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Abstract

Cancer is one of the leading causes of death worldwide. With the World Health Orga-
nization predicting an increase in the number of new cancer cases, early cancer detec-
tion and diagnosis will be key factors to decrease mortality and increase the survival rate.
Therefore, numerous reliable measurement techniques and methods for biomarker detec-
tion have been developed. A promising approach is localized surface plasmon resonance-
based biosensors that yield high sensitivity and specificity from the optical properties of
the employed metallic nanostructures. By incorporating microfluidics and acoustofluidics,
the detection and sensitivity performance of the biosensor can be enhanced. This is ac-
complished by increasing the contact between the sensor and the nanoparticles of interest
through the utilization of surface acoustic waves inducing microfluidic mixing.

Three active surface-acoustic-wave-driven micromixers with frequencies of 40, 80, and
120 MHz have been experimentally tested at the NTNU acoustofluidics test facility. The
mixing efficiency through internal streaming has been investigated for different flow rates
and power applications. The experimental results revealed a reduction in the induced mix-
ing speed for higher flow rates and a decrease in the mixing efficiency for lower power in-
puts. The 40 MHz interdigital transducer (IDT) design was not found to be more efficient
than the 80 MHz IDT design, which differs from the findings in the literature. However, it
was observed that the 120 MHz IDT design displayed a reduction in the mixing efficiency
compared to the 40 MHz and 80 MHz IDT designs. The dual IDT showed an enhanced
mixing performance compared to the single IDT for certain power inputs. However, con-
sidering the total energy input into the system, the mixing efficiency for the single and
dual IDT did not display any considerable mixing performance differences. The highest
mixing efficiency obtained was 97.93% for the dual IDT of the 80 MHz IDT design at a
flow rate of 500 µL/h and power input of 1500 mW.

The experimental results for the nanoplasmonic sensors documented that hexagonal nanohole
arrays generally obtained higher sensitivity than square nanohole alignments. A thicker
gold layer on the sensor resulted in higher sensitivity values and sharper spectrum curves.
A significant effect on the sensor sensitivity was observed for various polynomial curve fit-
ting orders. The maximum sensitivity of 285.8275 nm/RIU was achieved for the nanoplas-
monic sensor with a hexagonal nanohole array, nanohole diameters of 400 nm, a 250 nm
gold layer thickness, and a periodicity of 1000 nm.
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Sammendrag

Kreft er en av de ledende dødsårsakene i verden. Med Verdens helseorganisasjon sin
forventede økning i antall nye krefttilfeller, vil tidlig kreftpåvisning og -diagnose være
nøkkelfaktorer for å redusere dødeligheten og øke overlevelsesraten. Derfor er det utviklet
mange pålitelige måleteknikker og metoder for påvisning av biomarkører. En lovende
tilnærming er lokale overflateplasmonresonansbaserte biosensorer som gir høy sensitivitet
og spesifisitet fra de optiske egenskapene til de anvendte metalliske nanostrukturene. Ved
å inkorporere mikrofluidikk og akustofluidikk kan deteksjons- og sensitivitetsytelsen til
biosensoren forbedres. Dette oppnås ved å øke kontakten mellom sensoren og nanopar-
tiklene av interesse ved bruk av akustiske overflatebølger som forårsaker mikrofluidisk
miksing.

Tre aktive overflate-akustisk-bølgedrevne mikromiksere med frekvenser på 40, 80 og 120
MHz er eksperimentelt testet ved testanlegget for akustofluidikk på NTNU. Blandingsef-
fektiviteten gjennom intern strømning har blitt undersøkt for forskjellige strømningsrater
og energitilførsler. De eksperimentelle resultatene ga en reduksjon i den induserte bland-
ingshastigheten for høyere strømningsrater og en reduksjon i blandingseffektiviteten for
lavere energitilførsler. Det 40 MHz interdigitale transduserdesignet (IDT designet) ble
ikke funnet til å være mer effektiv enn det 80 MHz IDT designet, noe som avviker fra
funnene i litteraturen. Det ble imidlertid observert at det 120 MHz IDT designet viste
en reduksjon i blandingseffektiviteten sammenlignet med de 40 MHz og 80 MHz IDT
designene. En dobbel IDT viste en forbedret blandingsytelse sammenlignet med en en-
slig IDT for bestemte energitilførsler. Det ble derimot observert at blandingseffektiviteten
for en enslig IDT og en dobbel IDT ikke ga betydelige forskjeller når den total energi-
tilførselen til systemet ble betraktet. Den høyeste oppnådde blandingseffektiviteten var på
97.93% for en dobbel IDT for det 80 MHz IDT designet med en strømningsrate på 500
µL/h og energitilførsel på 1500 mW.

De eksperimentelle resultatene for de nanoplasmoniske sensorene dokumenterte at sek-
skantede nanohullsarrangement generelt oppnådde høyere sensitivitet enn firkantede nanohull-
sarrangement. Et tykkere gullag på sensoren resulterte i høyere sensitivitetsverdier og
skarpere spektrumkurver. En betydelig effekt på sensitiviteten til sensoren ble observert
for forskjellige ordre av polynomtilpasningskurvene. Den maksimale sensorsensitiviteten
på 285.8275 nm/RIU ble oppnådd for en nanoplasmonisk sensor med et sekskantet nanohull-
sarrangement, nanohulldiametere på 400 nm, en 250 nm gulltykkelse og en periodisitet på
1000 nm.
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Nomenclature

Symbols and Units

Symbol Description Unit
A Cross-sectional area m2

a Aperture m

CSAW Substrate acoustic velocity m/s

c Propagation velocity in vacuum 3 · 108m/s

D Diffusion constant [-]
Dh Hydraulic diameter m

d Diameter m

dal Effective adsorbate layer thickness m

df Finger spacing m

E Electric field (kg ·m)/s3

Eamp Amplitude of the electric field (kg ·m)/s3

Eew Evanescent wave (kg ·m)/s3

Einc Incident electric field (kg ·m)/s3

Er Reflected electric field (kg ·m)/s3

e Electron charge C

f Frequency Hz

h Height m

Ii Average intensity of each line along the width of the
region of interest

a.u.

Ii Normalized average intensity value of line i a.u.

Imax Maximum intensity value of the unmixed state a.u.

Imin Minimum intensity value of the unmixed state a.u.

I∞ Normalized intensity value of each line in the com-
plete mixed state

a.u.

j Imaginary number [-]
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Symbols and Units

Symbol Description Unit
k Wave vector rad/m

kx x-component of wave vector k rad/m

ky y-component of wave vector k rad/m

kz z-component of wave vector k rad/m

L Characteristic length scale m

LSAW Attenuation length of the surface acoustic wave into a
liquid

m

l Electromagnetic field decay length m

m Bulk refractive index response [-]
me Electron mass 9.109 · 10−31kg

N Number of lines along the region of interest (ROI) [-]
n Refractive index [-]
ne Free electron density m−3

P Wetted perimeter of cross-section m

Pe Péclet number [-]
R Radius m

Re Reynolds number [-]
Rp Reflectance [-]
r Position vector m

rp Complex reflection coefficient [-]
S Sensitivity nm/RIU

T Period m

t Time s

U Velocity m/s

vlw Velocity of the longitudinal wave in the fluid m/s

vSAW Surface acoustic wave velocity in the substrate m/s

w Width m

wf Finger width m
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Greek Symbols and Units

Symbol Description Unit
α Incident angle °
αL Attenuation coefficient per unit length of the Rayleigh

wave
1/L

β Reflected angle °
∆n Change in refractive index [-]
∆λmax Shift in maximum wavelength m

ε Dielectric constant [-]
εabs Absolute permittivity 8.8542·10−12F/m

εrel Relative permittivity F/m

η Mixing efficiency [-]
θ Rayleigh angle. Angle given by the ratio of the sound

velocities in two mediums
°

λ Wavelength m

λmax Maximum wavelength m

λSAW Surface acoustic wave wavelength m

µ Dynamic viscosity kg/(s ·m)

µabs Absolute permeability 4π ·10−7H/m

ν Kinematic viscosity m2/s

νm Speed of light in a medium m/s

ρ Density kg/m3

ρl Density of liquid kg/m3

ρs Density of substrate material kg/m3

ϕ Phase change °
ω Angular frequency rad/s

ωpf Plasma frequency rad/s

Ω Electrical resistance (kg ·m2)/(s3 ·A2)
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Subscripts

Index Description
1 Medium 1
2 Medium 2
abs Absolute
al Adsorbate layer
amp Amplitude
e Electron
ew Evanescent wave
f Finger
h Hydraulic
i Line
inc Incident
L Length scale
l Liquid
lw Longitudinal wave
m Medium
max Maximum
min Minimum
p Plane-polarized light
pf Plasmon frequency
r Reflected
rel Relative
SAW Surface acoustic wave
s Substrate
x x-component
y y-component
z z-component
∞ Infinity
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Abbreviations

Abbreviation Description
1D One-Dimensional
2D Two-Dimensional
3D Three-Dimensional
3D-dSAW Three Dimensional dual Surface Acoustic Wave
AFM Atomic Force Microscope
BSE Back-Scattered Electron
BWA Biological Warfare Agent
DANS Deterministic Aperiodic Nanostructures
DI Deionized
DIC Differential Interference Contrast
DNA Deoxyribonucleic Acid
dsDNA Double-Stranded Deoxyribonucleic Acid
EBL Electron Beam Lithography
EM Electromagnetic
FOM Figure Of Merit
F-IDT Focused Interdigital Transducer
HMDS Hexamethyldisilazane
IDT Interdigital Transducer
IPA Isopropanol
IR Infrared
LOC Lab-On-Chip
LSPR Localized Surface Plasmon Resonance
MA Masked Aligner
MIBK Methyl Isobutyl Ketone
miRNA Micro Ribonucleic Acid
MLA Maskless Aligner
mRNA Messenger Ribonucleic Acid
mtDNA Mitochondrial Deoxyribonucleic Acid
NIR Near-Infrared
NSL Nanosphere Lithography
NTNU Norwegian University of Science and Technology
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Abbreviations

Abbreviation Description
PDMS Poly(dimethylsiloxane)
PEB Post-Exposure Bake
PMMA Poly(methylmethacrylate)
POC Point-Of-Care
PPA Periodic Particle Array
RI Refractive Index
RIU Refractive Index Unit
RNA Ribonucleic Acid
ROI Region Of Interest
SAW Surface Acoustic Wave
SE Second Electron
SEM Scanning Electron Microscope
SP Surface Plasmon
SPR Surface Plasmon Resonance
ssDNA Single-Stranded Deoxyribonucleic Acid
SSAW Standing Surface Acoustic Wave
TMAH Tetramethylammonium Hydroxide
TSAW Traveling Surface Acoustic Wave
UV Ultraviolet light
VIS Visible light
WHO World Health Organization

Technical terms

Technical term Description
Acoustofluidics The fusion of acoustics and fluid mechanics.
Adsorbate Adsorbed substance on a surface.
Analyte A substance or sample that is being analyzed.
Biomarker Substance that indicates a certain biological process or

condition.
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Technical terms

Technical term Description
Bulk effect An effect that arises within the entire bulk or quantity

in a semiconductor material instead of within a junc-
tion or localized region.

Dielectric Very poor conductor of electric current or insulating
material (a non-conducting substance or an insulator).

Diffraction limit Half the width of the wavelength of light used to see
the specimen of interest.

Electron beam lithography Method to create mask patterns directly on a substrate
(chip) by using electron beams.

Electron beam evaporator One mode for deposition of metal layers on a sub-
strate.

Electron-electron scatter-
ing (Møller-scattering)

Scattering of electrons by electrons.

Exosome Small membrane-bound compounds with a size range
from 30 to 120 nm.

Hydrophilic Strong affinity for water.
Hydrophobic Absence of affinity for water.
Inverse piezoelectric Generation of mechanical strain from the application

of an electric field.
In vitro Study of a biological process outside its natural envi-

ronment or setting.
In vivo Study of a biological process in its natural environ-

ment or setting.
Lipid A variety of organic compounds that mostly do not

interact with water (e.g. fat, hormones, oil).
Lipid bilayer Impermeable barrier to protect essential water-soluble

substances in the cell. Also provides the basis for sep-
arating different biological membranes.

Lithography General denotation given to processes producing a
pattern on a substrate.

Metabolite A substance produced by metabolism.
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Technical terms

Technical term Description
Microfluidics The science and technology of systems that process or

manipulate small fluid quantities using channels with
dimensions of tens to hundreds of micrometers.

Nanosphere lithography Fabrication technique using a mask of self-assembled
close-packed arrays of nanospheres for pattern trans-
fer onto a substrate.

Nucleic acid Any complex organic acid composed of nucleotide
chains.

Permeability A measure of the material response when a magnetic
field is applied.

Permittivity Measurement of the electric polarizability of a dielec-
tric.

Petri dish A small, round, clear dish with a cover.
Photolithography A process producing patterns on a substrate by expos-

ing a light-sensitive polymer with ultraviolet light.
Piezoelectric The generation of electric charge upon the application

of mechanical stress in certain materials.
Plasmonics A discipline for the interaction between free electrons

and an electromagnetic wave at the interface between
a metal and a dielectric material under certain condi-
tions (i.e. resonance condition).

Polarizability A measure of how easy an electron cloud can be dis-
torted from its original shape by an external electric
field.

Polarization Property of certain electromagnetic radiations that are
restricted to specific directions of vibration.

P-polarized light Plane polarized light. The electric field of the light is
along the plane of incidence.

Refraction law The ratio of the speed of sound in a fluid and a solid.
Refractive index The ratio between the propagation speed in vacuum

and the speed of light in a medium.
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Technical terms

Technical term Description
Resonance The tendency of a system to vibrate due to an increase

in the amplitude of oscillation when subjected to an
external periodic force at its natural frequency (or at
certain frequencies of excitation).

Snell’s law The relationship between the direction of light when
crossing the boundary or interface between two con-
tacting substances and their refractive indices.

Soft lithography A patterning technique where an elastomeric stamp is
utilized to transfer patterns through molding, printing,
or embossing.

Spectrometry A method for measuring the interactions between light
and matter as well as reactions and measurement of
the wavelength and intensity of radiation.

Spectroscopy A technique where a spectrometer is utilized to pro-
duce and investigate spectra. These spectra can be
determined through frequency or intensity changes of
the radiative energy involved in the interaction be-
tween light and matter.
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Chapter 1
Introduction

1.1 Background

For centuries cancer has been one of the leading causes of death globally. In 2020, the
World Health Organization (WHO) reported 10.0 million cancer deaths worldwide. They
have registered 19.3 million new cases of cancer, and expect the number to increase by
47%, resulting in 28.4 million new cases in 2040 [1]. In Norway, 11,049 cancer deaths
were reported in 2018, representing 27% of all deaths that year [2, 3].

The advance in research has allowed an increase in the survival rate and cancer treatments.
However, the necessity for early detection of cancer biomarkers through rapid, informa-
tive, and accurate identification and non-invasive physical interventions is essential for a
good degree of medical success. As we are moving towards more advanced detection
techniques, the separation and recognition of the specific cancer biomarkers gain high
relevance in areas related to early detection, medical diagnostics, and prognosis.

