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ABSTRACT

Particle sorting is an important step in many biological and biomedical techniques.
One sorting technique that has received a lot of attention is based on acoustophore-
sis. Manipulating cells with acoustic forces allows for a sorting method based on
physical properties in a non-invasive, label-free, and biocompatible manner. To date,
acoustic sorting devices have been developed using either an interdigitated trans-
ducer (IDT) or a lead zirconate titanate (PZT) as an acoustic source. IDTs generate
surface acoustic waves (SAW) that can sort particles with high precision, however
only low throughput is possible. PZT, on the other hand, generates bulk acoustic
waves (BAW) that allows for a simple device architecture with high throughput.
Nevertheless, the current research done on BAW sorting devices also shows the
disadvantage of frequency restrictions.

An attractive alternative to PZT in acoustic sorting devices that has yet to be
researched, are the capacitive Micromachined Ultrasonic Transducers (CMUT).
CMUTs are well-known for their broad bandwidth, batch production and the possi-
bility for complex designs and integration with electronic circuits. In this work, we
present proof-of-concept devices to examine that CMUTs can be used as an acous-tic
source for particle sorting. Two different acoustic-microfluidic device interfaces were
considered, namely the sidewall and the top area of the CMUT. Additionally, the
presence of an acoustic pressure within the silicon substrate of the CMUT’s die was
investigated.

Experiments show that CMUTs generate an acoustic pressure within the silicon
substrate of the CMUT’s die. This acoustic pressure increased 6.4 times when a
phase alignment approach was used compared to when no phase alignment ap-
proach was used. Following these findings, acoustic-based sorting devices were
assembled to perform particle alignment experiments. It was shown that continu-
ous particle sorting could be demonstrated efficiently for both interfaces by using
a pressure field based on standing waves. Additionally, structures integrated into
the microfluidic devices, such as a vacuum horn, have the potential to amplify
the acoustic signal. These findings indicate that CMUT-based microfluidic devices
could provide a promising method for sheathless particle sorting.

Keywords: microfluidics, acoustic separation techniques, bio-applications, bulk
acoustic waves, surface acoustic waves
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INTRODUCTION

In the last few years, the interest in a number of emerging medical fields, such
as regenerative medicine, personalized medicine, and immunology, have increased
substantially. A crucial step in many techniques for these fields is to distinguish,
separate and target specific cells, proteins, and other relevant substances. Biological
samples are in general a mixture of such substances, where for many applications
the importance is in the recognition and separation of specific groups in these sam-
ples. Utilizing sorted cells enhances the homogeneity of the sample and decreases
the deviation among the analysis. A particular challenge is to sort specific cells at
microscale. The analysis of these sorted cells can provide information that plays a
significant role for personalized medicine.

Numerous techniques have been developed and are used to sort cells, where the
interest in microfluidic devices is rapidly growing. Figure 1.1 divides the microflu-
idic sorting methods in the ability to sort the number of cells [1]. Precise sorting
allows for single cell manipulation (instantaneous force) and only uses active sort-
ing, while large amount sorting allows for the sorting of multiple cells (continuous
force) at the same time and uses active and passive sorting.

Opposed to precise sorting methods, large amount sorting methods are especially
useful for high sample throughput and to filter out non-relevant substances. The
large amount sorting methods are divided into active and passive sorting. Active
sorting is based on dielectrophoresis, magnetophoresis or acoustophoresis. The di-
electrophoretic sorting method is based on the intrinsic dielectric characteristics of
particles. This allows for label-free sorting of particles based on their properties.
However, electric fields can harm the cells, which make them less suitable. Magne-
tophoretic sorting is based on the sorting of magnetic labeled cells by a magnetic
field. Nonetheless, this method needs target cell labeling that is hard to remove and
it can influence the characteristics of the cells.

In contrast to these methods, the acoustophoretic sorting method is a sorting
method that allows for label-free sorting with a minimum effect on the cell viability.
It is based on an acoustic source that generates acoustic pressure waves in a mi-

I Microfluidic sorting methods |

|
| Precise sorting | ILarge amount sorting |

[ |

—-I Acoustophoresis |

Microfiltration

| Acoustophoresis |

—.| Dielectrophoresis | Dielectrophoresis |

——l Optics | | Magnetophoresis |

—'l MEMS approach |

Figure 1.1: Microfluidic cell sorting methods based on precise and large amount sorting [1]
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crochannel where particles will either move to an anti-pressure node or a pressure
node. Here, particles do not require physical contact to sort, thus providing mini-
mum mechanical impact and a reduced heat conducted from the ultrasound trans-
ducers [16] The acoustic wave propagation in microfluidic devices is classified in
surface acoustic waves (SAW) or bulk acoustic waves (BAW) [5]. The compressibil-
ity, density, and size of cells in contrast to the medium are important characteristics
that determine the trajectory of cells. Summarizing, acoustophoresis is a powerful
biocompatible sorting method to manipulate particles that can be used for sorting
and separation. Figure 1.2 gives an overview of different cell sorting approaches

[2].

Hydrodynamic trap

9
Droplet-based microfluidics g i i |

| Magnetic trap

i) r“ '
T ¢ ¢

[ T

Single Cell
Isolation, Trapping and Manipulation

IDTs \
8 i 1@ “-,Leny
9 g0 90000 6 00 n-DEP 63 p-DEP L
° o : &
7 : "." N == %
el 5 Selective-DEP

. . Optical trap
Dielectrophoretic trap

Figure 1.2: Schematic overview of microfluidic cell sorting methods [2].

1.1 MICROFLUIDICS

Microfluidics is the science of precise control and manipulation of the behavior of
fluids inside micrometer-sized channels. In microfluidic devices, it is especially
useful to analyse physiological and pathological cellular environments on a small
scale. To make this process easier, cell sorting can be applied to remove irrelevant
particles. Cell sorting is an important technique to separate specific cells in fluid
mixed with different cells. In this way, the sorted cells can be used for different
purposes such as analysing and experimenting.

The materials used in microfluidics can be divided into Polydimethylsiloxane
(PDMS), polymer, silicon, glass, and others. PDMS is currently the dominant mate-
rial in the microfluidics with a market share of 34.7 % [17]. This material provides
the possibility for fast fabrication that is widely used. The main advantages are op-
tical transparency, low cost, and elasticity. However, there are certain limitations for
using PDMS, such as the channel deformation due to its high mechanical compli-
ance, absorption of molecules on its surface and penetration of water vapor due to
the permeability of PDMS [18; 19]. A suitable alternative is silicon with the advan-
tages of chemical compatibility, electrical conductivity, and surface stability. This
additionally allows for the integration of electronics on microfluidic chips [20].
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1.2 FLEX-TO-RIGID (F2R) PLATFORM

The silicon processing-based flex-to-rigid (F2R) platform gives the possibility of
miniature and flexible integrated circuits (IC) fabrication [21]. This technology is
based on connecting silicon devices by polyimide-based interconnects. Minimally
invasive instruments can now be made even smaller with the same functionality.
Catheters are an example of devices that have been explored with this technology.
The F2R platform not only gives the opportunity to create flexible IC devices, but
it can also be used for microfluidic devices [3]. In this fabrication flow, microflu-
idic channels are formed by using the buried trench patterning on silicon-on-oxide
(SOI) wafers as shown in Figure 1.3. General micro-assembly with industrialized
techniques can be used to develop IC devices and microfluidic microchannels. This
allows the F2R platform to be used for flexible devices and microfluidic devices.

b) c)

a) .
L
g

(a)
narrowed channel fluidic access port

observation port porous wall with interaction channels
between cells and stimulus channel

(b)

Figure 1.3: (a) Standardized IC-based process steps for the fabrication of embedded mi-
crochannels. The first two steps consist of etching small holes into a SiO, layer
and the silicon. The residual silicon is removed with a CF; etch. Finally, the hole
are closed by depositing a thin layer of SiO; and an observation port is formed by
deep eching from the back. (b) Cross-sectional view of the embedded microchan-
nels [3].

1.3 PROBLEM STATEMENT AND RESEARCH AIM

As previously mentioned, the acoustophoretic sorting method is a sorting method
with many benefits, such as a label-free and biocompatible sorting system. Two
types of acoustic sorting methods are distinguished, namely surface acoustic wave
(SAWSs) based and bulk acoustic waves (BAWs) based. In SAW-based microfluidic
devices, interdigitated transducers (IDTs) play a key role in the formation of acoustic
waves in microfluidic channels [9; 12; 22; 10]. IDTs are metal electrodes patterned
on piezoelectric material and often operated with frequencies in the megahertz to
gigahertz range. These acoustic waves will lead to the generation of Rayleigh SAWs
that are leaked into the microfluidic channel. The throughput of the acoustic energy
strongly depends on the distance between the transducer and the microchannel and
the width of the microchannel.

5
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BAW-based microfluidic devices are acoustic resonators that generally consist of
an acoustic transducer and a microchannel with hard walls. These two components
are connected by an acoustic impedance matching layer. Microchannels are usually
made of materials such as silicon, steel, or glass. The high acoustic impedance of
these materials allows for the wall of the microchannel to behave as a reflector due
to the mismatch between the fluid and the walls. However, over the past few years
only piezoelectric transducers (PZT) have been applied for BAW-based microfluidic
devices, which limits the operating condition of the chips [13; 23; 24].
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Figure 1.4: The working principle of a CMUT: on the left side the CMUT operates as an ul-
trasound receiver and the other side the CMUT operates as an ultrasound source

[4].

Another acoustic source which has yet to be investigated for microfluidic appli-
cations is the Capacitive Micromachined Ultrasound Transducer (CMUT). A CMUT
contains a flexible top and fixed bottom plate separated by a vacuum gap [4].
CMUTS can be operated as an ultrasound receiver or transmitter, as seen in Fig-
ure 1.4. For an acoustic sorting device, CMUTs are operated in collapse mode,
which allows for high efficiency in transmission and receiving modes. An alternat-
ing voltage and a bias voltage are applied to generate electrostatic forces, which in
turn produces oscillation of the membrane to send ultrasound. The generated ul-
trasound can couple into the substrate through the collapsed area, and propagates
within the silicon substrate. If this is possible, CMUTs can be used as an acoustic
source for particle sorting.

[ ] Epotek 301 Acoustic gel

()

Figure 1.5: Schematic overview of the different acoustic-microfluidic device interfaces: (a)
microfluidic device next to the CMUT and (b) microfluidic decive on top of the
CMUT.

In this work, novel BAW-based sorting devices using CMUTs and F2R are pro-
posed. Two different acoustic-microfluidic device interfaces are considered, namely
the sidewall and the area on top of the CMUTs (Fig. 1.5). First of all, the presence
of an acoustic sidewall pressure is investigated to determine if this interface is suit-
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able for particle sorting. This is followed by designing and simulating the devices
to determine if particle alignment is possible. Subsequently, the fabrication of the
devices and the particle alignment experiments are performed.

1.4 THESIS OUTLINE

Chapter 2 describes the theoretical background of acoustic-based sorting devices.
This includes the different acoustic forces on particles, acoustic resonators and al-
ready existing acoustic-based devices. Chapter 3 investigates the presence of an
acoustic sidewall pressure in CMUT devices and the possibility to amplify the out-
put pressure. Chapter 4 presents the designs and simulations of the acoustic-based
sorting devices required for particle sorting. Chapter 5 describes the fabrication
method and results, followed by the experimental setups used for the particle align-
ment experiment. Chapter 6 presents the results of the particle alignment experi-
ments. Finally, the thesis is concluded in Chapter 7, also including recommenda-
tions for future work.

7






BACKGROUND AND METHODOLOGY

Sound is in general the result of the vibration of a body, and it propagates in the
form of a wave. The vibration of the particles in a material allows the sound wave
to propagate through the material. The human auditory system can hear sound
waves with frequencies of up to 20 kHz, whereas frequencies above 20 kHz, known
as ultrasound, are not audible. The use of high acoustic frequencies allows for fluid
manipulation on the same scale as the micrometer-sized channels of most microflu-
idic devices. Acoustofluidics describes the technique that integrates acoustic waves
in microfluidic systems. Acoustofluidics has a number of advantages, including
straightforward fabrication, integration with other integrated circuit components, a
quick and powerful fluid actuation, contact-free and non-invasive particle manipu-
lation, and a high biocompatibility [25].

2.1 MICROFLUIDICS

Microfluidics focuses on the behavior of fluids in micrometer-sized channels with
the possibility of accurate control and manipulation of particles and their surround-
ings. Laminar flow in microfluidics is characterized by smooth streamlines, parabolic
velocity profiles and particle trajectories in straight and parallel lines [26].

The Reynolds number (Re) predicts if the flow pattern is laminar or turbulent
and is defined as

Re ="—, (2.1)

where p denotes the density of the fluid, v is the flow velocity, d is the characteristic
length and # is the fluid viscosity. A Re less than 2000 indicates a laminar flow and
the transition to turbulent flow starts at 2000. In microfluidics, the Re is generally
less than 100 due to the small dimensions of the microchannels.

Acoustic waves have been extensively applied in microfluidic devices, where the
acoustic wave propagation is divided into bulk acoustic waves (BAWSs) or surface
acoustic waves (SAWSs)(Fig. 2.1)[5]. BAWs are acoustic waves propagating through
the solid material and create standing waves in microfluidic channel. BAWs are
defined as the acoustic wave propagation through the solid material and create
standing acoustic waves in the microfluidic channel (Fig. 2.1(a)).

In an acoustic-based device with microfluidic channels, the acoustic impedance
for the substrate is in general much higher than the one for the fluid, which is given
as

Z = pc (2.2)

where p is the density and c is the speed of sound of the material. The fluid-to-solid
interface will therefore result in an abundant amount of reflected acoustic waves.
The traveling acoustic waves are superimposed on the opposing reflected waves re-
sulting in standing waves in the microfluidic channel. SAWs are characterized in
standing SAWSs and traveling SAWSs. The standing SAWs are created by two acous-
tic sources or an acoustic source where acoustic waves are reflected (Fig. 2.1(b)).
The traveling SAWs illustrate SAWs that move away from the acoustic source (Fig.
2.1(c)). Both BAWSs and standing SAW microfluidic devices create standing waves
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Figure 2.1: Schematic overview of acoustic wave propagation in a microfluidic device: (a)
BAW propagation, (b) standing SAW propagation and (c) traveling SAW propa-
gation. [5].

in the microfluididic channel that are characterized by pressure nodes and anti-
pressure nodes.

