this is not
problematic if the integrated circuits are sufficiently removed
from the edges. However, for acoustofluidic devices, the
whole substrate influences the whole-system resonances. For
this reason, it is interesting to investigate the sensitivity of a

(a) Ef =72Jm3

p1 = 1.23 MPa

0 pm channel off-set 1

given acoustofluidic device given shifts in the position of the
microchannel relative to the edges of the substrate.

In Fig. 7, we study the acoustic response to a shift in the
center axis of the microchannel in the thin-film device of
Fig. 2(a) from the ideal symmetric position at y=0 to 50
and 100 um. The whole-system-resonance mode is not
degraded significantly by this shift, which adds to the
robustness in the experimental applications. A contributing
factor to this robustness is that the water-filled channel only
constitutes 1.2% of the total volume of the device. We
notice that the main antisymmetric form of the acoustic
pressure is largely unaffected by the shift, and the acoustic
energy density E! remains high in the range from 55 to
78 J m—3. However, as the shift increases, more pronounced
axial inhomogeneities develop. Such inhomogeneities may
imply a degradation in the functionality for stop-flow appli-
cations; however, as is well known experimentally from the
measurements on several acoustofluidic devices in flow-
through applications, such axial inhomogeneities averages
out, and the device would work essentially without
degradation.zo

V. CONCLUSION AND OUTLOOK

In this paper, based on a well-tested and experimentally
validated numerical model,23’34’35 we have shown by
3D numerical simulations in Sec. III, including Fig. 2 and
Table I, that bulk glass chips with integrated PZE thin-film
transducers constituting less than 0.1% v/v of the device have
an acoustofluidic response on par with that obtained in a con-
ventional silicon-glass device actuated by a PZT transducer,
quantified by Egc, R, and t¢,.. The analysis in Sec. IV A dem-
onstrated that the ability of the thin-film transducer to induce
the desired acoustofluidic response in a bulk device relies on
three physical aspects of the system: the in-plane-expansion
of the thin-film transducer under the action of the orthogonal
applied electric field, the acoustic whole-system resonances
of the device, and the high Q-factor of the elastic solid, con-
stituting the bulk part of the device.

We have pointed out some of the advantages of using
thin-film transducers. Among them is the low sensitivity of
the thin-film device to the material, thickness, and quality

(b) Ef. =78 Jm™®  p; =1.70 MPa

50 pm channel off-set 1

(¢c) E% =55Jm3  p =144 MPa

100 pm channel off-set 1

1.954 MHz

w1 = 22 nm

FIG. 7. (Color online) (a) The resonance mode at f = 1.946 MHz of the device shown in Fig. 2(a), and using the same plot format, with the acoustic energy
density E,. =72 J m~? and maximum pressure amplitude p; = +1.23 MPa in the fluid, and maximum displacement amplitude #; = 15 nm in the solid. (b)
The same as that in (a) but with the channel offset 50 um in the y direction and with resonance frequency f = 1.954 MHz, E,. =78 J m~3,
p1 = *1.70 MPa, and u; =22 nm. (c) The same as that in (a) but with the channel offset by 100 um in the y direction and with resonance frequency
f=1.955 MHz, E,. =55J m™3, pj = +1.44 MPa, and u; = 29 nm. See the supplementary material for animations of the three resonance modes (Ref. 38).
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factor of the thin-film transducer discussed in Sec. IV B.
Another advantage is that thin-film devices can be produced
by clean-room microfabrication techniques, similar to the
ones employed in the fabrication of surface acoustic waves.
These techniques make it possible to shape the transducer
electrodes, and in Sec. IV C, we discussed how to exploit
this design freedom to boost the acoustofluidic response in
the example of Fig. 5 by a factor of 4 by carefully shaping
the transducer electrodes and reducing their area. We have
also exploited the advantage of the microfabrication techni-
ques that the thin-film transducers are integrated in the devi-
ces without involving the use of glue or glycerol coupling
layers, which are used in the conventional bulk-transducer
technique, although they are hard to control and often result
in diminished reproducibility.

The performance of the thin-film and bulk-PZT bulk
devices have been compared on equal footing using the
same model approach and the same assumptions on damp-
ing and lack of clamping. More accurate simulation predic-
tions for both types of devices would require better
knowledge of the material parameters, the actual damping
mechanisms in all elements of the devices, and modeling of
the specific clamping and tubing of the device to the mea-
surement setup. The influence of these factors on the func-
tionality of especially the thin-film device will be part of
future studies in close collaboration with experimental
colleagues.

In an application perspective, the use of thin-film trans-
ducers offers new possibilities in the field of acoustofluidics.
The fact that the thin-film transducer constitutes such a low
volume fraction implies not only that the device is relatively
insensitive to the quality of the thin film but also that the
core part of the acoustofluidic system, namely, the micro-
channel, constitutes a relatively larger part of the system
and is, thus, easier to control. The AIN-based thin-film trans-
ducers can be fabricated with high breakdown voltages
(~20 V/pm), which more than compensates for its lower
coupling coefficient e3 s, and lower the dissipation and heat
production.

We hope that this theoretical analysis will inspire our
experimental colleagues in the field to investigate the new
application aspects offered by the thin-film acoustofluidic
devices.
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