In recent years, exosomes have been identified as potential cancer biomarkers through their
unique content of proteins, deoxyribonucleic acid (DNA), and ribonucleic acid (RNA). A
great quantity of exosomes is secreted from cells and they are found in abundance in body
fluids. In many biological processes, exosomes play a major role in medical diagnostics
as a result of their cell-to-cell communication and multifunctional attributes.

The idea to detect cancer biomarkers in vivo has provided the development and growth
of biological sensors. Biosensors have shown great versatility and potential for protein
and nucleic acid identification as well as for the detection of more complex entities such
as exosomes. By using an optical biosensor, the detection of biointerfacial reactions and
monitoring of the biomolecular kinetic binding response can be measured as a result of
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Chapter 1. Introduction

the non-physical connection between the biosensing area and the light source. Incorporat-
ing metallic nanostructures at the sensor surface can possibly enhance the binding signals.
This provides nanoplasmonic properties and enables a resonance peak shift at the max-
imum extinction wavelength for each modification when introducing the substances of
interest. Thus, these shifts can be utilized for exosome detection.

Despite the great potential of using exosomes as cancer biomarkers and promising biosen-
sor technologies, there are still related challenges. The exosomes need to be isolated from
macromolecules such as proteins and other compounds, where the most used technique has
been ultracentrifugation. Ultracentrifugation is time-consuming, expensive, and recovers
a small number of exosome quantities. Therefore, this limits the use of exosomes for
nanomedicines and detection standard applications as a consequence of their requirement
for a large amount of exosomes in order to execute in vivo testing. However, the recent
improvements in microfluidic technology have enabled the manipulation of cells and sub-
micron biological entities with high yields from complex fluids including blood. Hence,
this technology can be used for improving the exosome interaction with the nanoplasmonic
biosensor surface for higher detection performance. By incorporating acoustofluidics, in
vivo detection for early cancer diagnosis can be available in the near future.

1.2 Scope of Thesis

Exosomes are natural cell-derived extracellular compounds secreted by cells that play
an essential role in cell-to-cell communication by carrying contents, including proteins,
metabolites, RNAs (mRNA, miRNA, long non-coding RNA), DNAs (mtDNA, ssDNA,
dsDNA), and lipids. The unprecedented and growing interest in the small-sized (30-120
nm) extracellular biostructures is owing to its role in intercellular communication and par-
ticipation in the regulation of normal physiological processes, but also in the pathological
processes of many diseases such as cancer. However, the difficulty in the clinical utiliza-
tion of exosomes has been the lack of consistent and dependable methods for manipula-
tion and characterization of exosomes. Recently, acoustofluidics, the fusion of acoustics
and fluid mechanics, has provided a paradigm for achieving fast and effective fluid actua-
tion and contact-free, non-invasive particle manipulation. By considering acoustofluidics
with the promising detection approach of a localized surface plasmon resonance (LSPR)
biosensor, a possible prototype for in vivo detection of exosomes can be developed.

The main tasks are:

1. Establish relevant acoustofluidic and biosensor fundamentals.

2. Test and document how the IDT design and power application affect the microfluidic
mixing performance.

3. Perform spectrometry analysis of the nanoplasmonic biosensor for different geomet-
rical features to determine the sensor sensitivity performance.
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1.3 Limitations of Scope

1.3 Limitations of Scope

Scope 1: Only relevant concepts, techniques, and phenomena have been investigated in
order to give an understanding of the conducted tests in the experimental campaign.

Scope 2: Three IDT designs with frequencies of 40, 80, and 120 MHz have been tested
and compared for single and dual IDT. The fluid flow rates and power applications have
been restricted to values between 500 and 4000 µL/h and 0 to 2500 mW, respectively.

Scope 3: The geometrical features have been limited to nanoholes with a constant nanohole
diameter and variations in periodicity, gold layer thickness, and nanohole array. Deionized
water and four glycerol mixtures obtaining specific refractive indices have been applied in
the spectrometry analysis.

1.4 Information Retrieval

This master thesis aims to provide a solid foundation and enhanced understanding of the
incorporation of surface acoustic waves for improving the detection of nanoplasmonic
biosensors. The literature review aims to reveal existing knowledge on the area and assist
in predictions and planning in accordance with the experimental campaign.

Focus has been directed towards finding relevant and reliable information throughout the
literature review. Information retrieval from peer-reviewed journals, relevant books, con-
ference presentations, and previous thesis’ has been extracted from multiple databases.
The primary databases used for information retrieval have been ”Google Scholar” and
”Oria”. To obtain an unbiased and complete literature review, effort has been put into con-
ducting a rigorous search pattern applying particular keywords, concepts, and respective
synonyms.

Parts of the theory in the chapters regarding plasmonic fundamentals and concepts, in
addition to certain experimental uncertainties, are based on the project thesis of the author
[4].

1.5 Report Structure

The remainder of this master thesis has the following structure:

• Chapter 2 - Presentation of fundamental elements and concepts for nanoparticle de-
tection including surface plasmon resonance, localized surface plasmon resonance,
nanoplasmonics, microfluidics, and acoustofluidics.
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• Chapter 3 - Introduction to micro- and nanofabrication methods utilized to fabricate
the nanoplasmonic sensors and the microfluidic elements for experimental testing.
Detailed descriptions of the fabrication processes for the nanoplasmonic sensors, the
microchannels, and the interdigital transducers are presented.

• Chapter 4 - Presentation of the experimental test campaign, the NTNU acoustoflu-
idics test facility, test procedure, data processing, and experimental uncertainties.

• Chapter 5 - Presentation, analysis, and discussion of the obtained results from the
experimental test campaign.

• Chapter 6 - Concluding remarks and recommendations for further work.
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Chapter 2
Fundamentals of Nanoparticle
Detection and Manipulation

The following chapter introduces fundamental concepts for this master thesis. At first, el-
ements concerning nanoparticle detection including exosome, surface plasmon resonance,
localized surface plasmon resonance, nanoplasmonics, and factors affecting the sensor
sensitivity will be explained. Further, microfluidics and acoustofluidics will be described
owing to their possibility to enhance the sensor detection performance through nanoparti-
cle manipulation.

2.1 Exosomes

Exosomes are small membrane-bound compounds secreted from cells and released in the
extracellular space. The biomolecular nanostructures are in the size range of 30-120 nm in
diameter [5, 6, 7, 8, 9, 10]. The exosomes contain nucleic acids and cell-type-specific
protein cargo and transport the cargo between different locations within an organism.
Moreover, they are unique to the cell of origin and possess a unique protein and lipid
composition, which contributes to their identification with significant quantities in saliva,
blood, and urine [5, 6, 11, 12]. The exosomes have also detection potential in vitro –
by identifying full-length proteins generated using a translation system, and in vivo – by
immune-stimulating effects. A visual representation of an exosome and its characteristics
can be seen in Figure 2.1.
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Figure 2.1: Visualization of exosome biogenesis. Exosomes contain protein markers and nucleic
acids, which play vital roles in intercellular communication.

Exosomes were considered as redundant protein waste from the cells until 2007. At this
time, Valadi et al. [13] presented a study that concluded the exosomes’ RNA content. As
a result, the exosomes became deliberated as specifically secreted compounds enabling
intercellular communication [6], and the number of exosome studies increased signifi-
cantly. Several studies have indicated advantages by using exosomes for early diagnosis
of a variety of diseases owing to their valuable characteristics. This includes their specific
protein and lipid composition, DNA and RNA content, and intercellular communication
[6, 7, 9, 10, 14, 15, 16]. Other publications presented an increase in the exosome con-
centration released from cancer cells compared to healthy cells [6, 17, 18, 19, 20]. These
findings have been used for the detection of multiple cancer tumors from exosomes, in-
cluding ovarian, prostate, breast, and hematologic malignancies [10, 21, 22, 23, 24, 25].
Hence, the exosomes present in body fluids have the potential as sensitive, non-invasive
biomarkers for therapeutics and diagnostics.

However, the isolation of exosomes from other extracellular compounds is a limitation.
For in vivo testing, nanomedicines and detection applications require a large amount of ex-
osomes. As of now, the method used for exosome separation is ultracentrifugation, which
is time-consuming, expensive, and with a low exosome extraction percentage. Thus, other
separation methods or detection applications with lower exosome concentration require-
ments are necessary to establish for further utilization of the promising exosome charac-
teristics.

Figure 2.2 displays a timeline presenting important exosome observations the last 40 years.
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2.1 Exosomes

Figure 2.2: A timeline highlighting important observations of exosomes over the last 40 years.
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Chapter 2. Fundamentals of Nanoparticle Detection and Manipulation

2.2 Surface Plasmon Resonance

Surface plasmon resonance (SPR) refers to the collective oscillation of conduction band
electrons (i.e. surface plasmons) at the interface between a metal and a dielectric upon the
interaction with plane-polarized light [16]. This leads to the generation of a surface plas-
mon wave propagating in the x- and y-directions along with the metal-dielectric interface.
They can propagate for distances on the order of tens to hundreds of microns, and decay
evanescently in the z-direction with 1/e decay lengths on the order of 200 nm [47].

Currently, SPR spectroscopy dominates the commercial instrumentation and can detect
macromolecules in analytical fields including environmental monitoring, food safety, drug
discovery, biological studies, clinical diagnosis, and health science research. The frequent
use of the SPR technology is associated with its label-free, real-time monitoring, minimal
sample treatment, good sensitivity and reproducibility, and the ability of miniaturization
[48]. These qualities make the SPR biosensor suitable for point-of-care (POC) devices.

The evanescent wave, the dispersion relation, and resonance are central concepts to under-
stand the surface plasmon resonance (SPR) phenomenon. The physical principles of SPR
will be presented and described in the following sections.

2.2.1 The Evanescent Wave

A mathematical expression of an electromagnetic plane wave propagating in a medium
with refractive index n by an electric field E can be described as [50]:

E = Eamp · e(jωt−jk·r) = Eamp · e(jωt−jkxx−jkyy−jkzz) (2.1)

whereEamp is the amplitude of the electric field, ω is the angular frequency, k = (kx, ky, kz)
is the wave vector, r = (x, y, z) is the position vector, t is the time, and j =

√
−1. A com-

plex component is a requirement for the wave to propagate.

The refractive index (RI) can be explained as the ratio between the propagation speed in
vacuum, c, and the speed of light in the medium νm [82], and is given as:

n =
c

νm
=

c
√
εrelεabsµabs

=
√
εrel (2.2)

where εrel is the relative permittivity, and µabs and εabs are the absolute permeability and
permittivity, respectively.
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2.2 Surface Plasmon Resonance

Figure 2.3: A historical timeline of surface plasmon resonance presenting relevant innovations and
observations.
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The direction of the wave vector k is parallel to the wave propagation. Its magnitude is
given as:

k =
√
k2x + k2y + k2z = n

2π

λ
= n

ω

c
(2.3)

where λ is the wavelength, ω and c have the same definitions as in Equation 2.1 and 2.2,
and n is the refractive index of the medium. The RI can also be defined as the squared root
of the dielectric constant of the material (n =

√
ε).

Figure 2.4a presents a visualization of a two-dimensional (2D) plane wave (kz = 0) propa-
gating from medium 1 to medium 2 with refractive indices n1 and n2, respectively. Using
Snell’s law, defined as the relationship between the direction of light when crossing the
boundary or interface between two contacting substances and their refractive indices [83],
the angles of incidence α and refraction β are related to the refractive indices of the media.
This gives:

(a) Illustration of an electric field incident at angle
α from medium ε1 to medium ε2.

(b) An evanescent wave propagating along the x-
axis. sdfsdfsdfsdfsdfdsfsdfsdf sdf sdf sdf sdf

Figure 2.4: Representation of the behavior of a 2D plane wave when the resonance condition is (a)
not fulfilled and (b) fulfilled. An evanescent wave occurs and propagates along the x-axis instead of
reflecting at angle β when the resonance condition is satisfied.

n1 sin(α) = n2 sin(β) (2.4)

Equation 2.4 corresponds to the following equation:

kx1 = kx2 = kx (2.5)
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2.2 Surface Plasmon Resonance

An expression for ky , the y-component perpendicular to the interface can be found by
combining Equation 2.3 and Equation 2.5:

k2y2 = n21

(2π

λ

)2(n22
n21
− sin2(α)

)
(2.6)

As mentioned, for a wave to propagate the exponent in Equation 2.1 must be complex. For
n1 > n2, the ray of light is given a bent away from the normal when entering a substance
of lower RI. As a consequence, the right hand side of Equation 2.6 becomes negative as a
result of sin(α) > n2

n1
. This gives a purely imaginary ky . Thus, it can be concluded from

Equation 2.1 that there is only a traveling wave parallel to the interface of medium 2. This
is mathematically given as:

Eew = Eampe
(−ky2y) · e(jωt−jkxx) (2.7)

where Eew is denoted as the evanescent wave, and the terms Eamp, kx, ky , ω, t, and j
have the same definitions as in Equation 2.1. Figure 2.4b illustrates the evanescent wave
propagating along the x-axis.

Since the amplitude of the electric field Eamp exponentially decays along the y-direction
with a characteristic distance 1/jky2 , the evanescent wave Eew only extends a few hundred
nanometers into medium 2 [50, 84]. Then, by considering Equation 2.6 the penetration
depth of the evanescent field can be calculated – typically in the order of half a wavelength
[50]. Hence, the evanescent field is only present close to the interface. Therefore, only a
change in the dielectric property (e.g. a change in the refractive index) in the vicinity of
the interface will influence the field [50].

2.2.2 Dispersion Equations and Resonance

The dispersion relation can be described as the relation between the angular frequency ω
and the wave vector k [50]. A plane-polarized (p-polarized) light is utilized to express the
complex reflection coefficient rp due to its perpendicular electric field component. This
is a requirement to induce surface charge density, also known as surface plasmons. By
Fresnel’s equations, rp for any interface between two mediums for the p-polarized incident
light electric field can be given as:

rp =
Einc
Er

= |rp|eiϕ =

∣∣∣∣ tan(α− β)

tan(α+ β)

∣∣∣∣eiϕ (2.8)

where Einc is the incident electric field, Er is the reflected electric field, and the angles α
and β are defined as in Equation 2.4. For the interested reader, a derivation of Fresnel’s
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equations from Maxwell’s equations can be found in “Foundations of Electromagnetic
Theory” by Reitz et al. [85]. The phase change ϕ appearing in Equation 2.8 is determined
by the refractive indices n1 and n2 of the materials involved and can be given as the
relation between the incident and the reflected electric field. The reflectance, defined as
the ratio of the reflected intensities [50], can be related as:

Rp = |rp|2 (2.9)

Moreover, Cardona [86] described the occurrence of two extremes for Equation 2.8, that
will affect Equation 2.9.

1. If α+ β = π
2 : The very large value of the denominator of Equation 2.8 causes zero

reflection of the p-polarized light. Thus, Rp becomes zero.

2. If α − β = π
2 : From Equation 2.8 and 2.9, the incident electric field Einc becomes

very small, while the reflected electric field Er becomes infinite. Hence, Rp be-
comes infinite, correspondent to the resonance condition of Rp. By utilizing the
relations between α and β, cos(α) = − sin(β) and tanα =

kx1

ky1
= −n2

n1
, the dis-

persion relation for an interface between two half-infinite media can be deduced
[50]:

k2x = k21 − k2y1 = k21 − k2x
ε1
ε2

(2.10)

kx =
ω

c

√
ε1ε2
ε1 + ε2

and kyi =
ω

c

√
ε21

ε1 + ε2
(2.11)

where ε1 and ε2 are the dielectric constants of material 1 and 2, respectively, and
i=1 or 2. ω is the angular frequency and c represents the propagation velocity in
vacuum.