To determine a particle motion relative to a medium, it is important to consider
the viscous drag that opposes this motion formed by the laminar fluid flow in the
microchannels. Consider a particle that moves with a specific velocity, v,, through
a fluid with a velocity, the viscous Stokes drag ,Fj,e, on the particle is defined as

Firag = 6701700, (2:3)

where a is the particle radius [27]. This Stokes” law shows that when a particle
radius and/or velocity increases, drag force increases linearly. It is therefore im-
portant to consider that drag force is proportional to the particle radius for the
influence of the acoustic force on the particles.

2.2 ACOUSTIC FORCES ACTING ON PARTICLES

To understand the influence of acoustic waves on a particle in a microfluidic channel,
it is important to distinguish the type of acoustic wave and to describe the forces that
play a role on these particles. The acoustic waves formed in the microfluidic channel
are either a standing wave or traveling wave depending on the transducer and the
materials. The acoustic waves propagating in the microfluidic channel will induce a
force on the particles due to the mismatch in acoustic properties of the particle and
its surrounding. This force consists of the primary and secondary acoustic radiation
force, where the focus will lie on standing waves instead of traveling waves (Fig. 2.2)
[5]-

Acoustic waves generated in a microfluidic channel are divided into standing
or traveling acoustic waves. The traveling acoustic waves are characterized by the
generation of waves away from the acoustic source and defined as
_2m 27

and k=— (2.4)

y(x, t) = Asin(t + kx) with  w T T

where T is the time period of one wave, A is the amplitude, ¢ is the time, x is the
position of the wave displacement and A is the wavelength.

Standing waves are formed by two opposing propagating waves with the same
frequency, amplitude and speed that interfere with each other. These waves are gen-
erated by two transducers in opposite directions or one transducer and a reflector.
A standing wave is characterized by its confined movement and its fixed pressure
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Figure 2.2: The working mechanism of acoustic forces on particles in a standing wave. (a)
Particles are randomly distributed in a channel. (b) By activating ultrasound in
the channel, the particles will experience the primary radiation force that move
the particles into the pressure nodes. (c) The lateral radiation force align the
particle to the center of the acoustic field. When the distance between the particles
get close enough, secondary acoustic radiation forces attract the particles to each
other. (d) The final outcome is the centered cluster of particles in the middle of
the channel [6].

and anti-pressure nodes. The anti-pressure node is the location with the highest am-
plitude (highest displacement), whereas the pressure node has the lowest amplitude
(no displacement). The displacement function is given as:

y(x,t) = Acos(kx)sin(wt). (2.5)

2.2.1  Primary acoustic radiation force

In acoustic-based sorting devices, the most dominant force used to manipulate par-
ticles is known as the primary acoustic radiation force, Fprr. This force is created
by standing waves in the microfluidic channel and consists of axial and lateral com-
ponents. This force consists of axial and lateral components. The axial component
(Fig. 2.2(a)) is defined as

FprE,, = npoz_Vpﬁm (B, p)sin(2kx) (2.6)

with ¢(B,p) = 5;,;;;25; br g k=
where p is the acoustic pressure amplitude, Vp is the volume of the particle, B,/
is the compressibility of particle or the medium, A is the wavelength of the acoustic
wave, ¢ is the acoustic contrast factor, p,,/,, is the density of the particle or the
medium, k is the wave number and x is the distance between the particle and the
pressure node.

The particle volume, V), is proportional to the Fpgf,, and is therefore greatly size
dependent. This plays a significant role in the behavior of the Fprr, (Fig. 2.3). The
larger the particle diameter, the more the acoustic radiation force will act on the
particle. Thus, allowing for faster particle alignment to a pressure node compared
to smaller particles. Furthermore, the acoustic contrast factor, ¢, depends on the
density and compressibility of the particle and the medium. If ¢ is positive, the
particles will migrate to a pressure node, while for a negative ¢ the particles will
move to an anti-pressure node. The lateral component (Fig. 2.2(b)) is defined as

Pp — Pm

_ a3
Fprp,, = 3d,VEs on T 20,

(2.7)

1
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where VE,. is the acoustic energy gradient and d) is the distance between the
central point of the particles. This component is responsible for the attraction move-
ment between the particles in the nodal plane.
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Figure 2.3: Influence of the primary acoustic radiation force on polysterene particles with a
diameter ranging from 2.5 pum to 15 um. The acoustic wavelength is 375 um that
corresponds to a frequency of 2 MHz and the acoustic pressure is 0.03 MPa in
deionized water. The fluid compressibility, fluid density, particle compressibility
and particle density are as 4.58 - 10~ 1°Pa~1 , 1000kg - m—3, 2.46 - 10~1°Pa~! and
1050kg - m—3, respectively

2.2.2 Secondary acoustic radiation force

The secondary acoustic radiation force, Fsgr, on a particle is less prominent and is
created by the acoustic waves scattering as a result of the surrounding particles (Fig.
2.2(c)). This force is also known as Bjerknes force and becomes relevant if numerous
particles are close to each other. It is defined as

(op — pm)*(3c0s*0 — 1) , w*om(Bp — Pm)* 5

Fsrp = 4ma} - , (28
srr = 47a, 6pmd? 0°(x) o2 p~(x) (2.8)
where a, is the radius of the particle, 6 is the angle between the direction of the
acoustic wave propagation and the central line that connects the particles, v is the
acoustic particle velocity and p is the acoustic pressure. The particles are attracted to
each other if Fsrr is negative and repulsive if Fsgr is positive. Note that the particle

attraction depends on both the pressure and velocity and the particle repulsion on
the velocity.

2.2.3 Acoustic streaming

Acoustic streaming was first theoretically described by Rayleigh in 1884 and is de-
fined as a steady fluid flow produced by the viscous attenuation of an acoustic
wave. This is a drag force on the particles created by the acoustic streaming, where
the streaming velocity is at a rate proportional to the square of its frequency. Two
common types of acoustic streaming are possible: Eckart and Rayleigh streaming
[7]. Eckart streaming is created by the dissipation of acoustic energy in the fluid
bulk. During acoustic wave propagation, the wave will attenuate due to the acoustic
energy absorption by the fluid. This streaming is usually present in traveling SAWs
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as a result of inadequate reflection or alignment. This acoustic energy loss leads to
a net force in the direction of acoustic propagation.

Rayleigh streaming occurs due to the acoustic attenuation close to the boundary
layers creating a steady flow. It is characterized by the vortex-antivortex for each

half wavelength in the acoustic wave direction with a vortex size of % (Fig. 2.4).

This streaming is especially distinct if

ASh> 0, with Oy =1/ i}—v, (2.9)

where A is the wavelength, / is the characteristic chamber length, J, is the viscous
penetration depth, v is the kinematic viscosity and w is the angular frequency.

Acoustic streaming is often used as acoustic trapping devices. In microfluidic
devices for particle alignment and sorting, this mechanism plays a vital role for
nano and sub-micron particles sorting. The particle diameter is therefore important
to determine which forces, radiation force or acoustic streaming, play a dominant
role. If particles are larger than the critical size, radiation force plays a dominant
role and if they are smaller than the critical size, acoustic streaming is dominant.

The viscous drag force as a result of Rayleigh streaming Fr plays a significant role
in the lateral direction compared to the axial direction. Fprr generally dominates
over Fr in the axial direction, however this is not the case for the lateral direction
where the Fprr and Fr are comparable. Note that the volume and the diameter of a
particle is proportional to Fprr and Fg, respectively. Furthermore, Fsgr plays a role
in the formation of the vortices.
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Figure 2.4: Schematic overview of the Rayleigh streaming with an inner streaming (gray)
in the viscous boundary layer (J,) and the outer streaming (white) present in a
channel with standing waves that propagates in the x direction of % with the
pressure node at x = 0 [7].

2.3 ACOUSTIC RESONATOR

In an acoustic-based microfluidic device, different acoustophoretic systems are pos-
sible depending on the materials. The main types are the layered resonator, the
transversal resonator, and the surface acoustic wave (SAW) resonator [8].

The layered resonator requires specific layers thickness such that the resonator
has a high Q-value. The Q-value, also known as the quality factor, describes the
ratio between the initial energy stored in the resonator to the energy loss during an
oscillation. The main reflection of this resonator takes place between the transducer
and the reflector layer that is backed by air.

The transversal resonator works on the principle of reflection between the mi-
crochannel walls, thus materials with a high characteristic acoustic impedance are
of importance (e.g., silicon or glass). The high Q-value of these materials make the

13
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transversal resonator less sensitive to various thicknesses and matched layers due
to the resonance of the whole bulk.

The SAW resonator depends on the SAWSs that propagate into the microfluidic
channel. In this case, the material requires a similar characteristic acoustic impedance
to the medium in such a way that no interfering resonance takes place. Therefore,
the resonator type determines the geometry and the material used to create a res-
onator. The transversal resonator depends to a greater extend on the materials used
than the matching layers, which make them more accessible for different designs.
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(2n+1 }1/4% I Reflector layer
n-A/2 High Q-value e Fluid layer
Matching layer
(2n+1)1/4 —— -_ Couplingla;er
~ Transducer
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Figure 2.5: Acoustic resonators: (a) layered resonator and (b) transversal resonator [8].

To calculate the reflection and transmission, the characteristic acoustic impedances
of the materials are important, which is given as

Z = pc, (2.10)

where the p and ¢ correspond to the density and speed of sound of the material,
respectively. For normal incidence, the pressure reflection coefficient R, and trans-
mission coefficient T), are

=7
Ry = 717 2, (2.11)
Ty =1—Ry, (2.12)

where Z; and Z, are the acoustic impedances of the first and second medium,
respectively. To optimize the acoustic resonator, it is necessary to match the acoustic
impedance of these layers, and this decreases the risk of acoustic losses due to
reflection and enhances the transmission in the medium.

A BAW-based microfluidic device is identical to a transversal or layered resonator
depending on the assembly [28]. By exciting the microfluidic device with the char-
acteristic frequency of the acoustic source, standing waves across the width of the
microchannel are formed. This generates a pressure node in the center of the mi-
crochannel and anti-pressure nodes at the side walls when a half wavelength is
applied. Thus, the width of the microchannel, ., is designed with the following
equation in mind

_

We > and Am = gm (2.13)

F
where Ay, corresponds to the wavelength in the medium, which depends on the
speed of sound of the medium, v, and the frequency f, applied by the acoustic
source. The most prevalent location of the acoustic source to create a transversal
resonator is underneath the microchannel [13; 29; 23]. However, this is not neces-
sary for generating a standing wave in the microchannel. Transversal resonators
work in general if the acoustic energy is transferred to the resonator, which in turn
develops standing waves. Fornell et al. and Gautam et al. described the presence
of standing waves while exciting the transducer at the side of the microchannel
[30; 24]. Nevertheless, it is still important to keep in mind that different positions
of an acoustic source can generate different resonance modes.
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2.4 GENERAL OVERVIEW OF ACOUSTIC-BASED DEVICES

In the last few decades, acoustic waves have been used to sort particles in microflu-
idic devices. This is the result of the continuous growing possibilities in microfabri-
cation. Two main acoustic mechanisms are possible to sort particles in microfluidic
devices, namely the BAW or SAW mechanism. To give an overview and to make a
comparison between research done on previous acoustic sorting devices, Table A.1
summarizes the different acoustic sorting devices based on their method, material,
resonance frequency, throughput, and sorting rate.

2.4.1  Surface acoustic wave devices

In SAW microfluidic devices, interdigitated transducers (IDT) generally play a key
role in the formation of acoustic waves in microfluidic channels. IDT use metal elec-
trodes patterned on piezoelectric material and are often operated with frequencies
of megahertz to gigahertz. These acoustic waves result in the generation of Rayleigh
SAWs that are leaked into the microfluidic channel. Snell’s law describes the rela-
tionship between the speed of sound in the substrate (v;) and the liquid (v;) and
the angle of the acoustic waves leaking into the fluid (6g), defined as sin(fr) = %
These traveling waves can also form standing waves by interference and form pres-
sure nodes and anti-pressure nodes. The particles are moved to one of the nodes
depending on the density and compressibility of the particles. Thus, allowing for
the possibilities for particle manipulation.

SAW devices are usually made of IDTs patterned on a lithium niobate (LiNbOs3)
substrate and bonded to a PDMS channel. LiNbOs is a piezoelectric material that
allows for effective electro-mechanical coupling with low BAW and high SAW gener-
ation. IDTs are categorized in standard IDTs [9], adjusted IDTs [12; 22] and focused
IDTs [10]. The adjusted IDTs have a tapered-finger design with a changing pitch of
these fingers from one end to the other. This allows for the variation of resonant fre-
quency over the lateral location along the transducer. The geometry of the focused
IDTs depends on the radius of the inner IDT finger, the degree of the arc and the
focal point (Fig. 2.7). The width and the spacing between the IDT fingers determine
the SAW wavelength. In general, the particles are first hydrodynamically aligned
with the use of two sheath flows or a spiral microchannel and afterwards exposed
to an acoustic field to sort the particles.

Standing SAW

Standing SAW (SSAW) devices have been extensively used for particle manipula-
tion. The standing waves created by two counter propagating acoustic waves form
pressure and anti-pressure nodes as mentioned previously. When particles are ex-
posed to this acoustic field, the primary acoustic radiation force will play a role in
the displacement of the particles” location. The nodes created in the microfluidic
channel depend on the width of the microchannel and the acoustic wavelength in
the fluid. Furthermore, the efficiency of particle sorting in a continuous flow de-
pends on the flow rate that greatly influences the migration time of particles to one
of the nodes. It is therefore important to consider these parameters for an optimal
particle sorting event. The SSAW devices can be divided in standard SSAW [9; 10]
and tilted SAW devices [11].

Shi et al. developed two standard IDTs to create SSAWSs in a microchannel (Fig.
2.6) [9]. A schematic overview of their device is given in Figure 2.6. The device
consists of a hydrodynamic focusing area and an acoustic sorting area. The channel
is made of PDMS and bonded on a LiNbO3 substrate with a patterned IDT. For a
flow speed of 2.5 mm/s, sorting of up to 13,000 particles were seen in one minute.

Ren et al. showed by stimulating focused IDTs a successful polystyrene particle
sorting of 10 um diameter with a throughput of 3300 events/s (Fig. 2.7)[10]. An
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Figure 2.6: (a) Schematic overview of particle sorting using IDTs, where particles propagate
from the sidewall to the center.(b) Forces that play a role in particle alignment
given at two different locations: (1) particles enters the acoustic field and (2)
repositioning of the particles [9].

input power of 31.6 mW (15 dBm) showed sorting of one particle in an actuation
time of 72 us. Besides the polystyrene particles, an experiment with HeLa cells
(mammalian cell model) was performed in an identical setting. Here, cell sorting
was possible when a higher input power of 63.1 mW and a longer pulse width of
144 s were applied.