Thus, the physical effect on the material initiates oscillations of the free surface elec-
trons in the material, resulting in an electromagnetic (EM) field near the interface.

If one of the mediums is a metal, the dielectric constant ε2 becomes negative as a result of
the free electrons in the metal and that the angular frequency ω becomes smaller than the
plasma frequency ωpf (ω < ωpf ). This gives:

ε2(ω) = 1−
ω2
pf

ω2
(2.12)

ωpf =

√
4πnee2

me
(2.13)
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The plasma frequency is determined by the free electron density ne, electron charge e, and
electron mass me.

Generally, this implies that for ω < ωpf , no electromagnetic field can propagate in a metal,
which can be determined by Equation 2.1 and 2.2 [50]. However, electromagnetic waves
can propagate strictly along with the interface with evanescent tails extending into both
sides of the interface if ε2 > −ε1 is satisfied [50]. The reason is that the kx remains real,
while kyi becomes imaginary. Only certain materials can fulfill this resonance condition.

2.3 Localized Surface Plasmon Resonance

Localized surface plasmon resonance (LSPR) occurs when discrete metallic nanoparticles
smaller than the wavelength of the incident light interact with the photons of the incident
light. The interaction leads to a non-propagating collective oscillation of free electrons in
the conduction band of the metal [16], as illustrated in Figure 2.5. The electron oscillations
create a significant enhancement of the electromagnetic field close to the metallic nanopar-
ticles, also denoted as the local EM field. This makes the LSPR method more sensitive
to changes in the local refractive index surrounding the nanoparticles. This can be sub-
stantiated by the short decay length of ∼ 10-30 nm of the electromagnetic field [87, 88].
The short EM field also enables the identification of biomolecules that are only bound to
the sensor surface. Thus, the contributions from the bulk effect or false positive signals by
biomolecules distant from the sensor surface as well as uncontrollable signal fluctuations
can be reduced.

Figure 2.5: The localized surface plasmon resonance generates plasmon oscillations through the
interaction between the incident light and the metallic nanostructures.
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The LSPR-based sensor is instrumentally simple, where all the complexity lies in the sur-
face of a chip. As a result of the large temperature independence of the LSPR signal, the
instrumentation for output read-outs requires neither adaptive optics nor thermal controls.
In addition to the short EM field, precise signals can be measured for specific target quan-
tification of different types of assay enhancements by performing amplification steps in
saliva, urine, plasma, or serum, e.g. surface functionalization.

The first use of LSPR wavelength shift measurements for sensing the change in local
refractive index was reported by Englebienne [89] in 1998. Some years later, in 2003,
Raschke et al. [90] published the first report using single gold nanoparticles in single-
nanoparticle LSPR sensing. In 2005, Haes et al. [91] reported the first description of
a clinical diagnostic procedure using LSPR wavelength-shift sensing [47]. Later on, the
LSPR spectroscopy of metallic nanoparticles has shown to be a powerful technique for
biological and chemical sensing experiments. An explanation of the LSPR wavelength
shift measurements is explained in the following section.

2.4 Nanoplasmonics

Nanoplasmonics is the study of the optical phenomenon in the nanoscale vicinity of metal
surfaces. In other words, nanoplasmonics is the use of nanostructures to enhance the
interaction between light and matter. Every conductive metal has free electrons, which
means that they are not bound to a specific atom. They can move across the solid material.
On noble metal nanostructures, the free electrons convert into localized charge-density
oscillations, also known as surface plasmons (SPs), by focusing nanoscale light below
the diffraction limit. The diffraction limit is often referred to as half the width of the
wavelength of the light used to see the specimen. This effect only arises if the particles are
nanosized, hence, the phenomenon will only occur if the wavelength is smaller than the
incident light.

The metallic nanostructures can be suspended in a fluid, be part of a rough surface, or
be affixed to a surface. Illumination of the metallic nanosized particles will initiate three
important characteristics.

1. Electromagnetic enhancement around the nanoparticle. sdjfl
Plasmon excitation at the interface appears when incident light impinges the metallic
nanoparticle. The nanoparticle absorbs the energy of the electromagnetic field of the
light to create its own field, which dramatically enhances the EM field surrounding
the particle. This field is much stronger than that of the incident light and is referred
to as electromagnetic enhancement. A visualization of the EM field around the
nanoparticle can be seen in Figure 2.6. The increased field strength is shown by the
two red dotted areas.
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Figure 2.6: Illustration of the enhanced electromagnetic field around a metallic nanoparticle.

2. The enhancement has a resonance frequency. sdjfl
For a certain resonance frequency, the enhancement is especially powerful. The
frequency can be tuned as a result of its dependency on the environment surrounding
the particle and the nanoparticle characteristics.

3. Resonance shifts based on environment, material, size, and shape. sdjfl
The resonance frequency shift depends on the environment and the particle structure,
including shape, size, and material. When the medium experiences a change in its
surroundings, a resonance frequency shift occurs.

Since the resonance frequency shift is dependent on the environment surrounding the
metallic nanoparticle, nanoplasmonics can be utilized for a variety of applications, includ-
ing medical diagnostics, food safety, and drug discovery. In this master thesis, nanoplas-
monics will be used in an LSPR-based sensor to determine the optimal sensor parameters
for exosome detection. The introduction of a small substance containing a low concen-
tration of exosomes can provide bindings between the exosomes and the metallic nanos-
tructures. This connection will change the surroundings of the nanoparticle, provoking a
change in the resonance frequency. The shift in the resonance frequency can be utilized in
the study of molecular binding interactions.

2.4.1 Light Scattering and Absorption

Consider a light beam traversing through a medium. The propagating wave of the light
beam becomes attenuated in the propagation direction as a result of the intensity losses
substantiated by scattering and absorption. This can be seen in Figure 2.7. The net loss
of the energy intensity of the light beam is called extinction, i.e. absorption plus elastic
light-scattering spectrum [47]. Absorption, scattering, and extinction can be utilized to
measure the optical properties of the metallic nanostructures in biomolecular science.
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Figure 2.7: Visualization of attenuation of light in the propagation direction (z-direction).

Scattering

As explained by Kasap [82], scattering of an electromagnetic wave implies that a portion
of the energy in a light beam is directed away from the original direction of propagation
for a small dielectric particle.

One scattering process is obtained when a propagating EM wave strikes a dielectric parti-
cle or molecule smaller than the wavelength of the incident light. The interaction between
them results in a coupling of electrons due to the polarization of the particle. These cou-
plings start to oscillate with the electric field of the wave, i.e. electronic oscillation [82].
The oscillation generates radiation of EM waves in all directions around the molecule, as
illustrated in Figure 2.8. The scattered waves depend on the polarization and shape of the
particle. This produces an intensity loss of the incident light in the original propagation
direction as a result of the partially re-radiated wave light in different directions.

Figure 2.8: A visual representation of scattering of an electromagnetic wave by a small dielectric
particle.

When the nanoparticles are considerably smaller in size (diameter d) than the wavelength λ
of the incident light (d� λ), the scattering provided is defined as Rayleigh scattering [82,
92, 93]. In this case, the particle size is typically smaller than one-tenth of the wavelength
[82]. The Rayleigh scattering occurs when there is a disparate region in the medium
containing a different refractive index. This inhomogeneous region induces a change in the
medium permittivity and polarizability, making it similar to a dielectric particle scattering
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electromagnetic (EM) waves in all directions.

The energy of the photons does not change in Rayleigh scattering and can be defined as
elastic scattering. The maximum of the dielectric loss caused by electronic polarization
occurs at ultraviolet frequencies, where most of the energy is coupled. Therefore, for
increasing wavelengths, the scattering decreases.

Absorption

Absorption is the phenomenon where some of the energy from the EM wave is converted
into another form of energy (generally heat). All particles with an electric charge can
absorb light, where the absorbed energy and momentum increase the vibrational and rota-
tional energy or the internal energy of the particle. This leads to effects such as heating,
atom transitions, and ionization.

Figure 2.9 illustrates an absorption process, denoted lattice absorption that dissipates en-
ergy from the EM wave. As a result of relative displacement between positive and negative
ions in a solid, the propagating wave forces these ions to vibrate at the frequency of the
wave. This is called ionic polarization. In frequencies in the infrared (IR) region, the
lattice vibrations have their natural frequency, which results in an energy peak. At these
frequencies, the vibrations from the ions cause the ion lattice to vibrate. Most of the en-
ergy from the EM wave is absorbed by the ion lattice vibrations and is converted into
lattice vibrational energy, i.e. heat. This absorption can be associated with the resonance
peak [82].

Figure 2.9: Representation of lattice absorption of an electromagnetic wave, where the energy from
the wave is converted into lattice vibrational energy.

Energy absorption from the EM wave can also occur when there are ionic impurities in
a medium. The particles charged by the EM wave couple with the electric field and start
oscillating. Mechanical oscillations appear owing to the bonding of the oscillating ions
and their neighboring atoms. This results in the generation of lattice waves and energy
absorption from the EM wave.
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2.4.2 Spectral Shift in Plasmon Spectroscopy

Plasmon spectroscopy has proven to be an ultrasensitive method for chemical and biologi-
cal molecule detection. The ability to study light-matter interactions has made the plasmon
phenomenon a key component in enabling surface-enhanced spectroscopic methods, in-
cluding surface-enhanced Raman scattering, surface-enhanced infrared spectroscopy, and
second harmonic generation [47].

Each nanostructure has a spectral signature of its plasmon resonance and can be modi-
fied by changing the material, size, shape, or environment [47, 94, 95, 96, 97]. When
the surface-confined electromagnetic wave and the metal surface interact, a shift in the
plasmon resonance condition occurs. The interaction can be observed in three modes;
wavelength shift mode (measuring the reflection of light with a constant incident angle),
angle-resolved mode (measuring the reflection of light with a constant wavelength), and
imaging mode (2D analysis with a constant wavelength and incident angle, where a spe-
cific region on the sample is examined, mapping the reflectivity of the surface as a function
of position) [47]. For measuring local refractive index changes with LSPR, the wavelength
shift mode has shown to be the most common method among researchers.

In general, the excitation of LSPR only requires the right photon energy and polarization
without a specific magnitude or direction of the incident light momentum [98]. At the
plasmon resonance frequency (when the resonance condition is fulfilled), the absorption
and scattering of light by the nanoparticles (i.e. light extinction) occurs with maximum
intensity [16]. As a result of the highly sensitive electromagnetic enhancement close to the
nanoparticle surface, the polarizability of the nanoparticle will be affected by any changes
in the local dielectric environment. This change leads to a variation in the resonance
frequency, which in turn will vary the optical extinction spectrum. In particular, there will
be a noticeable shift in the wavelength where the maximum light extinction occurs, also
referred to as the LSPR peak wavelength [16]. An illustration of the wavelength shift is
presented in Figure 2.10.

For example, the shift in the LSPR peak wavelength λmax can occur through the presence
of an adsorbed species, which causes a change in the local environment (in the dielec-
tric constant ε or refractive index n (ε = n2)) surrounding the metallic nanoparticles.
This change can be determined by the following relationship, which is the basis of LSPR
wavelength-shift sensing experiments [47]:

∆λmax = m∆n
[
1− e

(
−2dal

l

)]
(2.14)

where ∆λmax is the change in the maximum wavelength, m is defined as the bulk re-
fractive index response from the nanoparticles, ∆n is the change in the refractive index
induced by the adsorbate, dal is the effective adsorbate layer thickness, and l is the decay
length of the electromagnetic field. It should be mentioned that Equation 2.14 does not
consider the effect of the nanostructure and its characteristics on the EM field. This can
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Biosensor

Figure 2.10: Shift in the LSPR peak from an initial state (pink curve) to higher wavelengths when
the refractive index changes at the metal interface (red curve).

provide small errors in the measurement outputs.

As mentioned, for plasmonic spectroscopy, each nanoparticle has its own read-out spec-
trum with a peak wavelength. Considering LSPR-based sensing, the LSPR peak wave-
length position can be tuned throughout the visible, near-infrared, and infrared light spec-
trum by changing the material, size, shape, and interparticle spacing of the nanoparticles.
This allows the LSPR sensor to adapt to the specific bioapplication and enables enhanced
sensor specificity.

2.5 Factors Affecting the Sensitivity of a Localized Sur-
face Plasmon Resonance Biosensor

To determine the optimal plasmonic-based platform for chemical and biological analysis,
several reviews have investigated and attempted to optimize a variety of figure of merits
(FOMs). The FOMs are traditional biosensor characteristics and can be defined as a quan-
tity used to characterize the performance and utility of a device, system, or method. The
FOMs, also described as measurement capabilities, consist of elements including sensi-
tivity, selectivity, response time, linearity, stability, limit of detection, and dynamic range.
In this work, only the sensitivity and factors affecting the sensitivity performance will be
discussed. For a more detailed technical description of the other biosensor characteristics,
the reader is referred to the books by J. S. Wilson [99] and Homola & Piliarik [100].

The sensitivity of nanoplasmonic sensors is primarily associated with the refractive index
sensitivity of the metal. The refractive index sensitivity impacts the sensitivity towards
macromolecular adsorption as well as the possible probing volume. Sensitivity can also
be referred to as the ability of the sensor to distinguish between small differences in the
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concentration of the target analyte [101]. The sensitivity S can be defined as the ratio of
the maximum wavelength shift, ∆ λmax, and the change in refractive index, ∆ n, given in
nanometers per refractive index unit (nm/RIU):

S =
∆λmax

∆n
(2.15)

Localized surface plasmon resonance (LSPR) is selected as the sensing method for the
nanoplasmonic experiments in this work. The LSPR wavelength has the potential of being
modified by changing the size, shape, interparticle spacing, environment, and composition
of the sensor. This allows the LSPR sensor to adapt to the specific bioapplication and
obtain the highest possible refractive index sensitivity. By considering these aspects and its
ability for real-time sensing, the LSPR sensing method has shown to be an ideal platform
for the detection of multiplexed exosomes.

Composition
The electric field intensity and the scattering and absorption cross-sections are greatly
enhanced at the LSPR frequency, which for gold, silver, and copper lie in the visible re-
gion [102]. Silver and gold are the most attractive metals for optical applications because
copper easily oxidizes. Silver nanoparticles exhibit higher bulk refractive index sensi-
tivity and a lower damping constant than gold; however, the plasmon bands are located
at shorter wavelengths (blue shift) compared to gold nanoparticles. Considering that the
near-infrared (NIR) region of the light spectrum is preferred for most in vivo studies in bi-
ological applications due to the high transmission of tissue, blood, and water in this region
[103], the practical use of silver in exosome detection is limited. Another significant lim-
itation is that silver nanoparticles suffer from chemical instability both in air and aqueous
environments [104]. Hence, gold is used in the nanoplasmonic sensor designs in this work
owing to its stability and chemical inertness.