Figure 2.7: (a) Schematic overview of focused IDTs device for standing SAW sorting. (b)
Geometry of the focused IDTs where 0 is the degree of the arc, R is the radius of
the inner IDT finger and O is the focal point. The focused IDTs are positioned
symmetrically around the O-axis. (c) Image of the sorting device compared to a
coin [10].

Liu et al. developed a tilted SAW sorting device with the possibility of sorting
different particles sizes at the same time (Fig. 2.8) [11]. Two IDTS are positioned
with an angle and parallel from each other. By tilting the IDTs, SSAWs are created
with an angle. This allows for particle sorting in the area where the IDTs play a
role (shown in Fig. 2.8 as a box around the channel). 1, 5 and 10 um particles were
properly sorted based on their size due to the acoustic forces that play a role on the
particles. The experiment showed for a velocity of 4 mm/s, sorting rates between
90 to 97% for particles with a diameter of 1 to 5 um.
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Figure 2.8: The method of the tilted SAW sorting device for three different particle sizes [11].

Traveling SAW

Several researchers have developed traveling SAW sorting devices, which are mude
up of a single IDT that generates traveling SAWs (TSAWs) [12; 22; 31]. The main
difference between SSAW and TSAW is that no boundary limit is applied on the
particle translation for the TSAW. This in contrast to the SSAW that is confined to
the channel geometry. Thus, TSAW allows for constant particle migration following
the direction of the acoustic waves without a limit to the total translation. Both
Mutafopulos et al. and Franke et al. applied the same IDT patterning design to
create traveling waves.

Mutafopulos et al. made a spiral microchannel and an adjusted IDT that applies
a traveling SAW to focus and sort cells (Fig. 2.9) [12]. Hydrodynamic focusing with
the use of a spiral microchannel and two sheath flows were performed to focus and
space the cells to improve the accuracy of the sorting. For 2,000 events/second, a
sorting purity of 9o% was achieved due to the TSAW pulse of 25 ps.
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Figure 2.9: Schematic overview of the traveling SAW device: (a) Spiral microchannel for
hydrodynmic focusing of the cells in the center, (b) further alignment of the main
flow is performed by two sheath flow and it allows for spacing between the cells
and (c) fluorescent-labeled cells are detected by a microscope and acoustically
pushed into the sorting outlet [12].

Franke et al. developed a traveling SAW device based on one IDT to create stand-
ing waves in the microchannel [22]. The sorting mechanism is based on two inlet
flows that hydrodynamically focus the main flow in the center due to the lower resis-
tance compared to the side flows. Then, the TSAW will move the focused flow into
the sorting channel. Sorting of different cells has been realized with this method,
including HaCaT cells, fibroblasts, and melanoma cells. However, each cell did
show different sorting efficiencies: a sorting efficiency of 100% was achieved if the
sorting rates were 0.2, 1 and 2 kHz for melanoma cells, HaCaT cells and fibroblast,
respectively.
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2.4.2 Bulk acoustic wave devices

BAW microfluidic devices are acoustic resonators that generally consist of an acous-
tic transducer and a microchannel with hard walls. These two components are
connected by an acoustic impedance matching layer. Microchannels are usually
made of silicon, steel, or glass. The high acoustic impedance of these materials al-
lows for the walls of the microchannel to behave as a reflector due to the mismatch
between the fluid and the walls. For a high acoustic impedance, it is also impor-
tant to have high density and speed of sound of materials (see overview Table 2.1).
Furthermore, a high Q-factor of the materials is important to decrease the energy
loss of the acoustic wave. When the microchannel is designed such that the width
or depth is equal to 5y with n =1,2,.. and A = wavelength, the microchannel will
behave as an acoustic resonator. Acoustic waves propagating in the microfluidic
channel create opposing waves due to the hard walls (reflector) to form standing
waves that can be used to manipulate particles.

Material Density (kg/ md) Speed of sound (m/s)
Longitudinal Shear
Silicon 2330 8433 5843
Aluminum 2700 6420 3040
Stainless-steel 7820 5790 3100
Glass (pyrex) 2210 5640 3280

Table 2.1: Overview of the speed of sound in different materials.

Different BAW sorting devices have been developed over the past few years [13;
23; 24]. Chen et al. made a BAW sorting device for removing the red and white
blood cells from blood [13]. The device consists of a stainless-steel substrate for
the microchannel and a customized 1-3 composite transducer glued with epoxy
to the bottom of the substrate (Fig. 2.10). At a throughput of 5 ml/min, their
experiment showed that 88.4% of the red/white blood cells are removed from the
blood. Furthermore, 86.2% of the platelets are recovered.
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Figure 2.10: (a) Schematic overview of the microfluidic device. (b) Working mechanism to
sort blood cells from the platelets[13].

Nilsson et al. introduced as one of the first researchers silicon as a resonator
chamber [23]. A simple microchannel with one inlet and three outlets was fabricated
and sealed with a glass lid. The PZT transducer was positioned at the backside of
the channel to create standing waves. The device demonstrated sorting ability for
blood samples with an efficiency of up to 9o% for a flow velocity < 0.2 mL/min.
Fornell et al. developed an identical device, however in this case the transducer
was glued on topside of the device [24]. They demonstrated a successful separation
of particles with positive and negative acoustic contrast factor. The particles with
positive acoustic contrast factor move to the pressure node and the particles with
the negative contrast factor move to the anti-pressure node.
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2.5  CAPACITIVE MICROMACHINED ULTRASOUND TRANS-
DUCERS

As mentioned previously, the SAW and BAW microfluidic devices are divided into
two different mechanisms, where the whole substrate deforms for BAW and the
surface of the substrate deforms for SAW. The frequency for SAW-based devices de-
pends on the spacing between the interdigitated finger structures on the surface of
the piezoelectric substrate. This in contrast to BAW-based devices, where the thick-
ness of the PZT material determines the frequency. However, both methods use
specific frequencies that limits the use for different applications. An interesting al-
ternative is the Capacitive Micromachined Ultrasound Transducer (CMUT). CMUTs
are broadbanded transducers that consists of a flexible top and fixed bottom plate
separated by a vacuum gap [4]. CMUTs can be operated as an ultrasound receiver
or transmitter, as seen in Figure 2.11.
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Figure 2.11: The working principle of a CMUT: on the left side the CMUT operates as an
ultrasound receiver and the other side the CMUT operates as an ultrasound
source [4].

For an acoustic sorting device, the CMUT needs to act as the acoustic source.
Thus, the CMUT needs to be operated in collapse mode that allows for high ef-
ficiency in transmission and receiving modes. An alternating voltage and a bias
voltage is applied to generate electrostatic forces, which in turn produce oscillation
of the membrane to send ultrasound. The bias voltage pulls the membrane into col-
lapse, while the RF voltage vibrates the membrane. Figure 2.12 depicts the CMUT
in collapse with its parameters and the material layers [14].
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Figure 2.12: The left image illustrates a schematic overview of a CMUT in collapse. The right
image outlines the layers of a fabricated CMUT [14].

The energy transformation between the electrical and mechanical domain in trans-
mitter CMUTS is commonly evaluated using the equivalent circuit shown in Figure
2.13 [15]. This model is based on a two-port network consisting of an electrical
(current and voltage) and mechanical (velocity and force) port. For a CMUT in
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transmitter mode, regardless of the polarity of the bias voltage applied on both elec-
trodes of the CMUT, the membrane will deflect towards the bottom. This is the case
if a voltage exceeding the pull-in voltage is applied. One of the most crucial ele-
ments is the transformer ratio (1.) that represents the electromechanical conversion
between the two domains.
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Co = capacitance between the top and
bottom electrode

V; = voltage source

Z» = mechanical impedance of the membrane
Z, = acoustic impedance of the medium

n, = transformer ratio S = Area of the membrane

Figure 2.13: Equivalent circuit of a transmitter CMUT. The model consists of an electrical,
mechanical and acoustic part [15].

One of the advantages of CMUTs compared to other transducers is the low me-
chanical impedance compared to fluids over a large frequency range that is related
to the thin vibrating membrane [32; 33]. This in turn allows for a broadbanded
bandwidth use in immersion applications. Therefore, CMUTs have been used in a
variety of medical fields related to in vivo medical imaging. In addition, CMUTs use
standard IC microfabrication processes that allow for low-cost batch production,
and the possibility for complex designs and integration with electronic circuits.



ACOUSTIC SIDEWALL PRESSURE OF
THE CMUT

The following chapter investigates the presence and behavior of acoustic pressure at
the side of a CMUT chip. Figure 3.1a gives an overview of a hypothesized scenario
where ultrasound propagates through silicon by exciting the CMUTs. The CMUTs
were operated in collapse mode by applying a bias voltage to pull the top membrane
towards the bottom, forming a contact area between the membrane and the silicon
substrate (Fig. 3.1b). The alternating voltage between the two electrodes generates
an electrostatic force, which causes the membrane to vibrate, resulting in acoustic
waves. The contact area allows the acoustic wave to couple into the silicon and
radiate away from the CMUT, where a part of it will couple into the water at the
sidewall of the CMUT.

The first section looks into whether acoustic pressure can be generated at the side-
wall of a CMUT chip and how CMUT operating conditions affect this signal. The
second section investigates whether acoustic pressure can be amplified by means of
phase alignment. Finally, by taking into consideration the crystal orientation of the
silicon die, we investigate whether the surface acoustic wave or the bulk acoustic
wave is playing the dominant role in generating the acoustic pressure. The focus
will lie on two types of CMUTs: CMUT chips with 64 elements (CM5) and CMUT
chips with 96 elements (CM12). Each row, which consists of several CMUT drums,
is referred to as an element (Fig. 3.2a).

Top electrode

Bottom electrode

Passivation layer
Aluminium
Silicon

Water

PCB

(b)

Figure 3.1: (a) A schematic overview of the hypothesized acoustic wave generation in silicon-
water as a result of the AC voltage on a CMUT in collapsed state. (b) Several
CMUT drums operated in collapse mode.
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3.1 EXCITATION OF A SINGLE ELEMENT

The experimental setup included the following components: CMUT chips (CM5
and CM12), a signal generator, a DC voltage source, an RF power amplifier, a trans-
mitting circuit, a fiber optic hydrophone (FP103-322t, Precision Acoustics, UK) with
a tip of 10 ym diameter, water, an x-y-z positioning system, and a custom holder for
the CMUTs. Each CM5 element contains 33 drums with a diameter of 355 um and
a die thickness of 720 um. Each CM12 element contains 42 drums with a diameter
of 120 ym and a die thickness of 675 pum. Figure 3.2 depicts an overview of the
experimental setup for a CM5, which is similar to the setup for a CM12.

To the side of the die, as shown in Figure 3.2a, water droplets were added. This is
the area where the hydrophone was positioned with its tip immersed inside water.
The hydrophone was mounted on a translational stage to manipulate it through
the water in a controlled manner. The distance between the hydrophone and the
sidewall of the silicon was approximately 0.9 mm. For pressure profile measure-
ments the hydrophone was scanned across the cross section of the sidewall. The
CMUT was attached to a custom holder and was driven with different waveforms
generated by a signal generator and amplified by an RF power amplifier.

LabView was used to control the movement of the positioning system, to trigger
the function generator and to record the signal from the hydrophone readout unit.
The hydrophone was moved in plane perpendicular to the sidewall of the CMUT.

Finally the recorded voltage signal was converted to pressure by correcting the
result with the sensitivity of the hydrophone. This offline analysis was done on
MATLAB with a custom made script.

3.1.1  Results

The pressure measurements were performed for one sine wave and compared be-
tween different excited CMUT elements. The area closest to the respective excited
elements was filled with water.

CM5

The operating conditions for the CMUT with 64 elements were 30 V RF and bias
voltages ranging from 120 to 150 V for the CMUT elements 2, 3 and 4 counted from
the side facing the hydrophone. To determine the influence of different frequencies
on the peak-to-peak pressure, acoustic pressures for one sine wave with frequencies
ranging from 1.9 to 4.6 MHz were measured Figure 3.3 illustrates a transient pres-
sure signal received at the hydrophone when CMUT element 2 was excited at 4.4
MHz. An interesting phenomenon in all the pressure figures is that the hydrophone
receives multiple pulses rather than a single sine wave(ringing behavior). This is
either due to the underdamped nature of the CMUT membrane vibrating in air or
some resonance behaviour of the acoustic signal within the silicon.

To determine if the pressure output at the sidewall of a CMUT die is homoge-
neous, a pressure profile experiment was performed. A single element was excited
at a frequency of 3 MHz, a bias voltage of 150 V and V; of 30 V. Figure 3.4 repre-
sents the acoustic pressure distribution at the sidewall of a CM5 in the z-y plane.
The acoustic pressure ranged from 21.3 to 45.1 kPa, with the maximum pressure
measured around the lower area and a small area at the top of the sidewall. The
asymmetric pressure field distribution indicates that the CMUT radiation is not
equally distributed across the horizontal and vertical axes of the measurement win-
dow. This suggests that certain areas have more efficient pressure distribution than
others. However, when compared to the Z-axis, the differences on the Y-axis were
relatively minor. Regardless of these differences, this experiment demonstrates that
the sidewall generates acoustic pressure, which is essential for further experiments.



3.1 EXCITATION OF A SINGLE ELEMENT | 23

Element no. 2
Element no. 1
Dummy element

Hydrophone

Wave generator Source meter

Oscilloscope

Bias Tee

Amplifier

x-y-z linear
translation stage

()

Figure 3.2: Experimental setup for transmitting and receiving ultrasound based on Tx CMUT
chips (CM5) and a hydrophone. (a) Top view of the acoustic pressure measure-
ment. The optical hydrophone was partly immersed in water at the sidewall of
the CMUT. The diameter of a single drum and the pitch between two drums are
355 um and 315 pm, respectively. (b) Pressure measurement setup. (c) Schematic
of the experimental setup.
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For the following experiments, the hydrophone was therefore aligned to the center
of the CMUT die.
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Figure 3.3: The transient output pressure from element 2 with a driving condition of 150 V
bias voltage, 4.4 MHz acoustic frequency and 1 pulse of sine wave.
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Figure 3.4: Pressure profile of the CM5’ sidewall taken from the center point of the die,
where the 0.2 mm represents the top and -0.2 mm represents the bottom in the
Z-direction. The corresponding parameters are 1 sine wave, frequency of 3 MHz,
bias voltage of 150 V and V,¢ of 30 V.