Size
The practical sensing resolution, also known as the minimum detection limit depends on
the absolute magnitude of the plasmon intensity [105]. Thus, nanoplasmonic structures
that obtain intense scattering or absorption cross-sections are desirable and important for
sensitive biological and chemical detection. The size of the nanoparticles affects the plas-
mon intensity, where the size determines if the absorption or scattering cross-section dom-
inates. Li et al. [87] found that for small metal nanoparticles (radius R < 15 nm), the
electron-electron scattering (Møller-scattering) rapidly converted the energy of the LSPR
into heat, resulting in a strong absorption. For the larger particles (R > 15), a strong
scattering cross-section was obtained as a result of a reduced Møller-scattering and the
re-radiated plasmon energy into the scattering field. Their results can be seen in Figure
2.11.

Haes et al. [94] demonstrated the tunability of LSPR in the visible region by using silver
periodic particle arrays (PPAs) fabricated by nanosphere lithography (NSL), which can be
seen in Figure 2.12. They showed that by increasing the in-plane width, a shift towards
lower-energy wavelength occurred, while a shift towards higher-energy wavelength was a
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(a) The absorption cross-section is large and the ab-
sorption dominates for small particles with a radius
less than 15 nm.

(b) The scattering cross-section dominates for big par-
ticles with a radius greater than 15 nm. skjdf ksjdf
lksdjf lksdf

Figure 2.11: Illustration of the absorption and scattering cross-sections and their magnitude based
on nanoparticle size. Images modified from Li et al. [87].

result of an increasing out-of-plane height of the nanoparticles. Therefore, changing the
nanoparticle size can optimally scale systems for the specific bioapplication and produce
a distribution of LSPR maxima. Hence, for this work, the LSPR spectrum can be tuned
towards the near-infrared region for the detection of exosomes.

Figure 2.12: Ultraviolet-visible (UV-VIS) extinction spectra for silver PPA on mica substrate ob-
tained by Haes et al. [94].

According to Raghu et al. [12], the nanostructures should be size-matched with the ap-
proximate diameter of a single exosome to detect their binding at the sensor surface and
obtain a signal response. By utilizing smaller geometries, the exosome will be distin-
guished from larger extracellular compounds present in the sample. Additionally, utilizing
a size similar to that of an exosome can increase the possibility of a digital response re-
sulting from the accommodation of one or zero exosomes.

Shape
Without changing the probing volume, the variation in geometry of the nanoparticles can
tune the LSPR resonance spectrum shift in a biosensor. Jain & El-Sayed [106] observed
that the nanostructures offering plasmon resonance tunability and strong field enhance-
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ments also offer high plasmon sensitivity such as junctions (e.g. metal nanoshells [106,
107] and particle dimers [108]), and sharp curvatures and tips (e.g. nanorods [97, 109]
and nanoprisms [110]). Other nanoparticle shapes that have been investigated include
nanospheres [109, 111], nanotriangles [109], nanocubes [112], nanostars [111, 113] and
nanoholes [114]. Previous reviews have also shown larger electromagnetic enhancements
at the corners of the nanoparticles and in the spacing between them [95, 111, 115].

For this work, nanoholes have been selected as the nanoparticle geometry for the nanoplas-
monic sensors. The optical properties of a nanohole-based sensor can be optimized for the
specific bioapplication by changing parameters such as the metal thickness, the periodic-
ity of the array, and the nanohole diameter [116, 117]. Nanohole arrays also yield simple
fabrication, high extinction and scattering cross-sections, and are suitable for the integra-
tion in microfluidics enabling multiplexed detection. Additionally, LSPR can occur in an
individual nanohole, leading to a highly concentrated EM field near the nanohole edge
[10, 87, 118, 119]. This produces high sensitivity in the local refractive index surround-
ing the nanoholes. Table 2.1 presents the sensitivity performance and wavelength peak
of nanohole arrays found in the literature. Sensor parameters including nanohole array,
diameter, pitch (i.e. periodicity), and metal layer thickness are indicated.

Table 2.1: Sensitivity and wavelength peak for different nanohole arrays found in the literature.

Sensor parameters Sensitivity [nm/RIU] Wavelength peak [nm] ReferenceLattice nm Au nm diameter nm pitch

Square 100 (Ag) 210 500 450 660 [119]

Square 100 200 510-618 400 633 [120]

Square 200 200 1400 1022 1550 [121]

Square 100 200 600-800 600 850 [122](Double hole) 190 center spacing

Square 100 150 350-850 333 680 [123]

Square 150-200 300 1500 1520 1540 [124]

Square 220 130-180 11000 323 600 [125]

Square 40 70-200 500-600 393 1000 [126]

Square 80 200 550 271 750 [127]

Square 100 200 600 615 900 [128]

Square 100 200 600 522 750 [129]

Square 100 200 400 302 650 [130]

Square 125 200 600 600 850 [131]

Square 100 110-1000 450-1800 271 755 [132]

Square 50 100 450 286 800 [133]

Alignment and Periodicity
Ekşioğlu et al. [118] and Cetin et al. [134] investigated and compared the performance of
hexagonal and square lattice arrays for nanoholes. Their observations concluded that for
a hexagonal alignment, the spectrum shift for various refractive indices resulted in higher
sensitivity and larger spectrum shifts. Chung et al. [111] also explored different types of
nanoparticle arrays. They observed that for a higher number of nanoparticles in the arrays,
the LSPR shift did not change significantly. However, the resonance peak got sharper
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owing to the increased particle interaction.

Further, several studies indicate that the periodicity of the array influences the sensitivity
[7, 10, 135, 136]. The reviews by Negro [137] and Forestiere et al. [138] demonstrated
that for plasmonic deterministic aperiodic nanostructures (DANS) larger values of field en-
hancement and stronger field localization occurred over larger surface areas than for refer-
ence periodic structures. Moreover, when two plasmonic nanoparticles come within close
proximity to one another, the electromagnetic fields derived from the surface plasmon of
the individual nanoparticles may be affected by the dipolar interaction of neighboring par-
ticles. This results in significant changes in both the plasmon resonance extinction and
scattering spectra [105]. As the near-field-coupling-induced peak shift is dependent on the
interparticle spacing, a larger coupling will be achieved by reducing the interparticle dis-
tances, while for an increasing interparticle distance, the coupling will decay exponentially
[139, 140, 141, 142]. Additionally, Huang et al. [143] and Ferhan et al. [16] demonstrated
that closely spaced metallic nanoarrays are the attractive lattice structure with lattice cou-
pling of multipole plasmon modes for plasmonic applications.

2.6 Microfluidics

Microfluidics is the science and technology of systems that process or manipulate small
(10–9 to 10−18 liters) quantities of fluids, using channels with dimensions of tens to hun-
dreds of micrometers [144]. The development of lab-on-chip (LOC) devices for the minia-
turization of biological and chemical laboratories in a single chip has made microfluidics
an emerging research field. Microfluidics has been used for controlled manipulation of
micro- and nano-objects through its integration in different stimulation systems, including
optics, acoustics, electrics, hydrodynamics, and magnetism [145, 146].

Many microfluidic applications such as drug delivery, DNA sequencing, and biochemical
analysis require efficient and rapid mixing. However, mixing at the microscale only oc-
curs through diffusion across the interface between the fluids in a microchannel. This is an
effect of the low Reynolds number flow regime in microfluidics, where the laminar flow is
dominant. Considering that the diffusion-dominated mixing is inherently slow and insuffi-
cient in most microfluidic devices, various approaches towards efficient mixing have been
developed. The developed micromixers can be categorized into active and passive mixers.
The active mixers apply an external force, generating disturbances or chaotic advection of
the flow fields, such as ultrasound, electrokinetic instabilities, and integrated microvalves
or pumps [147]. On the other hand, passive mixers do not use external forces but utilize
the microchannel geometry to generate chaotic advection or increase the time and contact
area between the fluids to enhance molecular diffusion. Methods for passive mixing may
include interdigital multi-lamellae arrangements, collision of jets, or chaotic mixing by
eddy formation and folding [147]. More information concerning microfluidic mixers can
be found in the reviews by Hessel et al. [147], Lee et al. [148], Nguyen & Wu [149], and
references therein.
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The work in this master thesis considers an acoustic-based active mixing technique, where
surface acoustic waves and two interdigital transducers are used to generate chaotic advec-
tion. The flow conditions for this micromixer can be decided by two of the characteristic
dimensionless numbers when studying fluids – the Reynolds number (Re) and the Péclet
number (Pe). The Reynolds number characterizes the ratio of inertial forces to viscous
forces:

Re =
ρUDh

µ
=
UDh

ν
(2.16)

where ρ is the fluid density, U is the fluid velocity, Dh is the hydraulic diameter, and µ
and ν are the dynamic and kinematic viscosity of the fluid, respectively. The hydraulic
diameter Dh is used for non-circular channels and tubes and is expressed by the cross-
sectional area A and the wetted perimeter P of the cross-section:

Dh =
4A

P
=

4wh

2w + 2h
=

2wh

w + h
(2.17)

Here, w and h represent the width and the height of the tube or channel.

The Reynolds number allows the identification of the laminar or turbulent flow regime.
For Re < 2000, the flow is defined as laminar, where the viscous forces dominate the
inertial forces. When Re lies between 2000 and 4000, the viscous forces are comparable
to the inertial forces. This region is determined as critical flow, and eddies will begin to
occur. For Re > 4000, the flow is turbulent and the inertial forces dominate. For most
microfluidic cases, laminar flow and low Reynolds numbers can be expected. This can be
substantiated by an example, where water flows through a rectangular microchannel with
width w = 200µm and height h = 100µm at a flow rate of U = 100µm/s. Then, the
Reynolds number becomes:

Re =
998kg/m3 · 10−4m/s · 1.33× 10−4m

1.003× 10−3kg/ms
≈ 0.01 (2.18)

The Péclet number characterizes the mixing at the microscale and can be defined as the
ratio of mass transport by convection and that of diffusion [149]:

Pe =
UL

D
(2.19)

where U is the fluid velocity, L is the characteristic length scale, and D is the diffusion
constant. For Pe < 1000, the mixing is diffusion-dominant, whereas, convection domi-
nates for higher Péclet numbers.
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Figure 2.13 presents a comparison of the microchannel sizes found in the literature and
the microchannels used in this work. The microchannels have a height of 56 µm and a
width of 100 µm. To the author’s knowledge, the microchannel size used in this work is
the smallest reported in the literature.

Figure 2.13: Comparison of microchannel sizes utilized in the literature and this work.

2.7 Acoustofluidics

Acoustofluidics can be defined as the integration of acoustic fields with microfluidics
[159], the integration of ultrasound-based external forcing of microparticles in microflu-
idics [160], or as the fusion of acoustics and fluid mechanics. Acoustofluidics has become
a growing research field in physics, engineering, biology, medicine, and chemistry.

Acoustofluidics has enabled processes such as biochemical analysis, disease diagnosis,
DNA sequencing and drug delivery, isolation and manipulation of extracellular compounds
[161] through fast and effective fluid actuation and particle manipulation. Moreover, sam-
ple preparations such as cell sorting and separation, cell lysis, and heating [145, 158] have
been achieved by only applying acoustic waves [162, 163, 164, 165]. This reduces the
operational cost and increasing the simplicity of the system.

This section gives an introduction to surface acoustic waves (SAWs), interdigital transduc-
ers (IDTs), and microfluidic mixing. A historical review of SAWs and IDTs is presented
in Figure 2.14. These concepts will be combined to achieve active acoustic mixing in a
microchannel.
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Figure 2.14: A historical timeline of surface acoustic waves and interdigital transducers featuring
important findings and inventions.
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2.7.1 Surface Acoustic Waves

Surface acoustic waves can be described as modes of elastic energy propagating at the
surface of a solid [192] or as waves propagating along the surface of an elastic material
[193]. By utilizing a piezoelectric material, SAWs are easily generated and detected.

In recent years, surface acoustic waves have shown great potential to control fluids and par-
ticles in lab-on-chip devices in an efficient way. They have shown the ability for fluid ac-
tuation, including mixing, pumping, jetting, atomizing, and manipulation of micro-objects
such as droplets, particles, and cells through sorting, separation, focusing, and trapping.
Additionally, a SAW-based microfluidic device offers a combination of advantageous fea-
tures; simple fabrication, versatility, non-invasive properties, contact-free particle manipu-
lation, high biocompatibility, low costs, and convenient integration with other microfluidic
components [158, 193, 194]. Thus, the SAW-based microfluidic device has the capability
of becoming considerably beneficial in clinical applications, biological research, and LOC
applications.

Surface acoustic waves used in microfluidics can be divided into two categories – traveling
surface acoustic waves (TSAW) and standing surface acoustic waves (SSAW). A TSAW
is a wave propagating through the system, while an SSAW results from the interference
of two generated SAWs traveling towards each other, creating a one-dimensional (1D)
SSAW electric field. The work in this master thesis builds upon the TSAW principle to
enable mixing through chaotic advection.

Traveling Surface Acoustic Waves
The traveling surface acoustic waves have become an important component in LOC de-
vices. Many of the LOC applications require mixing of fluids, and as a consequence of
the low Reynolds number regime in microfluidics, the laminar flow is dominant. Thus,
mixing only occurs by diffusion, which is too slow for most LOC devices. For that reason,
fast mixing of fluids by generating chaotic advection through SAW-induced streaming has
been explored. It has resulted in reviews demonstrating microfluidic technologies enabled
by TSAWs such as fluid mixing, fluid translation, jetting and atomization, particle/cell
concentration, droplet and cell sorting, and re-orientation of nano-objects [193].

When a SAW is generated, its acoustic energy is transferred from the piezoelectric sub-
strate to the solid-liquid boundary. This is shown schematically in Figure 2.15a. Conse-
quently, the SAW changes mode to ”leaky SAW” due to the mismatch between the acoustic
velocities of the solid and the liquid medium [195]. The acoustic energy leakage excites
longitudinal waves into the liquid at a specific angle (θ = sin−1(vlw/vSAW )), illustrated in
Figure 2.15b. This comes as a consequence of the phase-matching at the interphase be-
tween the two mediums, given by the refraction law (the ratio of the speed of sound in the
fluid and the solid [150]). The longitudinal waves damp exponentially with an attenuation
length of LSAW , which can be determined by Equation 2.20 [195]:
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LSAW =
1

αL
=
ρsvSAWλSAW

ρlvlw
=
ρsv

2
SAW

ρlvlwf
(2.20)

Here, αL is the attenuation coefficient per unit length scale of the Rayleigh wave, ρl is
the density of the liquid, ρs is the density of the substrate material, vlw and vSAW are
the velocity of the longitudinal wave in the fluid and the SAW velocity in the substrate
respectively, λSAW is the SAW wavelength, and f is the resonant frequency. From Equa-
tion 2.20, it can be seen that LSAW is inversely proportional to the resonant frequency,
indicating that the attenuation increases with the SAW frequency [195].

The emission of the longitudinal waves from the SAW into the liquid generates a force
in the propagation direction of the longitudinal waves and induces flow within the liquid
in the microchannel [193]. The activated motion in the liquid is then reflected by the
microchannel walls, producing internal streaming. Thus, the internal streaming can enable
and enhance the mixing of fluids in an efficient way.

(a) Visualization of the excited surface acoustic waves
by interdigital transducers radiating energy into the
fluid perpendicular to the fluid direction.

(b) Energy transfer between the surface acoustic wave
and the fluid. slkjdf lskjdf lksjdf lksjdf lksjdf klsjdf
lksjdf lkjsdf lkjsd f

Figure 2.15: Schematic representation of the energy transfer from the generated surface acoustic
waves by interdigital transducers to the fluid on a piezoelectric substrate.