The peak-to-peak pressures of elements 2, 3, and 4 were measured using two
CMUT samples. The result of two CMUT samples were averaged and is plotted in
Figure 3.5. In this figure peak-to-peak pressure is shown as a function of frequency
for the different CMUT elements. For all figures, the pressure increases as the
frequency increases and different bias voltages show an increase in pressure as the
frequency increases. The bias voltage values, on the other hand, behave differently
depending on the excited element. If we observe element 2 more carefully a pattern
can be seen for frequencies lower than 3.6 MHz: the lower the bias voltage, the
higher the pressure. When the frequency exceeds 3.6 MHz, the higher the bias
voltage, the higher the pressure. This phenomenon compared to elements 3 and 4 is
not observed, where an increase in bias voltage generally leads to an increase in the
pressure. One possible explanation for the fluctuating pressure behavior of element
2 is that as the transducers get closer to the sidewall, different acoustic behaviors,
such as more acoustic modes, come into play. Furthermore, when comparing the
pressure profiles for each element, an unusual behavior is observed. The pressure
is higher in the elements farther away from the sidewall than in the elements closer
to the sidewall. This is in contrast to the expected decay of the acoustic signal
over distance due to scattering in the silicon. One possible explanation is that the
CMUT closer to the edged had fabrication related damages which could reduce its
performance. To summarize, increasing the bias voltage and frequency results in an
increase in pressure. An average pressure of 32 kPa is obtained for elements 3 and
4 at a frequency of 4 MHz and a bias voltage of -150 V.

CM12

For the CMUT chip with 96 elements, the operating conditions were 20 Vrf and
bias driving voltages ranging from -150 to -100 for CMUT elements 96, 94, and 92.
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Figure 3.5: Measured acoustic pressure of a single excited CM5 element: (a) Element 2, (b)
element 3 and (c) element 4.

To determine the influence of different frequencies on the peak-to-peak pressure,
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acoustic pressures were measured for one sine-wave with frequencies ranging from
7 to 15 MHz. Appendix B.1 shows the peak-to-peak pressures for various excited
CMUT elements in relation to frequencies and bias voltages One of the figures is

shown in Figure 3.6, which represents element 94. Figures B.1c, B.1b and B.1a show

a similar pressure behavior, with bias voltages of -150 and -140 V producing the
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highest pressure profiles when compared to other bias voltages. The maximum
pressure was measured around 23 kPa. Figure B.1a, on the other hand, depicts a
slightly different pressure pattern as a function of frequency.

For elements 92 and 94, the pressure values for bias voltages ranging from -
150 to -130 V increase gradually, whereas all bias voltages for element g6 show
a rapid increase at first and then a gradual decrease. Furthermore, for bias volt-
ages ranging from -120 to -100 V, the pressure patterns for element 92 are nearly
constant, whereas element 94 shows a gradual decrease. The element closest to the
hydrophone, element 96, produces the overall highest-pressure profile.
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Figure 3.6: Measured acoustic pressure of a single excited CM12 element: element 94.

3.2 EXCITATION OF MULTIPLE ELEMENTS

CMUTs, as illustrated in Figure 3.2, have multiple elements that allow for the exci-
tation of different elements at the same time or with a phase delay. This gives the
possibility of using a phase delay approach to amplify the acoustic pressure. The
main objective of this experiment is therefore to investigate the acoustic pressure
amplification and how this pressure can be maximized, which plays a significant
role in acoustic propagation. For this experiment, the focus will lie on the CM5
CMUT transducers. The experimental setup for multiple element excitation of a
CM5 is similar to that for single element excitation (Fig. 3.2c). However, in this case,
the signal generator and RF power amplifier were replaced with a WUP board and
its software (Fig. 3.7). A WUP is an in-house-built ulrasound driver system based
on the HV7351 pulser chip (Microchip Technology, USA). This enables 32 element
excitation, and the trigger can be provided either internally or externally. Further-
more, it allows the use of phase delay approach, in which each element is excited
with an increasing time delay of At.

With the proper time delay, the acoustic wave generated from each element that
propagates through the silicon will add in phase. This allows for phase alignment,
which leads to amplification of acoustic waves and thus more acoustic energy that
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can propagate and couple into water. The condition for phase alignment is given
by

pitch

At = (3-1)

Umedium ’
where At is the time delay with a minimum value of 5 ns, v;e4i,, is the sound
velocity in the medium and the pitch is the distance between one element to the
next.

Figure 3.7: Experimental setup for multiple element excitation, where a CM5 is mounted on
a WUP board.

For the implementation of a phase delay approach, two methods were investi-
gated:

e Phase delay based on time delay, At;
e Phase delay based on velocity, v;;eqim-

For a phase delay approach based on the time delay, the minimum amount of
time delay of 5 ns is taken that linearly increases per element. With an increasing
time delay, the elements are excited from element 32 to element 1. Figure 3.8 shows
this phase delay technique applied to a CMUT. In this case, velocities for lower time
delays show an increased step size compared to higher time delays. For a phase
delay approach based on velocity, a constant step size was taken.
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Figure 3.8: The relationship between the acoustic velocity and the time delay between each
elements.

When applying a phase delay technique on a CMUT, it is hypothesized that the
highest acoustic pressure can be produced if the time delay matches the sound
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velocity in silicon. To determine the phase delay with the highest pressure in silicon,
different At and v,,e4i,,, Were applied on 32 elements (Fig. 3.9) until maximum
pressure was obtained.
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Figure 3.9: Schematic overview of multiple elements excitation with a beam steering tech-
nique.

3.2.1  Results

To understand the behavior of the acoustic pressure as a function of the distance
from the sidewall in silicon, eight elements were excited simultaneously with an
interval of 315 um. Elements 1 to 32 was taken into account. A linear decay in the
pressure output is visible in Figure 3.10. A slope of —1.66 - 10> MPa/um is present
for the excitation of element 9 and higher. This indicates that attenuation exists in
silicon. Attenuation can be caused by a variety of mechanisms, including material
inhomogeneity, which can cause scattering loss, and thermal lattice vibration, which
can cause coherent wave scattering loss [34].
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Figure 3.10: Attenuation profile in silicon.
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The operating conditions for the phase delay approach based on time delay were
a unipolar square wave with 15 V amplitude, a bias voltage of 150 V, 15 cycles, and
a pulse repetition frequency (PRF) of 1 kHz. A frequency sweep from 2 to 5 MHz
shows that the optimum frequency for producing the maximum pressure is at 4.5
MHz. This can be explained due to the CM5 resonance at 3.7 and 4.5 MHz. The
acoustic pressure was measured for a time delay ranging from 5 ns to 140 ns. Figure
3.11 shows the peak-to-peak pressure for each element as a function of time delay.
Acoustic pressure effectively aligns where pressure peaks are present at time delays
of 40 ns and 65 ns. Based on equation (3.1), this corresponds to a velocity of 7875
and 4846 m/s within silicon, respectively. Thus, various acoustic modes contribute
to the generation of large amounts of acoustic pressure. Furthermore, the maximum
pressure of 0.9 MPa was generated near the velocity of 7875 m/s.
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Figure 3.11: Peak-to-peak pressure with respect to the time delay. The dotted line represents
the pressure measured when no beam steering was applied (At = Ons).

The operating conditions for the phase delay approach based on velocity were
similar to the time delay method. However, cycle rates of 2 and 15 were applied to
investigate the effect of cycle rate on the behavior of the pressure output in phase
delay. Figure 3.12 shows the peak-to-peak pressure for each element as a function
of velocity. In both figures, two velocities with a significant increase in pressure
are present, namely a mean velocity of 6750 m/s and 8190 m/s. This suggests
that the increase in cycle rate does not affect a certain velocity range. However,
for 15 cycles a prominent third peak is present for a velocity of gooo m/s. This
indicates that the combination of an increase in cycle rate at a certain velocity, leads
to an amplification of acoustic pressure. The maximum pressure for each cycles was
measured around the mean velocity of 6750 m/s: 0.235 MPa for 2 cycles and 0.73
MPa for 15 cycles.

Both phase delay approaches show a clear increase in pressure if a certain time
delay/velocity was chosen. The time delay approach suggest that a significant in-
crease of pressure is present around 7875 m/s. However, this method is not that
accurate in regards to the velocities around this value due to its limited step size.
The velocity approach implements a certain velocity step size that can cover this
limitation. As seen in the result for the velocity approach, clear increase of pres-
sures are present for two different velocities with an interval of 6000 m/s to gooo
m/s. While, the time delay approach shows one velocity.

According to Song et al., the velocities in < 110 >-direction single-crystalline
silicon wafer correspond to a longitudinal velocity of 9138 m/s and a transversal
velocity of 4675 m/s [35]. As seen in figure 3.11, the pressure peak at a velocity of
4846 m/s is close to the transversal velocity. Furthermore, current results suggest
that additional velocities play a significant role in acoustic wave propagation. This
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Figure 3.12: Peak-to-peak pressure with respect to the velocity: (a) 2 cycles and (b) 15 cycles.

indicates that different acoustic modes should be taken into account. Moreover, the
output pressure of the hydrophone was relatively insensitive to the location of the
hydrophone. This suggest that the acoustic signal is propagated from the entire
sidewall, which indicates a BAW-based sorting device. The phase delay approach
showed a significant pressure increase compared to a single element excitation of
almost up to 1 MPa.

3-3 PARTICLE ALIGNMENT

The performance of a CMUT-based sorting device using ultrasound waves emitted
from the sidewall of the device was evaluated by applying polystyrene particles
with a 10 ym diameter diluted in deionized (DI) water at the sidewall of the CMUT.
A CMs5 was used as an acoustic source due to its size and ease of operation. The
device was excited at a frequency of 4.5 MHz, based on the CM5 result mentioned
in the previous section.

A similar setup as in Figure 3.2 with phase alignment was utilized. However,
instead of plain DI water and a hydrophone, droplets of 10 ym latex particles (BCR-
167) diluted in DI water were applied at the sidewall of a CM5. Figure 3.13 gives
an overview of the experimental setup for the investigation of particle alignment at
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the sidewall of a CM5. The device is made up of a CMs5 chip and a silicon piece
next to the die. By gluing a piece of glass to the PCB, which serves as the reflector,
an open channel is formed. Standing waves will form between the silicon die and
the reflector.

Acoustic source
1 Reflector

CM5 [ e I DI water with particles
I Ssilicon Glass

Figure 3.13: Schematic overview of a BAW-based particle alignment setup.

Figure 3.14: Sorting performance of BAW particle alignment between the sidewall of a CM5
and a reflector using a large amount of 10 um diameter polystyrene particles.
The top image shows the situation when the transducers were off with no par-
ticle alignment. The bottom image was when the transducers were on and
particle aligned was visible. This alignment corresponds to half a wavelength in
less than 5 seconds.



32

| ACOUSTIC SIDEWALL PRESSURE OF THE CMUT

The transducer was subjected to 15 V¢, -150 Vyss, and a frequency of 4.5 MHz
during the experiment. 15 Cycles at a repetition rate of 5 kHz and a time delay
of 40 ns between each element was considered. Particle alignment is definitely
possible in just a few seconds, as shown in Figure 3.14, even with a low duty cycle
of 1.7%. Multiple stripes of particles are visible with a pitch between each node
corresponding to half the wavelength for the frequency of 4.5 MHz (%A = %% =
167 pum).

Another experiment was performed to evaluate if particles could align in a chan-
nel width of 375 um, as shown in Figure 3.15. The given width of the microchannel
corresponds to a frequency of 2 MHz for half the wavelength (f =2 - 37?108*6 =375
um). A single element closest to the sidewall was excited at 140 Vy;,s, 40 Vpp, and 10
cycles in 25 ps. The system was driven at the frequency that should result in the best
particle alignment. While sweeping the frequency, particle alignment at a frequency
of 2.3 MHz was clearly visible (Fig. 3.15b). When the transducers were turned off,
unfocusing of the particles was seen. The difference between the expected frequency
and the actual frequency can be explained by the channel’s assembly.

Both experiments show that particle alignment with a CMUT is possible. As a
result, the proof-of-concept, a CMUT-based cell sorting device, has been strength-
ened.
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Figure 3.15: (a) Schematic overview of the device with a 375 um microchannel at the sidewall
of a CMs5. (b) The top image shows a clear alignment of 10 ym polystyrene par-
ticles flowing through an open microchannel at a low speed, while the bottom
image illustrates the situation after the transducers are turned off and unfocused
particles are seen.



4 DESIGN AND SIMULATION

The first section of this chapter discusses the structures and designs used for the
microfluidic devices. To understand the underlying mechanism of the acoustic
field in BAW-based microfluidic sorting devices, modeling of the transducer and
the microfluidic components is necessary. The following section investigates the
acoustofluidic influence in the microfluidic device. This involves coupling of differ-
ent physics, where the software program COMSOL 5.6 gives the possibility to sim-
ulate different geometries for multiple physics, including acoustic, solid mechanics
and fluid physics.

4.1 DESIGN OF THE MICROFLUIDIC DEVICES

Due to the limited amount of time, the integration of the CMUTs on top of the
microfluidic devices was not possible. Therefore, two different acoustic-microfluidic
device interfaces will be considered. The transducers will be externally connected
either to the sidewall or the bottom of the device, which is explained in the next
chapter. Figure 4.1 and Table 4.1 give an overview of the design and structures used
for the two different microfluidic devices based on the wavelengths of the CM5 and
CM12 CMUT devices.

The microfluidic devices have a dimension of 19.25x9.15 mm?, which should con-
tain a microchannel, in- and outlet ports (I/O ports), and several vacuum gap struc-
tures. The width of 19.25 mm for the microfluidic device is chosen such that if
the membrane of the microchannel breaks during the processing, a glass plate with
the I/O ports can be glued on top of the device. The I/O ports of the device are
therefore fixed with a diameter of 400 um, corresponding to the diameter of the I/O
ports of the glass plate. The length of the device is determined by the area available
on the mask used for fabrication. The width of the main channel is dependent on
the relevant wavelengths of the CM5 and CM12 devices used in the experiments.

The channel width of the CM5-based device only uses one size, namely 375 um,
which corresponds to the wavelength (A) of A/2 and 1 A for 2 and 4 MHz, respec-
tively. This in contrast to the CM12-based device, where two different widths are
used for the frequency of 8 MHz: 187.5 um for A/2 and 93.85 um for 1 A. Along
the microchannel, three different vacuum structures are designed to amplify or
propagate and couple the acoustic wave more efficiently into the silicon and the mi-
crofluidic channel. Here it is assumed that a horn structure can amplify the acoustic
wave.

4.2 VELOCITY PROFILE IN THE MICROCHANNEL
In most microfluidic flows, the Reynolds number is small due to the small dimen-
sions resulting in a laminar flow. The Reynolds number is given as
_ poDy _ oL

oo’

where p, v, 4 and, 7 are the density, velocity, and the dynamic and kinematic viscos-
ity of the medium, respectively. Dj, is the hydraulic diameter of the microchannel.

Re (4.1)
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(b)

Figure 4.1: Microfluidic designs for (a) CM5-based microchannels and (b) CM12-based mi-
crochannels.

In a rectangular microchannel, Dy, is also given as Dj, = uZT”l;j, where a and b are the
width and the height of the microchannel, respectively. Table 4.1 gives the overview
of the width, height, and Reynolds number for each design. The Reynolds numbers
for both designs indicate that a laminar flow pattern can be assumed. The velocity
field in a fluid flow is described with the Navier-Stokes equation (external forces

are neglected), given by
ou
p(ﬁ) = —p(u : V)u — 77V2u — VP, (4-2)

where p, u and 7 are the density, velocity, and dynamic viscosity of the medium
and P is the pressure field. The fluid flow is assumed to be steady, viscous, and
incompressible, also known as a Poiseuille flow. Therefore, equation 4.2 reduces to

VP = nvzu, (43)

By solving this equation, the mean linear velocity can be determined, which can be
re-written as the Hagen-Poiseuille equation. This equation is equivalent to Ohm’s
Law, where the volumetric flow rate (Q) is related to the pressure drop (P):

dapr

AP = - =R;Q, (4-4)

where g—l; is the pressure gradient and Ry, is the hydraulic resistance. Rj depends on
the geometry of the microchannel and the dynamic viscosity of the medium, where
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Microfluidic device based Microfluidic device based
on CM5 on CM12

Microchannel

Diameter of the I/O ports 400 um 400 um

Height 40 pm 40 pum

In- and outlets width 125 pm 62.5 um

Main channel width 375 ym 187.5 and 93.75 um
corresponding to Y and 1 A, resp.  corresponding to % and 1 A for 8
for 2 and 4 MHz MHz, resp.

Reynolds number 0.081 0.074 and 0.063

for 187.5 um and 93.75 pm, resp.

Vacuum structure

Ratio horn structure 3.4 4.2 and 2.1
resp, at channel width area of 187.5
and 93.75 pm

Size trenches 355 X 375 pm? 167 x 272 um?
167 X 390 ymz

Width straight wall 17 um 17 um

Table 4.1: Overview of the structures used in the microfluidic device with parameters for
each microchannel with pater = 997kg/m3, v =1mm/s and p = 0.89mPa - s.

the Rj, of a rectangular cross-section depends on the width and the height of the
microchannel:

127L
Ry~ — 1% K .
L™ oh% — 0.6318 for w =M 45)
121
Rym ————— h ; .6
2% 1wd — 0.63u° for -w (4-6)

where h, L and w are the height, length, and the width of the microchannel. From
these equations, it is clear that the length of the in- and outlets influences the volu-
metric flow rate.

The ports at both ends of the microchannel act as the I/O ports, where the velocity
profile of the three outlets needs to be considered. Since only one port is used at
each side, an equal flow distribution over the in- and outlets is preferred for further
analysis with an acoustic field. It is therefore important to analyse the behavior of
the fluid flow in the microchannel. A fluid flow simulation is made for two different
scenarios:

1. Three straight I/O channels at both sides

2. Three I/O channels with two straight channels and a sine channel at both
sides.

4.2.1  Model

In order to obtain a quantitative indication of the flow behavior in the different
microchannels with a rectangular cross-section, stationary 3D numerical models
were developed using the Multiphysics software COMSOL 5.6. The Navier-Stokes
equations for incompressible fluids and the continuity equation were used to model
the fluid flow, given as

pu-Vju=V-[-pl+ K] +F, 4-7)

eV-u=0, (4.8)
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where u is the velocity vector, p is pressure, I is the identity matrix, K is the viscous
force and F is the volume force vector. Each microchannel included a main channel
and three in- and outlets at both sides. The boundary conditions were a velocity
inflow of 1 mm/s, no-slip at the wall and a pressure outlet of zero Pa.

4.2.2 Results

Several numerical simulations have been conducted and the results are presented to
show the effect of the two scenarios on the fluid flow characteristics. The developing
process of the velocity magnitudes for a CM5-based microchannel with z=20 ym and
scenarios 1 and 2 are depicted in Figure 4.2. The velocity increase can be observed
in the in- and outlets of each scenario. It is particularly visible that the outlet
velocity maximum in scenario 1 is present in the middle outlet. This in contrast
to scenario 2, where the outlet velocity maxima are equally divided over the three
outlets. A more precise velocity profile at the intersection of the three outlets for
each scenario is given in Figure 4.3, where a 3D flow profile is presented. The
CM12-based microchannel exhibits the same phenomena (Fig. C.1 and C.2). This
can be explained from the difference in length of the outlets for both scenarios. It is
clearly visible that an identical length for each outlet plays a significant role in the
equal distribution of the velocity profile around these areas. Therefore, scenario 2
is considered for further investigation.
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Figure 4.2: Simulated cross sectional velocity profile of the fluid flow in the CM5-based mi-
crochannel at z= 20 pum and inlet velocity of 1 mm/s: (a) scenario 1 and (b)
scenario 2.

4.3 SIMULATIONS OF ACOUSTIC PARTICLE TRACING

To investigate if the sidewall pressures given in the previous chapter creates enough
pressure in the microchannel to align particles, modeling of the acoustofluidic be-
havior of particles in the microchannel is necessary. The software program COM-
SOL 5.6 gives the possibility to simulate different geometries for acoustic, fluid and
particle physics.
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Figure 4.3: 3D flow profile taken at the intersection of the three outlets in a rectangular
microchannel under condition of an inlet velocity of 1 mm/s: (a) scenario 1 and
(b) scenario 2.

4.3.1  Model

A silicon chip containing a microchannel filled with a solution of particles was
considered. The acoustic cavity is formed by the acoustic hard silicon walls and
the acoustic soft water inside the microchannel. This indicates that the geometry
and materials of the microchannel determines its acoustic resonances for specific
frequencies. Therefore, an acoustic boundary area and hard walls are considered
for this simulation.

Based on the concept of the previously mentioned BAW microfluidic device, geo-
metric models illustrated in Figure 4.4 were established, consisting of a single inlet
and three outlets. For the CM12-based microchannel, the length of the first and
second main channel are 2000 um and 450 pum, respectively. The width of the mi-
crochannel is based on the resonance frequency of 8 MHz with the focus on one
and two pressure nodes. This corresponds to a width of 93.75 um and 187.5 um
(Fig. 4.4a). For a CM5-based microchannel, the length of the main channel is 4000
um with three outlets (Fig. 4.4b).

A laminar flow, pressure acoustic and particle tracing physics were applied to in-
vestigate particle behavior under an acoustofluidic field. An average velocity flow of
1 mm/s with a fully developed flow condition was applied at the inlet. The acoustic
source is shown in Figure 4.4 and the influence of pressure and velocity variation
was investigated. The initial velocity of the particles corresponds to the inlet flow,
where three particles are released at a random location and at a specific interval.
The acoustic radiation force and the drag force acting on the particles in solution
are calculated once the pressure and the flow rates are known. Figure 4.5 illustrates
the numerical simulation steps necessary to calculate the particle trajectory. The
relevant parameters are the density, speed of sound, and the compressibility (Table

4.2).

Materials Density Speed of sound [m/s] Compressibility
[kg/m®] [Pa—]

Water 998 1500 6.77 -10~7

Polystyrene 1055 2400 1150 2.37-10710

particle (Pressure-wave) (shear-wave)

Table 4.2: Material properties used to model top-view of microfluidic device.
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Figure 4.4: The acoustic boundary sources are shown as the blue selected walls for (a) CM12-
based microchannel and (b) CM5-based microchannel.
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Figure 4.5: Numerical simulation steps necessary for particle simulation.

4.3.2 Results

It is important to find the relevant conditions between the dominant parameters
that affect the particle trajectory such that the particles sort efficiently. To evaluate
the performance of the acoustophoresis process, the performance of the previously
mentioned designs was assessed in a 2D model. Particles of 10 ym diameter are
released from the inlet side with a random distribution along the cross section of
the inlet. The particles are released with an interval time of 0.5 seconds for a CM12-
based and CM5-based microchannel at 0.1 seconds for 16 seconds. The sorting
efficiency was determined for a simulation time of 20 seconds.
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Figures 4.6a and C.3a show the velocity distribution of the fluid flow along the
length of the microchannel. The low Reynolds number indicates that the flow is
laminar and a parabolic pattern of the fluid flow along the width is present. Figures
4.6c and C.3b illustrate the acoustic pressure distribution inside the microchannel
for the CM5-based and CM12-based devices, respectively. The acoustic pressure is
generated at the wall of the channel next to the CMUT with at the opposite side
the reflector that allows for the formation of standing waves. The inlet- and outlet
ports act as open boundaries for outgoing waves. The frequencies were chosen such
that one node and/or two nodes are formed in the microchannels. This allows for
a suitable particle separation with regards to the microchannel design. Acoustic
pressures of 60 kPa and 8o kPa are applied for the CM12-based and CM5-based
designs, respectively.
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Figure 4.6: CM5-based microchannel design. (a) Velocity distribution of the fluid flow along
the streamlines inside the microchannel. Wave plots (red positive, blue negative)
of the acoustic pressure field at resonance in a water-filled microchannel with a
pressure of 8o kPa and a frequency of (b) 2 MHz (c) 4 MHz.

The influences of pressure, frequency and velocity are given in Table 4.3. For
a CM5-based device, minimum pressures of 60 kPa and 8o kPa are required for
a sorting efficiency of 100 % for a velocity of 1 mm/s and frequencies of 4 MHz
and 2 MHz, respectively. This indicates that for lower frequencies, more pressure
is required. The main reason that can explain this phenomenon is the increased
wavelength that particles need to pass until they reach the nodes. From this, a
minimum pressure of 8o kPa is required for sorting at both frequencies. This in
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contrast to the CM12-based device that only needs 60 kPa for a sorting efficiency
of 100%. A velocity increase from 1 mm/s to 5 mm/s shows a stronger decrease
in sorting efficiency for CM12-based device than for CM5-based device (100% to
88% and 100% to 34% for CM5-based and CM12 based devices, respectively). Thus,
the relationship between the velocity and the sorting efficiency has a significant
influence on the particle alignment.

Sorting Pressure over time for a velocity of 1 mm/s Velocity over time

efficiency

[%] Frequency Pressure Pressure  Velocity
[MHZz] [kPa] [kPa] [mm/s]

Nr. 30 55 60 75 8o 1 5

i 2 - 46 67 93 100 - - -
4 8 98 100 - - 8o 100 88

ii 8 MHz 59 - 100 - - 60 100 34

Table 4.3: Overview of sorting efficiencies depending on frequency and flow rate: i and ii
represent the CM5-based and CM12-based devices, respectively.

Particle trajectories for a polystyrene particle (diameter 10 um) inside the mi-
crochannel are shown in Figures 4.7, C.4 and C.5. As mentioned in Figure 4.5, two
forces play a key role in the behavior of particles in a microchannel, namely the
drag force and the acoustic radiation force. For a fluid velocity of 1 mm/s and
the CMs5-based geometry, the minimum acoustic pressure for a particle sorting ef-
ficiency of 100% is 8o kPa (as seen in Fig. 4.7). This figure shows that around 3
seconds is needed for particle sorting over a distance of 4000 ym and a frequency
of 2 MHz. Furthermore, for a frequency of 4 MHz, a sorting time of 3.5 seconds
is required (Fig. C.4). A CM12-based device with a frequency of 8 MHz, pressure
of 55 kPa and fluid velocity of 1 mm/s requires a time of around 2.2 seconds for
particle alignment (Fig. C.5). The above-mentioned results indicate that particle
sorting is possible in a few seconds’ time for both designs.
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Figure 4.7: Particle trajectories inside the CM5-based microchannel for a pressure of 8o kPa
and a frequency of 2 MHz at different times: (a) 15, (b) 2 s and (c) 3.1s. A

particle scale factor of 3 was applied to make the particle more visible.
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FABRICATION AND ASSEMBLY

The fabrication and assembly methods used to create a functional BAW-based cell
sorting system are discussed in this chapter. In the first section, the structures,
including the microchannel designs, and fabrication are explained. Subsequently,
the assembly of the experimental set-up and an overview of the overall BAW-based
cell sorting system is provided.

5.1 THE FABRICATION OF THE MICROCHANNEL DEVICE

To create a microfluidic device where acoustic ultrasound can propagate into, mi-
crochannels were fabricated on either silicon or silicon on insulator (SOI) wafers. A
process flowchart and a lithography mask were designed prior to fabrication.

5.1.1  Mask design

The dark-field photo-lithography mask is designed using the Cadence Design Sys-
tems software and ordered to create the structures presented in the previous chapter.
A stepper machine uses the mask to expose the pattern on a wafer. Two designs
were printed on a single reticle to reduce fabrication costs and time. For the fabrica-
tion of a successful microchannel, a small trench size needs to be considered such
that the silicon can be etched while the oxide layer remains. Each microchannel is
made of small squares of 1 x 1 um? with a pitch of 1.5 um (Fig. 5.1a). A close up
of the port with the inlets or outlets can be seen in Figure 5.1b. However, since the
width of the main channel is quite big (187.5 and 375 um), fabrication steps were
performed twice to ensure that the oxide membrane for both designs remained in-
tact. A mask design of the complete microfluidic devices is shown in appendix
D.1.

200 pm

0.5 pm

1.5 um

(a) (b)

Figure 5.1: Section of the mask design used to fabricate the microfluidic designs: (a) enlarged
section of the squares used to define the microchannel (b) section of a port with
the inlets or outlets.
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Step Process Description
1 5iO, PECVD Deposition of a 500 nm oxide layer
2 Lithography - Photoresist coating

- Align mask for the microchannel designs
- Exposure and development to UV light

3 5i0Oy dry etch Oxide dry etching of the exposed area

4 Si DRIE Si etching until the BOX layer of the SOI wafer and
photo resist strip

5 S5i0O, PECVD Seal holes in the oxide membrane by depositing a

3000 nm S5i0, layer

Table 5.1: Summary of the fabrication processing steps performed on the front side of the
wafers.

5.1.2 Fabrication process

The microfluidic devices are fabricated in the cleanroom of Philips MEMS Micro
Devices in Eindhoven. Two fabrication processes for both designs were performed
to determine whether the membrane would remain intact during fabrication (Fig.
5.2 and Table 5.1). To accomplish this, dummy silicon wafers were used to create
the prototypes in order to evaluate if the membranes of the microchannels were
properly fabricated. When the prototypes are well fabricated, SOI wafers will be
used to fabricate the structures.