2.7.2 Interdigital Transducer

An interdigital transducer (IDT) is a comb-shaped metallic structure directly deposited
on the substrate surface. IDTs are typically used for the excitation of surface acoustic
waves. The SAWs are generated by applying an oscillating electrical signal matching the
frequency of the IDT [196]. The generation of SAWs by IDTs relies on the piezoelectric
effect of the piezoelectric material. The piezoelectric effect can be described as the gen-
eration of electric charge upon the application of mechanical stress in certain materials,
while the generation of mechanical strain from the application of an electric field is the
inverse piezoelectric effect [196].

Figure 2.16 presents different IDT parameters, determining the resonance frequency f of
the surface acoustic wave. f is defined as [192]:
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f =
CSAW

2df
(2.21)

where CSAW is the substrate acoustic velocity and df is the finger spacing. CSAW de-
pends on the material properties of the substrate, the propagation direction, and the thick-
ness of the IDT [196]. The frequency influences the SAW attenuation length described
in Equation 2.20, where a higher frequency will result in a more rapid decay with shorter
decay lengths of the SAW dissipated into the liquid.

Figure 2.16: Visualization of IDT parameters.

Between the finger pairs in the IDT structure, an array of an electric field with alternating
oscillations will occur. As a result of the inverse piezoelectric effect, the electric fields
create alternating regions of compressive and tensile strain in the substrate [196]. Hence,
the displacement in the material for each finger pair will oscillate with the electric field,
which will excite a SAW. The wavelength of the generated SAW is also determined by the
periodicity of the finger pairs.

In this master thesis, three different IDT designs will be utilized. The IDTs are made
by an 80 nm thick gold layer and fabricated on a 128° Y-rotated X-propagating lithium
niobate (LiNbO3) substrate with 25 finger pairs. The finger spacing and finger width
of the electrodes are equal to 25 µm, 12.5 µm, and 8.6 µm, resulting in a resonance
frequency f of 40 MHz, 80 MHz, and 120 MHz, respectively.

For a deeper description of IDT designs, the reader is referred to the review ”Micro/nano
acoustofluidics: materials, phenomena, design, devices, and applications” by Connacher
et al. [196].

2.7.3 Microfluidic Mixing

Microfluidic mixing can be achieved by various methods categorized into passive or active
mixing, as mentioned in Section 2.6. In this master thesis, three active SAW-driven mi-
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cromixers are experimentally tested for both single and dual IDT designs at different flow
rates and power inputs.

Microfluidic mixing in a microchannel or microchamber using a single IDT has been in-
vestigated for surface acoustic waves, and to some extent, for bulk acoustic waves [197,
198]. Many of the articles found during the literature review regarding SAW-based mixing
have been related to mixing in droplets [189, 192, 199, 200]. To the author’s knowledge,
little focus has been invested in SAW-based microfluidic mixing using dual IDTs as well
as for the difference in the mixing efficiency for single and dual IDTs apart from a few
studies [152, 171, 201]. Nam & Lim [171] concluded that the mixing efficiency more
than doubled when using a three-dimensional dual SAW (3D-dSAW) mixer compared to
a single focused SAW mixer at the same voltage and flow rate. Similar results were found
by Jo & Guldiken [152], where the mixing efficiency for the dual IDT design increased to
96.7% from 69.8% achieved with the single IDT design under identical operating condi-
tions. The effect of increased mixing performance for the dual IDTs compared to single
IDTs was also observed by Álvarez [201].

2.8 Summary

This chapter has provided information about fundamental concepts and phenomena in
nanoplasmonic sensing, microfluidics, and acoustofluidics. Exosomes have been described
as small biomolecular nanostructures in the size range of 30-120 diameters. They are
found to be diagnostic biomarkers, containing beneficial characteristics including their
specific lipid and protein composition, DNA and RNA content, and intercellular commu-
nication. The phenomena of surface plasmon resonance and localized surface plasmon
resonance are explained; two powerful spectroscopy methods for biomolecular detection.

Three important characteristics of nanoplasmonics have been covered, explaining the elec-
tromagnetic enhancement around the nanoparticle, its resonance frequency, and the reso-
nance shift through changes in the shape, size, material, and surrounding environment. As
a result of the unique spectral curve for the specific nanostructure, a resonance shift can be
measured by plasmon spectroscopy. The most common measurement method is the local-
ized surface plasmon resonance-based sensor and has proved to be suitable for biological
sensing experiments. Factors affecting the sensitivity performance of the LSPR-based
sensor have been described, which include the composition, size, shape, alignment, and
periodicity of the sensor.

Microfluidics has been presented, introducing the challenges and possibilities for lab-on-
chip devices by manipulating small fluid quantities in microscale channels. Its challenges
may be overcome by incorporating acoustofluidics. Acoustofluidics has been explained as
well as two important elements for fluid actuation; surface acoustic waves and interdigital
transducers. Microfluidic mixing utilizing active SAW-driven mixers with a single inter-
digital transducer has been found to be effective, although mixing with a dual IDT yields
higher mixing performance.
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Chapter 3
Micro- and Nanofabrication for
Microfluidic Mixing Systems and
Nanoplasmonic Sensors

Micro- and nanofabrication have been developed and utilized for applications in the semi-
conductor industry for several decades. However, this technology has contributed to the
emergence of microfluidics and acoustofluidics, enabling the manipulation of micro- and
nano-objects for chemical, biological, and physical studies. This chapter covers the central
fabrication concepts for the production of the nanoplasmonic sensors, the microchannels,
and the interdigital transducers used in the conducted experiments in this work. In addi-
tion, their fabrication processes, as well as the assembly of the microchannel and interdig-
ital transducers, are presented.

3.1 Fabrication Concepts

A variety of techniques are used for the fabrication of micro- and nanoscale devices. Figure
3.1 illustrates different methods for both micro- and nanofabrication. The highlighted
boxes are the relevant techniques for this master thesis, which include photolithography,
soft lithography, electron beam lithography, and etching and substrate removal. These
methods will be described in the following sections.
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Figure 3.1: Fabrication techniques for micro- and nanoscale devices.

3.1.1 Lithography

Lithography is a general denotation given to processes producing a pattern on a substrate.
There are a number of different lithography techniques separated by the method used for
creating the desired pattern. Some of the techniques are:

• Optical lithography or photolithography: Uses ultraviolet (UV) light to generate
the pattern [202].

• Electron beam lithography: Electron beams are used to create the pattern [202].

• Ion beam lithography: Energetic ions bombard the surface to generate the pattern.

• Imprint lithography: A mold is pressed or imprinted into a material to generate
the pattern or the pattern is created by mechanical deformation of the resist.

• Scanning probe lithography: Utilizes a sharp probe in an atomic force microscope
(AFM) to heat, scratch, oxidize or transfer substances to the surface of a substrate
for patterning nanoscale features [203].

Lithography can be divided into masked and maskless lithography. Masked lithography
utilizes a mold or mask to fabricate the pattern, and enables a high-throughput fabrication
up to several tens of wafers/hr [203]. Photolithography, nanoimprint lithography, and soft
lithography are types of masked lithography. Contrarily, maskless lithography creates
arbitrary patterns without the use of masks. The serial manner to fabricate the pattern
allows an ultrahigh-resolution patterning of arbitrary shapes with minimum feature size as
small as a few nanometers [203]. Some of the lithography techniques in this category are
electron beam lithography, ion beam lithography, and scanning probe lithography.
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Photolithography, soft lithography, and electron beam lithography have been the selected
techniques to fabricate the nanoplasmonic sensors, the microchannels, and the interdigital
transducers used for the experimental campaign in this work.

Photolithography
The most common lithography methods are optical lithography or photolithography. The
photolithography technique utilizes an exposure of a light-sensitive polymer (photoresist)
to UV light to define a desired pattern [203]. A general photolithography process is shown
in Figure 3.2.

Figure 3.2: A standard photolithography process.

Initially, the substrate is cleaned to eliminate organic compounds or remove contaminants.
This removal will increase the adhesion to the photoresist and reduce the possible comets
produced during spin coating. For further increase in adhesion, a dehydration bake is per-
formed to eliminate any absorbed water molecule on the surface with a high temperature,
typically > 200° [159]. Photoresist, a photosensitive organic polymer is spin-coated onto
the substrate and creates a uniform thin film. The physical property of the resist and the
rotation parameters will determine the final thickness of the thin film. Soft bake is per-
formed to evaporate the solvent contained in the resist. This step will prevent the resist
from sticking to the mask during exposure, increase the mechanical stability of the re-
sist, and enhance the adhesion between the resist and the substrate. During exposure, UV
light is illuminated through a photomask that consists of opaque features on a transpar-
ent substrate, e.g. quartz or glass [203]. When the UV light exposes certain areas, the
photoresist will undergo a chemical change, modifying its solubility – either by becoming
cross-linked, hardened and less soluble in a developer, i.e. a negative photoresist, or by
breaking the polymer chains, making the resist more soluble in contact with its respective
developer, i.e. a positive photoresist. The effect of using a negative or positive photoresist
in a photolithography process is illustrated in Figure 3.3.

33



Chapter 3. Micro- and Nanofabrication for Microfluidic Mixing Systems and
Nanoplasmonic Sensors

Figure 3.3: The effect on the photolithography result by using a negative or positive photoresist.

For chemical-amplified resists, the substrate goes through a post-exposure bake to further
induce chemical change in the exposed regions [202]. To finalize the desired pattern trans-
fer, a developer is applied to the substrate for removal of the non-cross-linked photoresist.
To hard bake the substrate after development is optional, however, this step can improve
the chemical and thermal stability of the resist.

Soft Lithography
Soft lithography is a variant of nanoimprint lithography and is a non-photolithographic
method for generating micro- and nanostructures and patterns. Soft lithography is used to
generate patterns and structures with feature sizes ranging from 30 nm to 100 µm [204].
An elastomeric stamp forms a large number of patterning techniques through molding,
printing, and embossing. Some of these techniques are microtransfer molding, micro-
contact printing, replica molding, micromolding in capillaries, injection molding, and
cast molding [204]. An advantage of soft lithography compared to photolithography is
its ability to transfer patterns on uneven, patterned, or nonplanar surfaces on a broader
range of materials. Soft lithography can be divided into two main steps; fabrication of an
elastomeric stamp or mold and the utilization of a predefined relief structure to deposit
monolayers on the surface. Poly(dimethylsiloxane) (PDMS) is the most common material
utilized for soft lithography. PDMS is a silicon-based organic elastomer that is isotropic
and homogeneous with optical transparency down to ∼ 300 nm [204]. The elastomer
is typically supplied in a two-component kit with a base (vinyl-terminated PDMS) and
a curing agent (copolymers of methylhydrosiloxane and dimethylsiloxane mixed with a
platinum complex) [159]. The low glass transition temperature keeps the base and curing
agent as liquids at room temperature. When the liquid components are thoroughly mixed,
the mixture cures to a flexible elastomer, either at room temperature in > 48hr or heat
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cured in 10 minutes at 150° [205].

A standard approach for soft lithography to fabricate microfluidic devices is the utilization
of cast molding to produce a mold by photolithography. Further, by using replica mold-
ing that duplicates an inverse version of the mold, the original mold can be reproduced.
According to Xia & Whitesides [204], the mold can be used over fifty times without sig-
nificant performance reduction.

Electron Beam Lithography
Electron beam lithography (EBL) is a maskless lithography technique for pattern fabrica-
tion at the nanoscale. Highly focused electrons are utilized to make an exposure on an
electron-sensitive resist. The instrument loads and reads an AutoCAD-design file with
the desired pattern. With an electron-beam spot with a diameter as small as a couple of
nanometers, the surface of the resist is scanned in a dot-by-dot fashion to generate the pat-
tern in sequence [203]. The sequential writing of the electron beam can make the pattern
transfer process time-consuming and is therefore not a preferred method for large-scale
manufacturing. EBL can be used for sub-10 nm features, but the resolution is highly de-
pendent on the instrument and the resist [159, 206].

The pattern transfer by electron beam lithography is a complicated process, containing a
variety of interdependent variables to be determined for an optimal result. A visualization
of the effect of size reduction and increment of the pitch and beam diameter can be seen
in Figure 3.4.

• Pitch: The minimum distance between two adjacent dots or pixels that can be ex-
posed is called pitch. A smaller pitch results in a higher resolution pattern. However,
a smaller feature requires a longer exposure time. Hence, the pitch affects the expo-
sure grip or beam stepping pitch of the EBL instrument. A general rule is that the
pitch should be 80% of the beam diameter [207] in order to create intricate patterns.

• Beam current: The beam current defines how many electrons are impinging on
the sample each second, which affects the maximum obtainable resolution [208]. A
higher beam current will increase the writing speed of the instrument.

• Exposure dose: The exposure dose is the amount of energy deposited per unit area
[208]. The spin-coated photoresist on the substrate, as well as the density and di-
mension of the pattern, determines the necessary dose. The exposure dose is typi-
cally measured in micro-Coulombs per square centimeters

[
µC
cm2

]
.

• Beam diameter: The beam diameter can be controlled by changing the dose time.
An increased dose time of the electron beam will reduce the minimum feature that
can be produced during exposure. Further, a large beam diameter enables a shorter
writing speed. If the beam diameter is smaller than the pitch, the pattern will not be
smooth. This contributes to a lower resolution due to a large overlap in the shape
[207].
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Figure 3.4: The effect on the pattern by reducing the pitch and increasing the beam diameter.

A more in-depth explanation of electron beam lithography can be found in the review
by Ribe [159]. Moreover, Beckwith [209] and NTNU NorFab [207] provide additional
information about improvements of EBL performance and the relation between pitch and
beam current, respectively.

3.1.2 Metal Patterning

Multiple techniques exist for obtaining the imprint pattern on the substrate, such as etch-
ing, molding, and metallization and lift-off. Lithography used to pattern metal thin films
is typically performed by utilizing an etch-back or lift-off procedure. The lift-off process
is an additive pattern transfer, where the resist is first patterned and then deposited with
a metal layer. The resist layer is then dissolved in a solvent, leaving metal in the areas
without patterned resist. To perform the lift-off, the solvent needs to react with the resist
layer. Hence, the lift-off is dependent on a non-continuous metal layer. The etch-back
procedure is the reverse of the lift-off process. Thus, the metal layer is deposited with the
resist pattern on top. Etching is a subtractive pattern transfer, where a wet or dry etching
method specific to the metal layer is applied to etch the metal layer. When the metal in
the open areas of the resist is removed, the etching is stopped and the remaining resist is
dissolved [159].

The suitable method depends on the resist profile, which is determined based on the resist
chemistry and exposure method. A representation of the different resist profiles can be
seen in Figure 3.5. An undercut profile is achieved by using a positive electron resist or
a negative photoresist. The undercut profile will simplify the lift-off process because the
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resist profile will create a non-continuous metal layer when the metal layer is applied. This
method can be considered as the image reversal mode. However, the mechanical stability
of the resist is decreased. On the other hand, the overcut profile will give a homogeneous
metal layer, which is not suitable for lift-off.

Figure 3.5: Schematic representation of the difference between an overcut and undercut resist profile
for metal patterning.

In this master thesis, the image-reversal lift-off process is utilized to fabricate the inter-
digital transducers for enabling the excitation of SAWs in the microfluidic device. The
fabrication procedure can be found in Section 3.2.3.