For the fabrication, the F2R process flow was used to create the embedded mi-
crochannels on the wafer. The procedure begins with an 8-inch silicon or SOI wafer.
The SOI wafer is made of two layers of silicon separated by a buried silicon oxide
(5i0y) layer, also known as the BOX layer. The plasma-enhanced chemical vapor
deposition (PECVD) method is used to deposit a 500 nm thick SiO, layer on the
front side of the wafer. This is followed by a lithography step, where a positive
photoresist layer is deposited on the front side of the wafer and the mask is posi-
tioned on top of this layer. After that, the top layer is exposed to UV light, which
allows for patterning of the photoresist layer. During the SiO, dry etch, the exposed
area will be patterned with SiO; etching until the silicon layer is reached. After the
patterns are formed in the SiO, layer, silicon is etched with a deep reactive ion etch
(DRIE) until the BOX layer is reached. To etch the microchannels, a variant of the
DRIE method known as the Bosch process is used. Two different repeated cycles
of etching, 18 and 22 cycles, were performed to examine the formation of scallops
if present. Finally, a second SiO; layer was deposited to seal the holes in the oxide

membrane. The entire flowchart is given in Appendix D.2.
b.- c. - a. b.- c. -
2 “ “
e. “ f. _ d. e. f.
Photoresist
. sio;

B si
(a) (b)

Q

Figure 5.2: Fabrication process of the microfluidic channels (cross-section view): (a) silicon
wafer and (b) SOI wafer.
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5.1.3 Fabrication results

Experimental outcomes are presented based on DRIE etching. In total three dummy
wafers and two process wafers SOI were processed.

Silicon wafers

The first fabrication process consists of the dummy wafer fabrication, where it is
important to determine if the flowchart for both designs can be used for the SOI
wafers. SEM top-view images of the microchannel were taken to inspect if the
oxide membrane remained intact after 22 cycles of Si DRIE.

As shown in Figure 5.3, for a channel width of 187.5 um the oxide membrane
remains intact (Fig. 5.3c). The oxide membrane, on the other hand, showed bro-
ken areas for a channel width of 375 um (Fig. 5.3d). This suggests that a large
channel width (> 375 um) makes the SiO, membrane more prone to damage. As
a result, the CM5-based microfluidic design is inapplicable for further processes in
the flowchart, and only this silicon wafer will be used for further experiments to
reduce the possibility of particle formation in the cleanroom. For the CM12-based
microfluidic design, the membrane remained intact. Further steps in the process
were taken to investigate the formation of embedded microchannels.

AccV SpotMagn Det WD b————{ 200 um Acc.V SpotMagn Det WD }———— 20 um
200kY 20 350x SE 108 DW2BT2 120kV 30 2000x SE 109 MFD

cV SpotMagn Det WD
20KV 30 250x SE 108 MFD

(c) (d)

Figure 5.3: Results after the Si dry etch as SEM cross-sections and top-views of main chan-
nels: (a) cross-section at the port of the CM5-based microfluidic design, (b) cross-
section at the in- or outlet with the visible square holes in the membrane used
to define the microchannel, (c) top-view of the 187.5 um microchannel with an
intact membrane and (d) top-view of the 375 um microchannel with a damaged
membrane.

A Si DRIE cycle number of 22 was used to investigate if proper embedded mi-
crochannels with straight walls were formed. Figure 5.4a shows the cross-section
of the developed microchannel with a depth of 67.5 um. Relative straight walls are
present with a slight undercut effect of 3 ym. This step shows that suitable mi-
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crochannels with a depth of more than 40um can be fabricated. A cycle number of
22 is therefore more than enough to form microchannels with a depth of 40 um.

After the Si DRIE, the trenches were closed by depositing a second SiO; layer of
3 um. This step allows for the sealing of the holes in the oxide membrane. Figure
5.4b depicts a perfectly closed membrane of the CMs5-based microfluidic design.
The trenches are nicely covered, which indicates that 3 um SiO; layer is sufficient
to close the holes in the oxide mask layer. Therefore, the current recipe can be used
for microchannel fabrication with a maximum width of 187.5 um.

R e e ]

EEEERERERERT
H‘f\“un‘u
LERERREEREEd

67.3 pm

é»&;?tétqugwu

CRECCEEEREEEn|
SOEEEREREREERY

EEEEEeECaaendy
tEeEeRseeiieedd

L4

R e e ey

AccV SpotMagn Det WD ——— | 5um
200KV 20 15000x SE 96 DW2BT2

AccV SpotMagn Det WD p————| 50m

2.00kv 20 1200x SE 95 DW2BT2

(a) (b)

Figure 5.4: (a) SEM cross-section of a microchannel. (b) SEM cross-section of 3 umSi; PECVD
sealing of the membrane .

SOl wafers

Based on the previous results, the CM12-based microchannel design and a DRIE
cycle number of 22 were enough to form properly embedded microchannels on
the silicon dummy wafers. Thus, two SOI wafers were used for the fabrication
of embedded microchannels with either 18 or 22 DRIE cycles. The two different
DRIE cycle numbers were taken to validate if proper embedded microchannels are
formed for SOI wafer and if significant scallop formations are present. The SOI
wafer consists of a 40 um thick device layer on a 500 nm thick BOX layer with a 380
um thick handle layer.

Cross-sections of both DRIE cycle numbers of 18 and 22 were taken after the final
5i0O, PECVD deposition was performed (Fig. 5.5). Both experiments showed nicely
formed microchannels landing on the BOX layer with intact membranes. However,
overetching is present on both wafers, which gives the notching effect near the
BOX layer. This effect is present when the high-density plasma etching reaches an
insulator material (e.g., SiO;). The charging of the BOX-plasma etching interface
result in ion deflection to the sidewalls, which enhances the etching at the insulator-
silicon interface [36]. Since the overetching is quite small both devices can be used.
For the following experiments, 18 DRIE cycles were used.
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Figure 5.5: SEM cross-section for DRIE cycle numbers of (a) 18 and (b) 22.

5.2 EXPERIMENTAL SETUP

In this section, the assembly of the microfluidic devices and materials used to
achieve a working device are discussed.

Microfluidic devices

Two different chips were used to build a microfluidic device, namely the silicon
chips with a CM5-based microchannel and the SOI chips with a CM12-based mi-
crochannel.

As seen in Figure 5.6, the microfluidic devices consist of a chip and a tubing
system. However, the silicon chips with defects in the membrane required an addi-
tional step of closing the membrane. Therefore, a glass plate with inlet and outlet
ports were used for the CM5-based microfluidic chips (Fig. D.2). First, the SiO; top
layer was stripped of this wafer and a glass plate of 19.25 x 10.25 um? was glued
on top of the silicon chip using Dymax 203-CTH-F adhesive that cures in seconds
when exposed to UV light. The low viscosity of the glue gives a capillary effect be-
tween the silicon chip and the glass plate, which in turn allows for a very thin layer
of glue that acts as the interface. To connect the syringe pumps with the microflu-
idic chips, stainless steel tips (0.61 mm inner diameter) were positioned in the ports
of the glass plate, and glued with a high viscosity glue, the Dymax 203A-CTH-VT
adhesive.

Stainless steel tips [ Connector block
[ Glass plate Dymax 203-CTH-F adhesive
I Oxide layer Dymax 203A-CTH-VT adhesive
I Silicon layer

L1 r

(@) (b)

Figure 5.6: Cross-section of the microfluidic setup: (a) CM5-based microfluidic device and
(b) CM12-based microfluidic device.

The membrane on the SOI chip remained intact, so that only a connector block
was necessary to connect the chip to the tubing system (D.2c). A CAD design was
made of the connector block and laser cut on polymethyl methacrylate (PMMA) to
match the right geometry of the microfluidic device. The connector blocks and the
tubing system were glued with the same technique as the silicon chips.
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The acoustic sources used to create standing waves in the microfluidic chan-
nels were Capacitive Micromachines Ultrasound Transducers (CMUTs). CMUTs
are made using a standard IC fabrication-based process that consists of multiple
layers. The frequency range of the CMUT can be tuned by selecting the proper size
of the drums. In this work, two CMUTs were selected for their frequency, namely
a CMs5 for a frequency of 2 and 4 MHz and a CM12 for a frequency of 8 MHz (Fig.
5.7). The CM5 has 64 elements, where each element contains 33 drums with a di-
ameter of 355 um and a die thickness of 720 um. The CM12 consists of 64 elements.
Each element contains 42 drums with diameter of 120 um. The silicon die thickness
is 675 um.

Figure 5.8 gives an overview of the considered acoustic-microfluidic device inter-
faces: microfluidic device next to the CMUT devices and microfluidic device on top
of the CMUT devices.

Element nr. 2
Element nr. 1
Dummy element

315 pm 355 pm

(b)

Figure 5.7: (a) Overview of the used CMUTs: CM5 (right) and CM12 (left). (b) Top view of
CMs5 CMUT devices. The diameter of a single drum and the pitch between two
drums are 355 um and 315 pum, respectively.

System overview

The overview of the complete systems can be seen in Figure 5.9. The systems were
built around a microscope, with the microfluidic device mounted on top of the plat-
form. An encoded stereo microscope (Leica M2o5 C) with an external high-speed
camera (iDS U3-3080CP) mounted on an objective is used in the optical setup. This
enables the capturing of images and videos. The operational control of the microflu-
idic device is straightforward and requires a pressure source to pressurize the fluid
in the microfluidic device. To actuate the fluid flows, one syringe pump (Harvard
apparatus model 33) was connected to the inlet port and a tube was connected to
the outlet port.

Two systems were built using the CMUTs’ excitation method (Fig. 5.9a). The
system with no phase excitation consists of a wave generator (Agilent 33250 A),
an amplifier (EIN model 240L RF power amplifier), a source meter (Keithley 2400
source meter) and an oscilloscope (Agilent DSo6032A) that are connected to a bias
tee. The bias tee is connected to the CMUTs, which will excite the transducers,
resulting in standing waves in the microfluidic channels. The system with phase
excitation consists of a WUP board that is externally controlled by software. Two
source meters were used to generate the bias voltage and the AC signal.
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[ ] Epotek 301 Acoustic gel

Tubing Needle

()

Figure 5.8: (a) Schematic overview of the different acoustic-microfluidic device interfaces:
microfluidic device next to the CM5 CMUT devices (left) and microfluidic de-
vice on top of the CM5 CMUT devices (right). An acoustofluidic device made
of microfluidic chips attached to CMUTs mounted on PCBs: (a) CM5-based mi-
crofluidic interface and (b) CM12-based microfluidic interface.
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WUP board

Oscilloscope

Microscope

Monitoring

Figure 5.9: System overview for (a) CMUT excitation with no phase excitation (Bias Tee con-
nection) and CMUT excitation with phase excitation (WUP board connection). (b)

Experimental setup for phase excitation.



RESULTS

The aim of this chapter is to investigate and discuss the influence of a CMUT-based
sorting device on particle alignment in a microfluidic channel. The actuation modes
and their associated acoustic-microfluidic interfaces are discussed in the first section.
This is followed by an overview of particle alignment methods. Finally, the results
of particle focusing experiments conducted using acoustic-microfluidic interfaces
are presented.

6.1 ACTUATION

The actuation of the CMUTs for particle alignment in a microfluidic device is di-
vided into two different interfaces, namely the sidewall and the top area of the
CMUTs (Fig. 6.1). The main difference lies in the acoustic propagation, and the
distance between the microfluidic channel and the CMUTs. The acoustic propaga-
tion for the sidewall and top interface is based on either acoustic propagation of the
CMUTs through its die and into the sidewall of the microfluidic chip, or from the
CMUTs directly into the microfluidic chip, respectively. Acoustic waves are formed
during the excitation of the CMUTs, which creates a standing wave in plane with
the silicon chip and orthogonal to the fluid flow, allowing for continuous particle
alignment.

[ ] cmut I Ssilicon

\ Epotek 301 Acoustic gel

Channel

(a) (b)

Figure 6.1: Cross-section overview of the assembled sorting device, showing the microchan-
nel with the CMUTs either attached to (a) the sidewall or (b) on top of the trans-
ducers.

As shown in Figure 6.1, the contact area between the die of the CMUT and the
microfluidic device is much larger for the top interface than the sidewall interface.
A large contact area for the CMUT enables a good coupling of the acoustic energy
into the silicon chip, which is an advantage of arranging the transducer in plane
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with the microfluidic chip. While, the sidewall interface has a smaller contact area
and an increased distance between the CMUT and the microchannel compared to
the top interface. This can make it difficult to couple acoustic energy into the silicon
of the microfluidic device for the sidewall interface. The degree of acoustic signal
propagation is determined by the application of the matching layers (Epotek 301
and acoustic gel).

6.2 PARTICLE ALIGNMENT APPROACH

The experiments in Table 6.1 provide an overview of the CMUT excitation methods
for each acoustic-microfluidic interface. The sidewall interface experiments were
carried out using a phase delay amplification method. The experiments for the
top interface, on the other hand, were carried out using an 8-element excitation
method. To investigate the relationship between acoustic focusing and the microflu-
idic device, polystyrene particles with a diameter of 10 um were introduced into
the microchannels. The actuation of the CMUTs causes the substrate to vibrate, re-
sulting in standing standing waves with pressure nodes in the microfluidic channel.
Due to the acoustic radiation force, particles will migrate to the nearest pressure
node.

Acoustic-microfluidic interfaces CMUT excitation method
I. Microfluidic device next to the CMUT - Phase delay amplification
(sidewall interface)

II. Microfluidic device on top of the CMUT - 8-element excitation

(top interface)

Table 6.1: Overview of the acoustic interface with their respective CMUT excitation
method(s).

Both CM5 and CM12 CMUT chips were considered for particle alignment. How-
ever, both interfaces showed no evidence of particle alignment for the microfluidic
devices and CM12 CMUT chips. The main reason for this seems to be that the
acoustic propagation from the CMUT into the microfluidic device does not func-
tion properly. The prefabricated CM12 CMUT devices have thick adhesive layers
at the side area of the die and on the PCB, as shown in Figure 5.7. The sidewall
interface must be clean when assembling the microfluidic chip next to the CMi12
CMUTs devices. However, no particle alignment was observed. This implies that
the assembly was defective. The sidewall interface had a similar issue where the
adhesive layers were very thick, resulting in the same problem.

As a result, the main focus of these experiments is on CM5 CMUT devices. The
area of interest, the main channel of the microfluidic device, has an average depth
of 60 um and a width of 375 um. The locations I, II and III are taken into account
for particle alignment analysis, as shown in Figure 6.2. Images captured during
the experiments were processed in MATLAB using the image stacking procedure.
To estimate the particle trajectory, the location of the particles were compared by
analyzing images of particle sorting occurring within the channel.

r’l___l-__:__{.'-'_-l-———'-—.t.i——o—' e e e
G i
= e

Figure 6.2: The chosen area of interest (I, IT and II) in the microfluidic device for the particle
alignment analysis.
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6.3.1 Sidewall interface results

The operating conditions for the phase delay amplification were frequencies of 2
and 4 MHz, 20 V RF, a bias driving voltage of 150V, 15 cycles and a PRF of 15
kHz. When the microfluidic channel was operated at a flow rate of 1 yl/min and
in its fundamental resonance mode (A/2), which corresponds to a frequency of 2
MHz, no particle alignment was observed. One possible explanation for the absence
of this standing wave is that the acoustic forces for this mode were insufficient to
produce particle alignment in the center of the channel. Another possibility is that
phase alignment does not work properly in this device at a lower frequency due to
the increased wavelength. The second harmonic mode (A) for a frequency of 4 MHz,
on the other hand, demonstrated clear particle focusing (Fig. 6.3). The particles are
aligned at 31 /4 node, which correspond to a frequency of 4 MHz. However, particle
alignment at the A/4 node is barely visible due to the glue at the sidewall of this
device. Within 3 seconds, particle alignment was achieved.

S T

- -

a4 A4
(a) (b)

Figure 6.3: (a) A cross-sectional view of a standing wave in the microchannel with a wave-
length of 1 A. Channel width: 350 ym. Channel depth: 6o um. (b) Focusing of 10
um particles after introducing a frequency of 4 MHz in 3 seconds.

Images of the particles were taken along the microchannel to quantify the particle
focusing extent. As shown in figure 6.4, the area of interest II of the images were
post-processed by filtering the background and averaging the gray value along the
length of the channel section, resulting in an intensity profile in the channel width
direction. The particle focusing band is represented by the gray value peak in this
profile. Peaks are expected at 93.75 ym and 281.25 um for a frequency of 4 MHz,
corresponding to A/4 and 3A/4 nodes, respectively. The particle focusing bands
were analyzed and compared for a high and low particle concentrations.

Figure 6.4a shows a low particle concentration, with a peak at 276.3 ym and a
particle focus bandwidth of 52.6 ym [256.6-309.2 ym]. This is within the sorting
region for the top outlet of 250 to 375 um. Furthermore, the peak corresponds to
the second pressure node at 31/4 with a deviation of 2%. In contrast to the high
particle concentration shown in Figure 6.4b, two peaks corresponding to the two
pressure nodes are visible at 89.6 ym and 302.2 ym. Each peak has a bandwidth
of 134.4 ym [16.7-151.1 ym] and 117.5 ym [246.3-363.8 ym], which falls outside the
sorting bandwidth region of o to 125 ym and 250 to 375 ym. As a result, both
bandwidths are insufficient for proper particle alignment. A third peak is visible at
212.7 ym, where some particles are not properly aligned at a pressure node.

The focusing width increases significantly as particle concentration increases. A
low particle concentration allows for proper particle alignment, whereas a high
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particle concentration increases the bandwidth and limits the particle sorting abil-
ity. This demonstrates the importance of particle concentration in the efficiency of
particle alignment. Another
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Figure 6.4: The particle focusing extent is characterized for (a) low particle concentration and
(b) high particle concentration. The top image on the left represents the particle
distribution at area II. The bottom image is a grayscale variant of the top image
after a background filter has been applied. The average gray value profile in the
channel width is represented by the curve on the right.

6.3.2 Top interface results

The microfluidic device was fixed on top of the CMUT devices to investigate the
efficiency of acoustic focusing for the top interface. The following parameters were
used to excite eight elements: a bias voltage of 150V, an RF voltage of 15V and 15
cycles.

As shown in Figure 6.5, particle focusing was observed in experiments with a
flow rate of 1 ul/min and frequencies of 2 and 4 MHz, which corresponds to A/2
and A, respectively. Particles are properly aligned at each node corresponding to
their specific frequency. This was accomplished in 6 and 3 seconds for 2 and 4 MHz,
respectively. The decrease in particle alignment time for a higher frequency can be
explained by equation (2.6), in which the higher operating frequency provides a
higher particle focusing force, and the difference in distance to the pressure nodes
for each frequency.

To investigate the particle focusing extent around the horn structure area and the
straight walls area made in the microfluidic chip, a frequency change of 4 to 2 MHz
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Figure 6.5: (a) Cross-sectional views of a standing wave in a microchannel with wavelengths
of A/2 and 1 A at area II. Channel width: 350 ym. Channel depth: 6o um. (b)
Focusing of 10 pum particles after introducing a frequencies of 2 and 4 MHz for
the top and bottom image, respectively.

as a function of distance and time was performed at area I. As shown in Figure
6.6, the area around the horn structure shows particle focusing at 2 MHz within 4
seconds, whereas the other areas show an increase in time of up to 6 seconds. The
particles at the horn structure area are aligned within a channel length of 225.6 ym.
While the areas next to the horn structure show an increase of 133.1 % in channel
length (300.3 ym). As you move deeper into the area of straight walls, this increase
decreases to 99.8 % (225.0 ym). The following results indicate the importance of
structures created in a microfluidic chip for faster particle alignment over a shorter
distance.

Horn structure area ‘ Straight walls area
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Figure 6.6: Particle trajectories at area I for a frequency change of 4 to 2 MHz.

The particle focusing extents were quantified for both frequencies (Fig. 6.7). The
top image of Figure 6.7b shows the main gray value peak at 164.7 ym for 2 MHz,
with a bandwidth of 42.0 ym [136.7-178.7 yum]. This falls within the sorting range
of 125 to 250 ym at 2 MHz with a peak deviation of 12.2%. As shown in Figure 6.7a,
the particles are properly aligned into the middle sorting outlet. The bottom image
of Figure 6.7b shows two peaks for a frequency of 4 MHz. The peaks are observed
at 91.8 and 287.0 ym, which corresponds to the pressure nodes at A/4 and 3A/4
with a deviation of 2.1% and 2.0%, respectively. The bandwidths for this frequency
are 23.0 ym [275.5-298.5 ym] and 30.6 ym [80.4-111.0 ym]. This also falls within the
sorting regions for this frequency.

These experiments show that at a frequency of 4 MHz, the particle focusing ex-
tent aligns more properly to its pressure nodes with smaller bandwidths than at
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a frequency of 2 MHz. Nonetheless, the difference is within the sorting area, and
proper particle alignment is still possible.
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Figure 6.7: (a) Focusing of particles after introducing a frequency of 2 MHz at area III. (b)
The top and bottom grayscale images show particle focusing extent characterized
for frequencies of 2 and 4 MHz, respectively. Each average gray value profile in
the channel width is shown on the right side.

6.4 CONCLUSION

Successful particle separation in a microchannel in the silicon chip using CMUTs
was demonstrated. The ultrasonic excitation of the microfluidic channel, whose
frequency depends on the channel width, enabled particle alignment. Particles
separated as a result in either the center or the side outlets.

Both interface results indicate that CMUT-based acoustic focusing will be appli-
cable as a particle sorting device. However, more research is required in this field to
investigate the acoustic behavior of these interfaces and improve sorting efficiency.



CONCLUSIONS

In this thesis, a novel acoustic based microfluidic platform using CMUTs for par-
ticle separation was investigated. Two different acoustic-microfluidic device inter-
faces were considered, namely the sidewall and the top area of the CMUT. The
advantages and disadvantages of each interface is summarized in Table 7.1.

Prior to the experiments, the presence of an acoustic sidewall pressure was inves-
tigated to determine if the sidewall interface is suitable for particle sorting. Based
on the results of the experiments, it can be concluded that acoustic pressure exists
at the sidewall of a collapse-mode CMUT. A phase alignment approach was used
to increase the output pressure, which improved by 6.4 times compared to when no
phase alignment was used.

Interfaces Advantages Disadvantages
I. Microfluidic device - Integration of CMUTs and - Weak ultrasound coupling
next to the CMUT the microfluidic channel in into the microfluidic channel
(sidewall interface) the F2R platform

- Great design freedom
II. Microfluidic device - Strong ultrasound coupling - Either attach two separate
on top of the CMUT into the microfluidic channel devices or double-sided
(top interface) processing

Table 7.1: Comparison of different acoustic-microfluidic interfaces for particle alignment.

After confirming the presence of an acoustic pressure, simulations were made to
determine the microfluidic design and whether particle alignment is possible. The
integration of CMUTs and a microfluidic device on a single device was not possible
due to time and capacity constraints. Thus, prefabricated CMUT devices were used
for further investigation. While the microfluidic devices were created using the
silicon processing-based F2R platform. Both parts were assembled into one of the
two interfaces and investigated for the presence of particle alignment.

The results showed that polystyrene particles with a diameter of 10 ym were suc-
cessfully aligned within a few seconds and separated with high efficiency. Multiple
CMUT elements were simultaneously excited at the top interface device, demon-
strating particle sorting at both wavelengths of A/2 and A, which corresponds to a
frequency of 2 and 4 MHz, respectively. Furthermore, particle sorting is faster in
the microfluidic channel next to structures integrated into the microfluidic device,
such as the vacuum horn. By using a phase alignment approach, the sidewall in-
terface device demonstrated only sorting at a wavelength of A. This indicates that
the phase alignment approach does not work properly for a frequency of 2 MHz.
Nevertheless, the first demonstration of sheathless flow focusing and separation of
particles were shown with CMUTs as an acoustic source.

This acoustic-based sorting method has a lot of potential as a component in lab-
on-a-chip systems for biological applications. The ability to selectively excite differ-
ent CMUT elements with the possibility of phase alignment, the broad bandwidth
of the CMUTs, batch fabrication, and IC integration are the main advantages of the
current device over existing acoustic sorting devices. In further research, it would
be recommended to integrate these acoustic-microfluidic interfaces into a single de-
vice. One concept design is to fabricate the CMUT next to the microfluidic channel,
while another is to fabricate the CMUT on the backside of the microfluidic device.
This will improve the efficiency on several levels by decreasing the distance between
the transducers and the microfluidic device and removing unnecessary layers.
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Method Transducer  Substrate Resonance Flow rate Sorting rate Comments Reference
frequency
SSAW 2 standard LiNbO;3 12.6 0.6-2 13,000 parti- - 80% sorting efficiency [9]
DT uL/min cles/min - Sheath flow focusing needed
2 Focused LiNbOj; 38.8 0.25m/s 3,300 cells/s - Sheath flow focusing needed [10]
IDTs
- Fluorescence cell marking needed for single
cell sorting
TSAW 1 adjusted LiNbOs3 162-164 1.5 ml/h 5,000 cells/s - Inertial flow focusing (spiral channel) [12]
IDT - Sheath flow focusing needed
- Fluorescence cell marking needed for single
cell sorting
1 adjusted LiNbO;3 140-150 - 200-2000 - 100% separation efficiency [22]
IDT cells/s - Fluorescence cell marking needed for single
cell sorting
focused IDT  LiNbOs; 133.3 3.5 mm/s - 100% separation efficiency [31]
- Sheath flow focusing needed
Tilted 2 IDT LiNbO;3 19.4 2 uL/min 10,000- - Sheath flow focusing needed [37]
SSAW 20,000 - 99% sorting efficiency for particles
cells/min - 71% sorting efficiency for cancer cells
2 IDT LiNbO3 19.98 4-5 mm/s - - Sheath flow focusing needed [11]
- 96.67, 89 and 96.77& (1, 5 and 10 um particle
diameter, respectively)
BAW pPzZT Silicon 1-2 <o0.2 - - PZT glued backside chip with epoxy [23]
mL/min
- No sheath flow focusing needed
- 9o& separation efficiency
PZT Silicon 2.03 20 uL/min - - PZT glued backside chip with cynoacrylae [29]
glue
- No sheath flow focusing needed
PZT Silicon 1.83-1.85 2-3 uL/min - PZT glued at the top next to the channel [24]
100 % sorting efficiency
PZT aluminum 3.13 100 yL/min - PZT glued at top next Fo channel with epoxy [30]
- No sheath flow focusing needed
alloy 6061 o . .
- 98.2% sorting efficiency
1-3 com- . 0.24 5 mL/min - - PZT glued under channel with epoxy [13]
posite trans- ;C’ttea:lﬂess - 88.4% blood cells and 86.2% platelet sorting

ducer

efficiency
- Sheath flow focusing needed
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B ACOUSTIC MEASUREMENT DATA

This appendix shows the acoustic pressure distribution for CM12 CMUT devices
and the comparison between the output pressure as a function of the voltage of a
CM5 CMUT devices with and without a phase alignment approach.

B1 CM12

Measured acoustic pressure of a single excited CM12 element: (a) Element 92, (b)
element 94 and (c) element 96. Element 96 is the excited CMUT element that is the

closest to the sidewall.
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Figure B.1: Measured acoustic pressure of a single excited CM12 element: (a) Element 96, (b)
element 94 and (c) element 92.
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B.2 CM5 PHASE ALIGNMENT
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Figure B.2: Measured acoustic pressure of multiple elements excitation of a CMs5: (a) refer-
ence and (b) phase alignment.






SIMULATION DATA

Results for the characterization of the fluid flow and acoustic behavior on particles
in the given channel designs are presented as velocity profile, acoustic pressure
distribution, and particle trajectory.

C1 VELOCITY PROFILE FOR CM12-BASED MICROCHAN-
NEL

200
-200

(b)

Figure C.1: Simulated cross sectional velocity profile of the fluid flow in the CM12-based
microchannel at z= 20 pm and inlet velocity of 1 mm/s.
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Figure C.2: 3D flow profile taken at the intersection of the three outlets in a CM5-based
microchannel under condition of an inlet velocity of 1 mm/s: (a) scenario 1 and
(b) scenario 2.