3.1.3 Surface Activation of PDMS

PDMS is a widely used silicone type within biological applications and microfluidics, and
is applied for the fabrication of the microchannels utilized in this master thesis. However,
the PDMS has a hydrophobic surface, which means a surface with an absence of affinity
for water. Thus, the wetting of the microchannel with aqueous solutions is complicated, the
microchannel is prone to adsorption of other hydrophobic species, and can easily nucleate
bubbles [210]. Nevertheless, by surface activating the PDMS surface through plasma ox-
idation, the presence of silanol groups in the PDMS renders the surface hydrophilic. This
produces a surface with a strong affinity for water. This will promote the aqueous solution
filling in the microchannel and also facilitating the PDMS microchip bonding [211]. Addi-
tionally, it will irreversibly seal the oxidized PDMS to other materials used in microfluidic
systems, such as glass, silicon, silicon oxide, and oxidized polystyrene [212].

3.2 Fabrication Recipes

The fabrication of the nanoplasmonic sensors, the microchannels, and the interdigital
transducers contain several different fabrication processes and techniques as described in
the previous sections. This section presents the fabrication recipes for the three different
components that are produced by Ribe [159]. The nanoplasmonic sensor and microchannel
recipes have been validated by Saldaña [213]. A more thorough and detailed description
of the fabrication steps, including fabrication parameters, utilized materials, chemicals,
instruments, and additional equipment, can be found in Appendix A-E.

37



Chapter 3. Micro- and Nanofabrication for Microfluidic Mixing Systems and
Nanoplasmonic Sensors

3.2.1 Fabrication Process of a Nanoplasmonic Sensor

The fabrication process presented in this subsection is utilized to fabricate nanoplasmonic
sensors with a nanohole diameter of 400 nm, gold layer thicknesses varying from 200
to 250 nm, periodicities between 700 and 1100 nm, and square or hexagonal nanohole
arrays. The difference between the square and hexagonal nanohole alignment is displayed
in Figure 3.6.

(a) Square nanohole array. Image extracted from
Saldaña [213].

(b) Hexagonal nanohole array. Image extracted from
Saldaña [213].

Figure 3.6: Difference between square and hexagonal nanohole array. Images extracted from
Saldaña [213].

The complete fabrication process is illustrated in Figure 3.7. A glass substrate is utilized
for the fabrication of the nanoplasmonic sensors due to its transparency, which allows light
to pass through the substrate. This enables spectroscopy analysis. Glass is an insulating
surface, and as a consequence, the glass substrate must go through two additional steps
compared to the substrates utilized in the fabrication processes in Subsection 3.2.2 and
3.2.3. The hexamethyldisilazane (HMDS) increases the liquid contact angle, which pro-
duces a more hydrophobic surface and improved photoresist adhesion. The conductive
layer serves as a protective layer and is applied to ensure the dissipation of charges during
electron exposure.

1. Clean: The sample is pre-treated through a cleaning step
to enhance the final result of the nanoplasmonic sen-
sor. The sample is cleaned with acetone, rinsed with iso-
propanol (IPA), and dried with nitrogen (N2)(g) to remove
contaminants on the substrate surface. Additionally, the
substrate is placed in a plasma cleaner for physical and
chemical ozone cleaning.

2. Dehydration bake: The substrate is dehydrated to remove
any excess fluids on the surface.
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3. HMDS deposition: Priming of the glass substrate is per-
formed with HMDS through vapor deposition to enhance
the adhesion of the resist. The substrate is placed in a
desiccator with HMDS, where the chamber is vacuumed
to increase the vapor pressure before air is introduced in
the chamber again. The substrate is kept in the desiccator
overnight to create a thin homogeneous HMDS layer.

4. Spin coating of photoresist: The substrate is coated with
a thin layer of the positive photoresist CSAR 6200.13,
where a set of parameters are determined for the desired
thin film thickness, including time, speed, and accelera-
tion. The substrate is spun at a high speed (1000-6000
rpm) to form an even layer.

5. Soft bake: At this stage, the substrate contains up to 15%
solvent, which may include build-in stresses [214]. Thus,
the substrate is soft-baked to dehydrate the resist, which
makes the photoresist more dense and resistant.

6. Spin coating of conductive layer: A conductive layer
of the type Poly(methylmethacrylate) (PMMA) Electra 92
(AR-PC 5090.02) is spin-coated on the substrate for cre-
ating a path for the electrons to escape during the electron
exposure. This enhances the exposure performance.

7. Soft bake: An additional soft baking step is completed for
the same reasons as for the photoresist.

8. EBL exposure: The glass substrate is exposed to an elec-
tron beam by the instrument Elionix ELS-G100. This gen-
erates the desired pattern on the photoresist layer by deter-
mining EBL conditions, such as beam diameter, pitch, and
exposure dose.

9. Post-exposure bake: Some of the reactions initiated dur-
ing the electron exposure cannot be fully completed; there-
fore, a post-exposure bake (PEB) is performed. The PEB
will improve the adhesion, reduce the excess resist after
development, and increase the contrast and resist profile
[214].
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10. Development: To acquire the desired pattern, develop-
ment is utilized to dissolve the soluble areas of the pho-
toresist changed during the EBL exposure. The substrate
is first submerged in water to disperse the thin conductive
layer, and then in the AR 600-546 developer to remove the
resisting layers. To stop the development process on the
substrate, a 1:3 ratio of methyl isobutyl ketone (MIBK)
and IPA (MIBK/IPA) is applied.

11. Metallization: The sample is cleaned with IPA and dried
with N2(g) before deposition of a 200-250 nm thick gold
layer by the electron beam evaporator.

12. Lift-off: Remover AR 600-71 is applied to remove ex-
cess photoresist on the substrate, as well as the deposited
gold on the photoresist areas. For enhanced lift-off of the
gold layer, the substrate goes through an ultrasonic bath,
where mechanical stresses improve the dissolution of the
photoresist layer. Ultimately, the substrate is cleaned with
acetone, rinsed with IPA, and dried with N2(g).
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Figure 3.7: Fabrication process flow for the nanoplasmonic sensor using electron beam lithography
for transferring the desired pattern.

41



Chapter 3. Micro- and Nanofabrication for Microfluidic Mixing Systems and
Nanoplasmonic Sensors

3.2.2 Fabrication Process of a Microchannel

The microchannels used for the experiments in this work have a height of 56 µm and a
width of 100 µm. A master or cast mold is manufactured by photolithography to fabricate
the microchannel of PDMS on a silicon substrate. The fabrication process is shown in
Figure 3.8. The two initial steps, cleaning and dehydration bake are equal to the glass
substrate. The HMDS evaporation and the spin coating of the conductive layer are not
necessary for this fabrication process due to the properties of silicon (e.g. semiconductor).

The PDMS microchannel walls absorb some of the acoustic energy transported by the
SAWs from the piezoelectric substrate to the solid-liquid boundary. This affects the ca-
pability and efficiency of the device. Thus, the PDMS microchannel is cut in the last
fabrication step to minimize the area covered by PDMS on the piezoelectric substrate car-
rying the SAW.

1. Clean: The silicon substrate is cleaned with acetone,
rinsed with IPA, and dried with N2(g). The substrate is
further cleaned in a plasma cleaner for physical and chem-
ical ozone cleaning.

2. Dehydration bake: The substrate undergoes a dehydra-
tion bake to remove excess fluid on the substrate surface.

3. Spin coating of photoresist: The negative photoresist SU-
8 3050 is spin-coated on the substrate. The thickness of
the photoresist layer determines the height of the final mi-
crochannel.

4. Soft bake: As described in Subsection 3.2.1, a soft bake
is necessary to dehydrate solvent left on the substrate sur-
face. This will also make the photoresist more resistant
and dense.

5. MLA exposure: The exposure is performed using the
maskless aligner 150 (MLA-150) with a 375 nm wave-
length laser. The MLA-150 uses UV light to fabricate the
desired pattern.
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6. Post-exposure bake: A PEB is necessary to complete the
initiated reactions during exposure, and enhance the resist
profile, the adhesion, and reduce excess resist after devel-
opment.

7. Development: To dissolve the photoresist SU-8 3050, the
substrate is submerged into the solvent-based developer
mr-Dev 600, where the last seconds of exposure is under
agitation. Then, the substrate is rinsed with IPA and dried
with N2(g) before silanization.

8. Trichloro(1H,1H,2H,2H-perfluorooctyl)silane de-
position: The fabricated mold is silanized with
trichloro(1H,1H,2H,2H-perfluorooctyl)silane, a fluorine-
based silane. The silane is deposited by chemical vapor
deposition, in the same manner as the HMDS deposition
in Subsection 3.2.1. The silane reacts with surface
hydroxyl groups in the substrate (e.g. silicon or PDMS),
which together form covalent Si-O-Si bonds [159]. The
silanization will ease the peeling of the PDMS from the
mold, and enhance its durability.

9. PDMS application: The base and curing agent (Sylgard
184, Dow Corning) are mixed with a weight ratio of 10:1
to prepare the PDMS elastomer. The PDMS mixture is de-
gassed under vacuum to remove any bubbles that occurred
during mixing and then poured over the mold inside a petri
dish.

10. Curing and peeling: The PDMS elastomer is cured in
an oven to accelerate the polymer cross-linking, resulting
in a hardened PDMS. Subsequently, the PDMS is peeled.
To reduce the excess PDMS around the microchannel, the
PDMS is cut using a scalpel.
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Figure 3.8: Fabrication process flow for the microchannel created by photolithography using a
maskless aligner (MLA-150) and soft lithography.
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3.2.3 Fabrication Process of an Interdigital Transducer

The fabrication process for the interdigital transducers is presented. The IDTs have equal
finger width and spacing of 25 µm for the 40 MHz IDT design, 12.5 µm for the 80 MHz
IDT design, and 8.6 µm for the 120 MHz IDT design. The IDT electrodes are created
by an 80 nm thick gold layer and fabricated on a 128° Y-rotated X-propagating lithium
niobate (LiNbO3) substrate, which possesses the piezoelectric effect.

1. Clean: The LiNbO3 substrate is cleaned with acetone,
rinsed in IPA, and dried with N2(g) before the substrate is
placed in a plasma cleaner for physical and chemical ozone
cleaning.

2. Dehydration bake: The excess fluids on the substrate sur-
face are removed by a dehydration bake.

3. Spin coating of photoresist: The LiNbO3 substrate is
spin-coated with the positive photoresist AZ 5214E. AZ
5214E is selected owing to its image reversal properties.

4. Soft bake: The excess solvent on the substrate surface and
the photoresist are dehydrated with a soft bake process.
The baking process gives a more resistant and dense pho-
toresist.

5. MLA exposure: The MLA-150 is used for the pattern
transfer by using a 405 nm wavelength laser. UV light is
used to expose the desired areas of the photoresist to make
the pattern.

6. Image reversal bake: The substrate is baked above a spe-
cific temperature to activate the cross-linking agent in the
photoresist and thermally cross-link the MLA-150 exposed
regions [159].
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7. MA-6 flood exposure: The mask aligner (MA-6) flood
exposures to cut the polymer chains in the previously un-
exposed regions [159] to execute the image reversal.

8. Development: The resist is developed in the AZ726 MIF
developer, where the non-cross-linked photoresist is dis-
solved. The sample is rinsed in deionized water (DI) and
dried with N2(g) before metallization.

9. Metallization: A thin gold metal layer is deposited on the
patterned photoresist by the electron beam evaporator.

10. Lift-off: The substrate is submerged in acetone to lift off
the metal layer on top of the photoresist by dissolving the
underlying photoresist. Thus, a gold metal layer will be in
the regions without photoresist.
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Figure 3.9: Fabrication process flow for an interdigital transducer by utilizing a maskless aligner
(MLA-150) and a mask aligner (MA-6).
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3.2.4 Assembly of the Microchannel and the Interdigital Transducers

The assembly of the microchannel and the interdigital transducers is a delicate process.
The two elements need to be cross-linked with strong bonds and perfectly aligned to avoid
leakages from the microchannel during the experiments.

The PDMS microchannel is treated in the plasma cleaner with short oxygen plasma to
create a reactive surface. A few droplets of ethanol are placed on the IDTs on the LiNbO3

substrate to prevent bonding before the PDMS microchannel is in the desired position.
Thus, the ethanol prevents direct contact and bonding retardation between the two ele-
ments. The ethanol also helps to reduce friction during alignment. To finalize the cross-
linking of the IDTs and the PDMS microchannel and to enhance solvent evaporation, the
combined elements are cured in an oven. The device is located on a platform, which al-
lows the connection with the surface acoustic wave (SAW) generator. Moreover, the IDT
electrodes are coupled with the platform through gold wires to enable the energy transfer
from the SAW generator to the IDTs, and thus, generating the SAWs. This is performed
with a wire bonder and gold wires with a diameter of 25 µm.

Figure 3.10: The microfluidic device bonded to the platform enabling the energy transfer from the
SAW generator to the IDTs by gold wires with a diameter of 25 µm.

3.3 Summary

In this chapter, different fabrication methods including lithography techniques, metal pat-
terning, and surface activation have been presented. Features affecting the final fabrication
result such as the utilization of a positive or negative photoresist, an overcut or undercut
resist profile, and the selection of pitch, beam current, exposure dose, and beam diameter
for pattern fabrication have been described. The chapter also provides the fabrication pro-
cesses utilized to manufacture the nanoplasmonic sensors, the interdigital transducers, and
the microchannels as well as the assembly of the microfluidic device in this master thesis.
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This chapter presents the NTNU acoustofluidics test facility, objectives of the experimen-
tal campaign, test procedure, data processing, and experimental uncertainties. The exper-
imental campaign concentrates on finding the optimal nanoplasmonic sensor design with
the highest sensitivity and determine the IDT design achieving the best mixing efficiency
in a microchannel using surface acoustic waves.

4.1 The NTNU Acoustofluidics Test Facility

The NTNU acoustofluidics test facility aims to develop lab-on-chip devices for biomedicine
and energy applications. The main focus is to apply nanoplasmonic biosensing of exo-
somes in combination with acoustophoresis-based fluid manipulation. This may enable
the development of an integrated system for liquid biopsies capable of real-time monitor-
ing and early cancer diagnosis. Acoustophoresis-based fluid manipulation is particle and
cell manipulation due to its induced motion when subjected to an acoustic field [215].

The test facility seen in Figure 4.1 consists of a microscope, stage controller, light source,
syringe pump, SAW generator, and a computer. The microscope used is Nikon Eclipse Ti2,
which is an inverted microscope enabling spectrometry and microfluidic mixing analysis.
The light source is located at the top of the microscope and is controlled by Ocean Op-
tics HL-2000-FHSA, a fiber optic tungsten halogen light source, for spectroscopy or by a
LED light source for microfluidic mixing experiments. The different objectives are placed
underneath the platform area for sample holding. The platform area is regulated by Thor-
labs – a stage controller consisting of a joystick for movement and a button for velocity
control. For nanoplasmonic experiments, the light source and spectrometer Ocean Op-
tics HL-2000-FHSA are connected to the computer. The data acquisition system utilized
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for spectrum read-outs is Ocean Optics SpectraSuite, and MATLAB is used for further
analysis and data processing. For the microfluidic mixing experiments, software programs
are utilized to control the syringe pump (Omix Element) and the SAW generator (PSG
Control 2), while Jai Control Tools are used for image recording. The SAW generator is
connected to the substrate by a platform and transfer the energy to the IDTs by gold wires,
as explained in Subsection 3.2.4. Microtubes are positioned in the two inlets and the out-
let, where the flow rate is determined by the syringe pump system. For data processing,
MATLAB is utilized.

Figure 4.1: NTNU acoustofluidics test facility displaying relevant components.

4.2 Objectives

In accordance with the scope of the thesis, the experimental campaign will be conducted
to complete the following objectives:

• Test and document how the different IDT designs, flow rates, and power applications
affect the microfluidic mixing performance.

• Perform spectrometry analysis of the nanoplasmonic biosensor to determine the sen-
sor sensitivity performance and investigate how different geometrical features affect
the sensitivity.
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4.3 Test Campaign

As a consequence of COVID-19, the lockdown of the NTNU Nanolab, and unavailable
fabrication instruments due to maintenance, all experiments concerning a combined device
were not possible to execute in the available time frame. However, the test campaign
provides experiments of the nanoplasmonic sensors and the microfluidic mixing using
SAWs. This has enabled the investigation towards finding the optimal parameters for the
different elements to be incorporated in a label-free integrated system.

The microfluidic mixing performance using SAWs has been tested for three different IDT
designs – 40 MHz, 80 MHz, and 120 MHz. The single IDT design performance was
investigated for each design, while the dual IDT was tested for the 40 MHz and 80 MHz
IDT designs. The mixing efficiency was investigated under green light (∼ 495-570 nm)
for flow rates between 500 and 4000 µL/h and power applications from 0 mW to 2500 mW
for each IDT design for a single and dual IDT.

The nanoplasmonic sensor experiments consider nanoholes with constant diameters of 400
nm, 200-250 nm gold layer thicknesses, different periodicities (the distance between each
nanohole) ranging from 700 to 1100 nm, and square or hexagonal nanohole arrays for five
different fluid mixtures (DI water and four glycerol concentrations – 10%, 30%, 50%, and
70%) with various refractive indices.

4.3.1 Microfluidic Mixing Test Procedure

The LiNbO3 substrate was placed on the platform area and connected to the SAW genera-
tor on each side of the platform. The SAW generator applied power to the IDTs, generating
SAWs on the substrate surface. The generated SAWs were perpendicular to the flow direc-
tion in the microchannel. The forces acting on the fluids by the SAWs helped to produce
vortices inside the microfluidic channel. This created chaotic flow, which could enhance
mixing and particle motion. Thus, for a combined device with a nanoplasmonic sensor
and a microchannel with active mixing using SAWs, the number of nanoparticles in con-
tact with the surface could be increased, and enhance the overall detection performance of
the nanoplasmonic sensor.

Underneath the substrate, an additional LiNbO3 wafer was placed to avoid light devia-
tions and to enhance the image focus during the experiments. Further, a syringe pump
holding two syringes was connected to the microchannel inlets by two tubes. One tube
contained DI water and the other a 0.25% sulforhodamine B + DI water solution to quan-
tify the mixing performance. The mixed fluids were collected at the outlet by an additional
tube. The fluorescent dye sulforhodamine B was used to easily demonstrate the mixing ef-
fect during the experiments under green light. The sulforhodamine B concentration was
selected based on a calibration curve, where 0.25% showed to be the most efficient and
suitable concentration in terms of light intensity. The microfluidic mixing setup can be
seen in Figure 4.2.
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Figure 4.2: Microfluidic mixing setup showing the two inlets and the one outlet of the microchan-
nel, the two interdigital transducers, and the SAW platform connected to the platform area of the
microscope.

The logging of the microfluidic mixing was initiated when the fluids from the syringe
pumps had stabilized at equal fluid streams in the microchannel. Experiments were per-
formed to investigate the mixing performance for the different IDT designs and to deter-
mine the optimal parameters for the flow rate and power application for the IDT design
yielding the highest mixing efficiency. The different IDT designs tested were a 40 MHz,
80 MHz, and 120 MHz IDT mixer, with a flow rate range of 500-4000 µL/h and a power
input ranging from 0 mW to 2500 mW. For every flow rate and power application of each
IDT design, an image was taken to document the mixing effect. The exposure time was
held constant at 14000 µs for all the IDT experiments and the resistance in the SAW gen-
erator was 50 Ω. The test matrix for the microfluidic mixing experiments can be seen in
Table 4.1.

Table 4.1: Test matrix for the microfluidic mixing experiments.

IDT design Exposure time [µs] Flow rate [µL/h] Power [mW]MHz Finger width [µm] Finger spacing [µm]

40 25 25

14 000

500 0

80 12.5 12.5

1000 500

120 8.6 8.6

1500 10002000 15002500 20003000 25004000
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4.3.2 Nanoplasmonic Sensor Test Procedure

The experiments were conducted for different geometrical features and sensing mediums
to analyze the sensitivity performance of the nanoplasmonic sensor devices. To carry
out the spectrometry analysis, additional equipment was required. These can be found in
Appendix E.

The glycerol mixtures utilized for the calibration of the different sensors were obtained
by diluting glycerol in water. A scale was utilized to weigh the solute, the final solution,
and the mass concentration of the mixture to obtain the desired glycerol concentrations.
The refractive index for the different mixtures was analyzed and compared to the values
obtained by Hoyt [216].

Table 4.2: The refractive index value for deionized water and different glycerol concentrations
utilized in the conducted nanoplasmonic sensor experiments. Refractive index values are obtained
from Hoyt [216].

Substance Refractive index [-]
Deionized water 1.33303

10% glycerol 1.34481
30% glycerol 1.37070
50% glycerol 1.39809
70% glycerol 1.42789

The sample with the nanoplasmonic sensors was carefully placed on the platform area of
the microscope with a tweezer. The first spectrum read-out for each sample functioned as
a reference spectrum with air as the sensing medium. This spectrum was used to obtain
the same initial position of the sensor for each fluid mixture on the sample to minimize
the experimental uncertainties. For the other spectrum read-outs, a droplet of 12 µL of the
DI water or glycerol concentrations was dispensed on top of the nanoplasmonic sensor. A
coverslip was positioned over the droplet to create a homogeneous distribution of the fluid
and to avoid light deviation as a result of droplet curvature. Between each substance, the
substrate was rinsed, cleaned, and dried according to the fluid used – only dried for the
DI water and rinsed with IPA and dried for the glycerol concentrations. After cleaning,
the sample was placed at the initial location on the platform area to test the same pattern
on the nanoplasmonic sensor each time. The location was validated by comparing the air
read-out spectrum with the initial reference spectrum curve for air. Figure 4.3 displays the
nanoplasmonic sensor test setup.

4.3.3 Data Processing

Microfluidic Mixing
Prior to analyzing the obtained mixing efficiency results from the different IDTs, fluo-
rescent images of the microchannel were taken before and after the generation of SAWs
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Figure 4.3: Experimental setup of the nanoplasmonic sensor displaying the microscope, objective,
and a sample with 10 nanoplasmonic sensors.

on the substrate surface. The images were utilized to define the region of interest (ROI)
and visually demonstrate the mixing performance by the intensity of the DI water and
sulforhodamine B solution.

MATLAB has been used to investigate the intensity change over the microchannel length
for different flow rates and power applications. MATLAB has also been utilized to de-
termine the mixing efficiency based on the method defined by Luong et al. [151]. The
method was selected among others due to the possibility to compare the obtained results
with those found in the literature [150, 151, 152, 171, 217]. The mixing efficiency was
determined as the ratio between the mixing index of mixed streams and unmixed streams
over a region of interest obtained from the fluorescent images [152]:

η(t) = 1−

√
1
N

∑N
i=1 Ii(t)− I∞

2√
1
N

∑N
i=1 Ii(0)− I∞

2
(4.1)

where

Ii(t) =
Ii(t)− Imin
Imax − Imin

(4.2)

At first, the intensity value for each pixel was extracted. The average intensity obtained
from each pixel of each line i at time t along the width of ROI was determined as Ii. Ii(0)
and Ii(t) indicate the normalized average intensities of each line i over ROI at the initial
unmixed state (before SAWs were generated) and mixed state, respectively. Ii(t) was
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normalized based on the maximum and minimum intensity value of the unmixed states. N
was the number of lines along the width of ROI, while I∞ was the expected normalized
intensity at the completely mixed state. For this master’s thesis, I∞ = 0.5 due to the
identical flow rate for each fluid stream in the microchannel.

For example, when there is no excitation of SAWs, the distribution of the fluorescent mix-
ture (0.25% sulforhodamine B and DI water) and the DI water remained at the lower and
upper part of the microchannel, giving η = 0. Thus, η = 1 when the fluorescent particles
fill the microfluidic channel width, resulting in complete mixing.

Nanoplasmonic Sensor
Measurements were carried out using Ocean Optics SpectraSuite. The obtained spectra
had small fluctuations due to noise contributions. The noise contributions were reduced
by taking an average of 10 measurement readings. This enhanced the polynomial fitting
of the spectra when processing the results in MATLAB.

The spectra of the DI water and glycerol concentrations utilized for each sample were
analyzed in MATLAB. The script located the wavelength intensity peak from the imported
data and created a polynomial curve that matched the respective spectrum. Both the width
of the spectrum and the polynomial order could be selected, where a higher polynomial
order would result in improved accuracy of the wavelength tracking. The wavelength
intensity peak of the polynomial curves was matched with the ones obtained from the
spectrum data extracted from Ocean Optics SpectraSuite. MATLAB has also been used
to calculate the sensitivity obtained by the nanoplasmonic sensors and create a calibration
curve showing the shift in both the refractive index and wavelength peak for the spectra.

4.3.4 Experimental Uncertainties

Noise: Various contributions from different sources caused noise, especially in the nanoplas-
monic sensor measurements. The contributions of the unwanted data reduce the measure-
ment quality. The noise could come from environmental fluctuations, various energy quan-
tities such as photons in light, and the instruments utilized to perform the experiments. As
explained in Subsection 4.3.3, the noise contributions are reduced by taking an average of
the data points for the nanoplasmonic sensor spectra.

It is worth mentioning that cells are especially sensitive to changes in environmental con-
ditions. They will cause noise in the measurements due to their cellular responses [218].
Hence, for further experiments with biological samples, the environmental fluctuations
should be highly considered and controlled to obtain the best detection capability possi-
ble.

Nanoparticle geometry, alignment, and composition: The fabrication process of the
nanoplasmonic sensors described in Subsection 3.2.1 utilizes a variety of instruments, time
intervals, and temperature-dependent processes. As a consequence, the different elements
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impose uncertainties, including the uncertainty factor of human error. Thus, the desired
parameters such as structure, alignment, and composition will not be constructed perfectly,
and may not produce identical sensor characteristics.

Nanoplasmonic sensor readings and polynomial regression curve fitting: As men-
tioned in Section 2.5, the sensitivity is defined as the ratio between the maximum wave-
length shift and the change in the refractive index. For the sensitivity measurements of
the nanoplasmonic sensors, the change in the refractive index is kept constant. Thus, the
wavelength shift determines the sensitivity. Owing to oscillating nanoplasmonic measure-
ments around the critical peak of the curve, a precise curve fitting is challenging, where
the polynomial order will affect the sensitivity value. For a nanoplasmonic sensor with
hexagonal nanohole arrays, a constant nanohole diameter of 400 nm, a 250 nm gold layer
thickness, and periodicity of 1000 nm, a polynomial with order 15 (P=15) gave a sensitiv-
ity of 297.4163 nm/RIU, while P=25 and P=50 gave sensitivities of 283.6045 nm/RIU and
276.4618 nm/RIU, respectively. Thus, an important verification criterion became a visual
confirmation of the curve fittings matching the data points near the peak.

As a consequence of the sensor sensitivity dependency of the polynomial order, the uti-
lized sensitivity values for the presented cases in Section 5.2, are means of the following
polynomial orders; P=15, P=25, and P=50. A mean is utilized to minimize the uncer-
tainty of the exact sensitivity value. The largest difference in sensitivity was found for
the nanoplasmonic sensor with the characteristics of 250 nm gold layer thickness, 700 nm
periodicity, nanohole diameter of 400 nm, and hexagonal nanohole arrays. The lowest and
highest sensitivity obtained was 101.3902 nm/RIU and 185.7299 nm/RIU, respectively,
corresponding to a variety of 58.75%. This percentage is not satisfactory and the effect of
the polynomial order on the sensor sensitivity should be further investigated.

Reference image for determining complete mixing in Equation 4.1: The power applied
in the microfluidic mixing experiments produces particle motion, which will affect the
light intensity. Higher power inputs result in lower light intensity. Since the lower flow
rates require lower power applications, which will be discussed in Chapter 5, the intensity
of the mixed state will not be representative for higher flow rates. As a consequence, the
most suitable reference for the mixed state is selected based on the different IDTs and
flow rates. This could influence the obtained mixing results and create uncertainties when
comparing the mixing efficiencies between the different flow rates and the IDT designs.

Power limitations of the IDTs: According to the website of BelektroniG [219], the power
range of their SAW generator (the one used for the conducted experiments) is between 40
µW and 4 W. However, for IDT-1 of the 40 MHz and 80 MHz IDT designs, the power
application was limited. For IDT-1 of the 40 MHz IDT design and flow rates between 500
and 2500 µL/h, the maximum power that could be applied was 2370 mW, while IDT-2
reached the desired value of 2500 mW. This also occurred for IDT-1 of the 80 MHz IDT
design, where the maximum power was 2340 mW and 2500 mW for IDT-2. It is unknown
why the power input of IDT-1 is limited to 2370 mW and 2340 mW for the 40 MHz and
80 MHz IDT design, respectively.
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For the 120 MHz IDT design, the power applied to the system did not function as expected.
High resistance occurred between the SAW generator and IDT-1, which could potentially
be a result of bad connections between the SAW generator and the IDT-1. Additionally,
power limitations could be seen for IDT-2 of the 120 MHz IDT design. At a flow rate of
500 µL/h, the maximum power input to the system was 1800 mW, whereas the power input
reached 1850 mW for flow rates of 1000 µL/h and 1500 µL/h.

Occurrence of bubbles: Bubbles in the microchannel are not desirable due to the pos-
sibility of altering the flow or blocking the microchannel. For several cases during the
experiments, bubbles occurred. This occurred especially for the 40 MHz IDT design ow-
ing to leakages and fast power applications during the microfluidic mixing experiments.

Bubble generation is illustrated in Figure 4.4. The development of bubbles can be a conse-
quence of heat generation in the microfluidic channel and weak bonding of the assembly.
Heating of the assembly is generated as a result of the energy input of the SAW genera-
tor. The energy has to dissipate to obtain fluid and particle motion, i.e. mixing. Without
sufficient heat transfer or cooling of the assembly, a rise in the temperature may produce
gas bubbles. Bubbles can also be generated through small cavities, where there are weak
bonds (uncompleted cross-linking) between the microchannel and the IDTs.

Figure 4.4: Bubble occurrence inside the microchannel.

Leakage: As explained in Subsection 3.2.4, the assembly of the microchannel and the
IDTs is a sensitive process. Complete information about the integrity of the assembly is
not obtained before testing. Unsatisfactory cross-linking creates weak bonds between the
two elements, causing leakages. The leakages normally occur around the two inlets and
the outlet of the microchannel.