C.2 FLOWAND PRESSURE DISTRIBUTION IN CM12-BASED
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Figure C.3: CM12-based microchannel design. (a) Velocity distribution of the fluid flow
along the streamlines inside the microchannel. (b) Wave plot (red positive, blue
negative) of the acoustic pressure field at resonance in a water-filled microchan-
nel with a frequency of 8 MHz and applied pressure of 60 kPa.
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C.4 PARTICLE SORTING FOR CM12-BASED DEVICES
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Figure C.5: Particle trajectories inside the microchannel for 55 kPa at different times: (a) 0.4
s, (b) 1sand (c) 2.2 s
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D.2 FLOWCHART
Wafer Process Instruction
step
1 Start technical Wafer enters cleanroom
stage
2 Logistic step Contact batch owner
3 Logistics step Laser marking
4 Thickness  stress pre-measurement 200 mm silicon
resistance (MEA)
measurement
5 Logistic step Release batch for production
6 Wet-clean step cleaning process using pre-furnace, non-
metal
7 Wet-clean step rinse and dry process using the SRD pro-
gram
8 PECVD SiO, Deposition of 500 nm SiO;
9 Thickness  stress Thickness measurement of the silicon-SiO;
resistance (MEA) using the NanoSpec
measurement
10 Thickness  stress post-measurement
resistance (MEA)
measurement
Split wafers
11 Lithography  for Coating and developing of HMDS on the sur-
CM5-based design  face of 1300 nm
12 Lithography  for Coating and developing of HMDS on the sur-
CMi2-based de- face of 1300 nm
sign
Merge wafers
13 Dry etch SiO; Dry etch process of 5iO; with an exposure of
200 mm
14 Dry etch Si dry etch process with a deep exposure of
200 mm
15 Inspection flow Bright field
16 Dry strip Strip <1.5 ym using a microwave
17 PEC SiO, 3000 nm low stress PECVD at 400 °C
18 MEA and SEM Investigation of the finalized wafers us-
ing MEA and scanning electron microscope
(SEM)
19 Logistic step Release batch for production
20 SEQ Sequence of steps spanning multiple areas,

including packaging of wafers to labeled sin-
gle wafer boxes , deliver product wafers
to costumer, and dispose or store dummy-
wafers

Table D.1: Summary of processing steps performed on the frontside of all wafers.
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Figure D.2: Schematic overview of (a) the CM5-based microfluidic device, (b) the glass plate
with a specific inner and outer diameter (ID and OD) and (c) the connector block.






E ‘ PUBLICATION

73



BULK ACOUSTIC WAVE BASED MOCRFLUIDIC PARTICLE SORTING

WITH CAPACITIVE MICROMACHINED ULTRASONIC TRANSDUCERS
Shinnosuke Kawasaki', Jia-Jun Yeh!, Marta Saccher!, Jian Li', and Ronald Dekker?
Delft University of Technology, NETHERLANDS and
*Philips Research, NETHERLANDS

ABSTRACT

The main limitation of acoustic particle separation for
microfluidic application is its low sorting efficiency. This
is due to the weak coupling of surface acoustic waves
(SAWs) into the microchannel. In this work, we
demonstrate bulk acoustic wave (BAW) particle sorting
using capacitive micromachined ultrasonic transducers
(CMUTs) for the first time.

A collapsed mode CMUT was driven in air to generate
acoustic pressure within the silicon substrate in the
in-plane direction of the silicon die. This acoustic pressure
was coupled into a water droplet, positioned at the side of
the CMUT die, and measured with an optical hydrophone.
By using a beam steering approach, the ultrasound
generated from 32 CMUT elements were added in-phase to
generate a maximum peak-to-peak pressure of 0.9 MPa.
Using this pressure, 10 um latex beads were sorted almost
instantaneously.

KEYWORDS
CMUT, Microfluidic particle
particle sorting, bulk acoustic wave

sorting, Acoustic

INTRODUCTION

Acoustic particle sorting is a label-free, biocompatible
method to sort particles within a microchannel. Such
techniques are useful for manipulating micron-size cells or
sub-micron size particles for clinical, biological, and
chemical research. The two common method to achieve
acoustic particle sorting is either to use bulk acoustic wave
(BAW) or surface acoustic wave (SAW). BAW-based
sorting devices use a single lead zirconate titanate (PZT)
element attached to a microfluidic device fabricated from a
high acoustic impedance material, such as silicon or glass
[1]. The width of the microfluidic channel is designed to be
an integer multiple of half of the acoustic wavelength,
which creates a standing wave within the acoustic channel
to sort particles. SAW-based sorting devices use an
interdigitated transducer (IDT) fabricated through
deposition and patterning of a thin piezoelectric layer. Due
to this photopatternable fabrication process, the acoustic
actuation area can be well controlled, therefore
SAW-based devices are often preferred when they are
integrated  with  other  functionalities. =~ However,
SAW-based devices have a low throughput because the
acoustic signal is weakly coupled into the microfluidic
channel either through the top or bottom surface.
Therefore, there is a need for a BAW-based sorting device
which can allow high throughput particle sorting, while
maintaining high control over the acoustic actuation area.

Over the last decade, in the field of ultrasound
imaging, there has been great improvement in MEMS
based ultrasonic transducers (i.e., piezoelectric

micromachined ultrasonic transducers (PMUTs) and
capacitive  micromachined  ultrasonic  transducers
(CMUTs)). These transducers are meant to couple
ultrasound waves into the medium in contact with the
transducers.  However, during our preliminary
investigations using CMUTs, it was noticed that acoustic
energy can also couple into the silicon substrate and
propagate laterally in-plane through the substrate. For
ultrasound imaging, this would create an unwanted
imaging artifact. On the other hand, for acoustic particle
sorting, the in-plane ultrasound is another method to
generate ultrasound within a microchannel on the same
substrate. In addition, CMUTs are broadband devices
which compared to PZT devices allow for an extra degree
of freedom to manipulate particles within the
microchannel. Furthermore, CMUT technology is highly
compatible with silicon microfluidics; a growing field
where silicon is used as the substrate to integrate complex
functionalities such as cell manipulation, cancer detection,
and DNA amplification [2], [3].

In this work, we propose a BAW-based particle
sorting device using collapse-mode CMUTs. BAW
generated in the in-plane direction of the silicon substrate
will enable higher throughput particle sorting. CMUTs are
fabricated through standard IC-based fabrication
techniques and the acoustic actuation area can be
well-controlled.

This paper is organized as follows. First, the concept
of the device with CMUTs combined with a silicon
embedded microchannel is explained. Then the sidewall
acoustic pressure is measured from a CMUT die. Finally,
the alignment of 10 pm particles is demonstrated.

DEVICE CONCEPT

The main components of a BAW-based microfluidic
particle sorting device are the microfluidic channel and the
CMUT. In this section, these two components will be
explained.

CMUTs

A schematic cross-section of a CMUT is shown in Fig.
la. A CMUT consists of a top and bottom circular
membrane, each fabricated from an aluminum electrode
which is passivated by a ceramic layer such as SiO; and
Si3N4 [4]. At its non-biased state, the CMUT has a vacuum
gap between its top and bottom membrane. The top
membrane is brought into collapse-mode operation by
applying a DC bias voltage beyond the pull-in voltage.
Then an AC signal is superimposed to vibrate the
donut-shaped region around the collapsed area. The
ultrasound generated from this vibration couples into the
substrate through the collapsed region. The ultrasound
signal then propagates along the in-plane direction of the
substrate.



Silicon embedded microchannels

To efficiently couple the ultrasound energy into a
microfluidic channel, the channel must be fabricated on the
same substrate, as shown in Fig. 1a. In our prior work, we
developed techniques to fabricate silicon embedded
microchannels with vertical walls through a standardized
IC-based fabrication process [5]. In this work, these
microchannels were not fabricated because the goal was to
measure if sufficient sidewall acoustic pressure is
generated. Yet CMUT technology and silicon embedded
microchannels could be readily combined in future work.

Beam steering

Another benefit of using CMUTs is that the output
pressure could be amplified by applying a beam steering
approach. To explain this, in Fig. 1b several rows of
CMUTs are aligned in parallel. Each row is referred to as a
CMUT element and can be addressed with different
driving voltages. Beam steering is achieved by
incrementally delaying the same driving signal for each
CMUT element with At, such that the ultrasound signal
traveling through the substrate is added in phase.
In this way, a higher output pressure can be achieved. The
ultrasound waves will add in phase if the following
equation is satisfied,

micrachannel

Top membrane CMUT device
Bottom membrane \

Passivation layer \ 1/\‘

Aluminium r“mhm Ultrasound
propagation

e

. Silicon

Water

(a)

Silicon embedded

Acoustic standing wave

V =D/At (1)

where D is the pitch between each element and V is
the velocity of sound through the substrate. For silicon, V
is dependent on the crystal orientation and the vibrational
modes that are present. The CMUT devices used in this
work have the <110> orientation perpendicular to the
CMUT element, as shown in Fig. 1b. The vibrational mode
is not clear and multiple vibrational modes could
simultaneously exist. Therefore, in this work, At is swept to
find the best beam steering condition.

RESULT

In this section, the results of acoustic pressure
measurements from the side of a CMUT die are presented
for a single element and 32 elements with and without
beam steering. This is followed by a demonstration of 10
pum particle sorting.

Single element acoustic pressure measurement
Fig. 2a shows the experimental setup used for the
acoustic sidewall pressure measurement of the CMUT. A
zoomed picture of the CMUT device is shown inside the
red box. The diameter of the CMUT membrane used in this

Driving voltage

Bl
vl l

P [MPa] <110>

- - - - .

(b)

Figure 1: (a) The concept of combining ultrasound transducers with silicon embedded microchannels. (b) The concept
of beam steering with a time delay of At and the <110> crystal orientation of the silicon substrate.
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Figure 2: (a) Acoustic pressure measurement setup seen from above. An optical hydrophone is positioned at the side
of the CMUT die and a zoomed in image of the CMUT devices are shown in the red box. (b) Side view of the acoustic
pressure measurement setup. The drawing is not to scale.
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Figure 3: Transient waveform of the pressure from the side of the silicon die. Time = 0 us is when the ultrasound signal

was transmitted.

work is 355 um. Each CMUT element has a length of 12
mm, with 33 CMUT devices in each element. These
CMUT elements were positioned in a row with a pitch of
315 pum along the 2 cm width of the die. The first element
at the very edge of the die is a dummy element and cannot
be used.

Fig. 2b schematically shows the side view of the
experimental setup. The thickness of the silicon die was
720 pm. A droplet of water was placed at the die’s right
side, and the surface tension kept the water in place. The
acoustic pressure coupled from the silicon substrate into
the water was measured with a fiber optic hydrophone
(Precision Acoustics, UK) with a tip size of 10 pum
diameter. The hydrophone was carefully positioned with a
motorized 3D axis stage. The distance between the
hydrophone and the silicon sidewall was approximately 0.9
mm. In the vertical direction, the hydrophone was
positioned near half the height of the CMUT. The output
pressure was relatively insensitive to the vertical position
of the hydrophone.

Fig. 3 shows a transient response when the 2"¢ CMUT
element closest to the sidewall (element #2 in Fig. 1a) was
driven with one cycle of sine wave at 4.5 MHz with 15 V
amplitude and a bias voltage of 150 V. The response
showed a ringing behavior because the CMUT membrane
was in resonance at this frequency. The maximum
peak-to-peak output pressure was 25 kPa.

To further increase the acoustic pressure, beam
steering was applied using the first 32 CMUT elements
closest to the water droplet. The in-house-built ultrasound
driver system was based on the HV7351 pulser chip
(Microchip Technology, USA). The driving signal was a
unipolar square wave with 15 V amplitude, 15 cycles, 4.5
MHz frequency, a pulse repetition frequency (PRF) of 1
kHz and a bias voltage of 150 V. The acoustic pressure was
measured as the At was increased from 5 ns to 150 ns in 5ns
steps. From Fig. 4, the output pressure constructively
interfered when At =40 ns and 65 ns. This corresponds to a
sound velocity within silicon at 7875 m/s and 4846 m/s
respectively based on equation (1). The maximum
peak-to-peak pressure was 0.9 MPa. For comparison, the
output pressure of 32 CMUT elements without beam
steering is shown in Fig. 4 with a dashed line (At = 0 ns).
The peak-to-peak output pressure was 140 kPa which was
6.4 times lower than when beam steering was applied.
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Figure 4: Peak-to-peak pressure when beam steering
was applied with a time delay from At = 5 ns to 150 ns in
5 ns steps. At =0 ns is the peak-to-peak pressure without
beam steering.

Particle sorting

Fig. 5a, is the microscope view of the experimental
setup used to demonstrate particle sorting. A droplet of
water with 10 um latex beads was positioned next to the
CMUT with a glass reflector at a 4 mm distance from the
sidewall of the CMUT. To increase the contrast of the latex
beads a thin silicon wafer with a thickness of 280 um was
positioned beneath the water droplet. In the beginning, the
particles were mixed, and there were no distinct patterns.
The ultrasound was then turned on for a few seconds, using
the same beam steering conditions found to generate the
maximum output pressure (f = 4.5 MHz, At =40 ns, Vp =
15 V, Vbias = 150V, 15 cycles). The PRF was increased to
5 kHz for a slightly higher output power resulting in a duty
cycle of 1.7 %. The effect of the ultrasound field on the
particles is shown in Figure 5b. The particles aligned in
stripes of 166 pm pitch, which corresponds to half of the
wavelength of 4.5 MHz ultrasound in water. The video
recording of particle alignment can be seen in the link in
the footnote'. The video is not fast-forwarded. In the video,
interesting streaming effects are also visible, but the study
of this phenomenon was beyond the scope of this work.

DISCUSSION AND CONCLUSION

In this work, particle sorting using collapse-mode
CMUTs was demonstrated for the first time. A beam
steering approach was used to increase the output pressure.
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Figure 5: Ultrasound 10 um latex beads sorting, (a) before the ultrasound and (b) after the ultrasound. The ultrasound
parameter used: = 4.5 MHz, PRF = 5 kHz, Vp = 15V, Vbias = 150 V, Duty Cycle = 1.7%, At = 40 ns, 32 elements, and
cycle number = 15. The video can be seen in the link in the footonote’.

This improved the output pressure by 6.4 times compared
to when no beam steering was applied. The maximum
output peak-to-peak pressure of 0.9 MPa is much higher
compared to prior work on acoustofluidic separation [6]
and would allow higher throughput particle sorting.

However, there are still many unanswered questions
regarding the mechanism of this sidewall acoustics. The
time delay used for beam steering provided some insight
on the velocity of the ultrasound wave travelling through
silicon (i.e., 7875 m/s and 4846 m/s). According to [7] the
ultrasound propagation along the <110> crystal orientation
for longitudinal and transversal velocity is 9138 (m/s) and
4675 (m/s) respectively. The fact that there are two distinct
peaks in Fig. 4 may be related to the two different velocity
seen in literature, but the exact values do not match. Thus,
it is difficult to make concrete statements whether we are
using BAW or SAW. However, the hydrophone was
vertically positioned near half the height of the die and
there were no large changes when the hydrophone was
moved vertically. Therefore, we expect that the ultrasound
is transmitted from the entire sidewall which confirms that
this is a BAW-based sorting device.

There are several other factors that also play a role in
this work. For example, i) the ultrasound wave generated
from the collapse-mode CMUT will propagate vertically
within the substrate, ii) ultrasound waves will reflect
internally at the boundary of the silicon substrate and may
add coherently, iii) the acoustic driving parameters such as
PRF and acoustic frequency may also have an influence.
Thus, deepening our understanding of these mechanisms
require a more detailed model and should be considered for
future work.
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