Leakages occurred for the 40 MHz IDT design. Fast and incomplete experiments were
performed to obtain as much information about the mixing in the microchannel as possi-
ble before the leakages could damage the microscope. These fast experiments can have
affected the quality of the measurements, where bubbles can be seen for both different

57



Chapter 4. Experimental Campaign

flow rates and power applications.

Microchannel alignment: The alignment of the microchannel and the IDTs can affect
the mixing performance of the microfluidic device. Table 4.3 shows the distance between
the microchannel and the IDT. The differences in the alignment could make uncertainties
and errors when comparing the obtained results in Chapter 5 and should be taken into
consideration.

Table 4.3: Distance between the microchannel and the interdigital transducers for the different IDT
designs.

IDT design [MHz] Distance [mm]
IDT-1 IDT-2

40 0.8 0.8875

80 0.625 0.65

120 0.775

4.4 Summary

This chapter has presented the experimental campaign for microfluidic mixing using sur-
face acoustic waves and for spectroscopy analysis of nanoplasmonic sensors. For the
microfluidic mixing, the mixing efficiency has been investigated for a total of three IDT
designs with frequencies of 40, 80, and 120 MHz, flow rates ranging from 500 to 4000
µL/h, and power inputs between 0 and 2500 mW. The experimental campaign for the
nanoplasmonic sensors entails sensor parameters including square or hexagonal nanohole
arrays, constant 400 nm diameter nanoholes, gold layer thicknesses between 200 and 250
nm, and periodicities ranging from 700 to 1100 nm. The NTNU acoustofluidics test fa-
cility has been described in detail and the objectives for the experimental campaign have
been presented. The microfluidic mixing and the nanoplasmonic sensor test procedures,
data processing, and experimental uncertainties have also been described.
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Results and Discussion

The conducted test campaign presented in the previous chapter served to enhance the un-
derstanding of microfluidic mixing operations by incorporating acoustofluidics and nanoplas-
monic sensor experiments. The results obtained from the experimental test campaign will
be presented and discussed in the following chapter.

This chapter will be divided into two parts:

1. Microfluidic mixing performance

2. Nanoplasmonic sensor performance

5.1 Microfluidic Mixing Performance

The following section will present the microfluidic mixing performance for three different
IDT mixer designs with frequencies of 40 MHz, 80 MHz, and 120 MHz. The mixing
efficiency for each IDT design will be plotted against the flow rate and power input be-
fore the efficiencies for the IDT designs are compared. For all the cases, mixing is not
dominated by diffusion owing to flow rates of 500 µL/h and higher, giving Péclet numbers
above 1000 explained by Equation 2.19. The numerical values for the mixing efficiencies
of the 40 MHz, 80 MHz, and 120 MHz IDT designs can be found in Appendix F.

As mentioned in Subsection 4.3.4, IDT-1 for both the 40 MHz and 80 MHz IDT design
has power limitation at 2370 mW and 2340 mW, respectively. IDT-2 of the 120 MHz IDT
design also experienced power limitations. The maximum power input was 1800 mW for
a flow rate of 500 µL/h and 1850 mW for flow rates of 1000 µL/h and 1500 µL/h. These
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limitations can affect the obtained mixing performance and create additional uncertainties
to the results in this work.

Figure 5.1 presents the Y-shaped microfluidic device without the presence of SAWs. One
of the inlets is filled with DI water and the other with a mixture of DI water and 0.25%
sulforhodamine B. The sulforhodamine B gives a pink color under white light as seen in
Figure 5.1a and a green color under green light in Figure 5.1b. It can be seen that the flow
inside the microchannel is completely laminar for no power applications.

(a) Under white light. (b) Under green light.

Figure 5.1: The Y-shaped microchannel inlet showing a 50/50 fluid flow with DI water and a mixture
of DI water and 0.25% sulforhodamine B under white and green light.

Figure 5.2 shows the microchannel reference for the initial non-mixed state, i.e. without
SAW generation, under white and green light. Similar to Figure 5.1, the flow is completely
laminar without any fluorescent particles flowing across the visual interface.

(a) Under white light. (b) Under green light.

Figure 5.2: Part of the microchannel for the non-mixed state under white and green light.

The three different IDT designs utilized in the conducted experiments can be seen in Figure
5.3. A reduction in the IDT features is seen for higher frequency IDTs, explained by
Equation 2.21. The IDTs have equal finger width and spacing of 25 µm, 12.5 µm, and 8.6
µm for the 40 MHz, 80 MHz, and 120 MHz IDT designs. They are fabricated on a 128°
Y-rotated X-propagating LiNbO3 substrate and created by an 80 nm thick gold layer.

The obtained experimental results for IDT-1 and IDT-2 for the 40 MHz and 80 MHz IDT
designs yield different mixing efficiencies under similar operating conditions. It is un-
known why there is a difference in the obtained mixing performance. It may be attributed
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(a) 40 MHz IDT design. (b) 80 MHz IDT design.

(c) 120 MHz IDT design.

Figure 5.3: Visualization of the 40 MHz, 80 MHz, and 120 MHz IDT designs and the microchannel
without any power inputs under white light.

to an inaccurate alignment of the microchannel between the two IDTs, resulting in a dif-
ference in the distance between the IDT and the microchannel, as mentioned in Subsection
4.3.4. It may also be a consequence of different resistance between the IDT and the SAW
generator for each IDT. Nevertheless, this should be further investigated.

Figure 5.4 displays the mixing efficiencies at different flow rates for the single and dual
IDT for the 40 MHz, 80 MHz, and 120 MHz IDT designs with no power input. It functions
as a reference to indicate the effect of the different IDTs on the microfluidic mixing. They
are not considered in the plots in the following sections as they should be equal in theory.
However, the values slightly differ, which could be an effect of measurement uncertainties.
It could also be a result of uncertainties in the internal diameter of the microchannel that
could cause an internal difference in the fluid velocity.

5.1.1 40 MHz IDT Performance

Figure 5.5 displays the mixing efficiency for IDT-1 of the 40 MHz IDT design. The mixing
performance is considered at fixed flow rates and power inputs, represented in Figure 5.5a
and 5.5b, respectively. From Figure 5.5a, it can be seen that the lower flow rates reach
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(a) IDT-1 and IDT-2. (b) Dual IDT.

Figure 5.4: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 40 MHz,
80 MHz, and 120 MHz IDT designs with no power input (0 mW).

complete mixing faster than for higher flow rates. These results coincide well with the
numerical observations by Termizi & Shukor [220], where the inlet velocity had significant
effects on the mixing performance. They observed that for higher inlet velocities, the
mixing quality became lower. Jo & Guldiken [152], Ahmed et al. [217] and Nam & Lim
[171] obtained similar results experimentally. The reduction in the mixing efficiency for
higher flow rates can be explained by the fluid streams being exposed to the SAWs for a
shorter time period, thus reducing the effect of the SAWs on the fluid streams. Figure 5.5b
also indicates that higher power applications induce better mixing performance as a result
of the higher SAW amplitude, which corresponds to the findings by a number of reviews
[150, 152, 217].

(a) Fixed flow rates. (b) Fixed power inputs.

Figure 5.5: Mixing efficiency for IDT-1 of the 40 MHz IDT design at fixed flow rates and power
applications.
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Figure 5.6 presents the mixing performance for IDT-2. Similar to the 40 MHz IDT-1, the
lower flow rates induce faster mixing. It can be seen from Figure 5.6a that for 500 and
1000 µL/h, complete mixing is achieved at 1500 mW, while it is reached at 2500 mW
for 1500, 2000, and 2500 µL/h. The higher flow rates yield lower mixing efficiencies
than the obtained values for lower flow rates, where 95.87% mixing is achieved for a flow
rate of 500 µL/h, 94.63% at 1000 µL/h, 93.01% at 1500 µL/h, 89.70% at 2000 µL/h, and
88.33% at 2500 µL/h. An explanation could be that the fluid streams are less affected by
the SAWs for higher flow rates. For higher flow rates, the fluid streams will be in the
region of interest for a shorter time period than for lower flow rates, which results in a
shorter time interval where the fluid streams absorb the acoustic energy from the SAWs.
The tendency of increased mixing efficiency for higher power applications is visible in
Figure 5.6b. An apparent reduction can be seen for 500 mW and 1000 mW at low flow
rates (500 and 1000 µL/h) compared to higher power inputs, which could be an effect of a
lower SAW amplitude. The obtained mixing efficiencies at 500 µL/h are 60.76%, 79.49%,
95.44%. 94.55%, and 95.87% for 500 mW, 1000 mW, 1500 mW, 2000 mW, and 2500 mW
respectively.

(a) Fixed flow rates. (b) Fixed power inputs.

Figure 5.6: Mixing efficiency for IDT-2 of the 40 MHz IDT design at fixed flow rates and power
applications.

The mixing efficiency for the dual IDT of the 40 MHz IDT design is shown in Figure
5.7. As mentioned in Subsection 4.3.4, the experiments for the 40 MHz IDT design were
conducted fast and inconsistent to obtain as much information as possible about the mi-
crofluidic mixing owing to leakage between the IDT and the microchannel. Despite the
incomplete results for the dual IDT, the measured mixing points give an indication of its
mixing efficiency. It can be seen that the microfluidic mixing with dual IDT follows the
same tendency as for the single IDT. Accordingly, low flow rates induce faster mixing as
seen in Figure 5.7a, while higher power applications reach better mixing efficiency, which
can be observed in Figure 5.7b.

In Figure 5.8, the mixing performance for IDT-1, IDT-2, and dual IDT is compared for
the 40 MHz IDT design at both fixed flow rates and fixed powers. A clear enhancement
in the mixing efficiency can be seen for the dual IDT compared to the single IDTs. The
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(a) Fixed flow rates. (b) Fixed power inputs.

Figure 5.7: Mixing efficiency for the dual IDT of the 40 MHz IDT design at fixed flow rates and
power applications.

dual IDT mixing efficiency is highly increased and reaches ∼ 90% at 1000 mW and ∼
95% at 1500 mW for a flow rate of 1500 µL/h as shown in Figure 5.8a. On the other
hand, the obtained mixing efficiencies at the same power inputs for IDT-1 and IDT-2 are
only 56.30% and 65.89% at 1000 mW and 76.62% and 80.20% at 1500 mW, respectively.
Thus, the required power application to achieve complete mixing is much lower for the
dual IDT than for the single IDT. This may be linked to a larger absorbed acoustic energy
by the fluids for a dual IDT than for a single IDT due to the generation of SAW by both
IDTs. For the single IDTs, IDT-2 yields higher mixing efficiency up to 1500 mW. For
2000 mW and 2500 mW, IDT-1 obtains a higher mixing performance. This also accounts
for flow rates of 500 and 2500 µL/h, which can be seen in Figure F.1 and F.2 in Appendix
F.

(a) Fixed flow rate of 1500 µL/h. (b) Fixed power of 1500 mW.

Figure 5.8: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 40 MHz
IDT design at a fixed flow rate of 1500 µL/h and fixed power of 1500 mW.
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5.1.2 80 MHz IDT Performance

The mixing performance for IDT-1 of the 80 MHz IDT design is presented in Figure 5.9.
Low flow rates with high power applications yield both the fastest mixing and highest
mixing efficiency. Thus, the trend for the 40 MHz IDT design is also valid for IDT-1 of
the 80 MHz IDT design.

(a) Fixed flow rates. (b) Fixed power inputs.

Figure 5.9: Mixing efficiency for IDT-1 of the 80 MHz IDT design at fixed flow rates and power
applications.

Figure 5.10 shows the mixing performance for IDT-2 of the 80 MHz IDT design. It can be
observed that the microfluidic mixing follows the same tendency as for the 40 MHz IDT
design and IDT-1 of the 80 MHz IDT design. An increase in the applied power leads to
higher mixing efficiencies, whereas higher flow rates decrease the mixing quality due to
the shorter time period where the fluid streams are affected by the SAWs. The obtained
mixing efficiencies at 2500 mW are 97.91%, 97.16%, 94.03%, 86.78%, and 84.78% for
flow rates of 500, 1000, 1500, 2000, and 2500 µL/h, respectively.

In Figure 5.11, the mixing performance for the dual IDT is presented. The obtained results
concur well with findings in the literature [150, 152, 171, 217, 220] and follow the trend for
induced mixing and efficiency observed for the 40 MHz single and dual IDT and 80 MHz
single IDT. Complete mixing is achieved at 1000 mW for 500 and 1000 µL/h, at 1500 mW
for 1500-2500 µL/h, and at 2000 mW for 3000 and 4000 µL/h. As explained previously,
higher flow rates require higher power inputs to achieve complete mixing due to lower
acoustic energy absorption of the SAW for faster fluid streams. From Figure 5.11b it can
be seen that as the flow rate is increased, the mixing efficiency decreases, especially for
500 and 1000 mW. This can be related to a lower SAW amplitude for lower power inputs
than for higher power applications.
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(a) Fixed flow rates. (b) Fixed power inputs.

Figure 5.10: Mixing efficiency for IDT-2 of the 80 MHz IDT design at fixed flow rates and power
applications.

The dual IDT was not tested for 2000 mW for flow rates between 500 and 2000 µL/h
owing to visual confirmation of complete mixing for lower power applications. However,
it can be seen that for the higher flow rates (2500-4000 µL/h), the mixing efficiency for
the 2000 mW is higher than for the lower power applications. Thus, it may be assumed
that the mixing efficiency curve with fixed power at 2000 mW for flow rates between 500
and 2000 µL/h is equal to or slightly better than the obtained results for 1500 mW. This
assumption is based on the findings where higher power applications generally result in
higher mixing efficiencies.

(a) Fixed flow rates. (b) Fixed power inputs.

Figure 5.11: Mixing efficiency for the dual IDT of the 80 MHz IDT design at fixed flow rates and
power applications.

Figure 5.12 displays a comparison of the mixing efficiencies for IDT-1, IDT-2, and dual
IDT for the 80 MHz IDT design at fixed flow rates and power applications. It is clear from
both Figure 5.12a and 5.12b that the mixing is increased by utilizing two IDTs instead of
a single IDT. Thus, the minimum required power input to achieve complete mixing for the
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dual IDT is lower than for IDT-1 and IDT-2. As mentioned in Subsection 5.1.1, this is a
result of a larger quantity of the acoustic energy being absorbed by the fluids. It can also
be observed that IDT-2 reaches complete mixing faster than IDT-1. This is an ongoing
trend for flow rates between 500 and 2500 µL/h. This may be related to measurement
uncertainties, inaccurate alignment between the IDT and the microchannel, or imprecise
microchannel dimensions, as previously mentioned in Subsection 4.3.4 and Section 5.1.
This can be seen in Figure F.6-F.8 in Appendix F.

(a) Fixed flow rate of 1500 µL/h. (b) Fixed power of 1500 mW.

Figure 5.12: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 80 MHz
IDT design at a fixed flow rate of 1500 µL/h and fixed power of 1500 mW.

5.1.3 120 MHz IDT Performance

Figure 5.13 shows the mixing efficiency for IDT-2 of the 120 MHz IDT design. A pro-
nounced reduction in the mixing efficiency can be seen for lower power inputs and higher
flow rates. This corresponds well with the tendency observed for both the 40 MHz and 80
MHz IDT designs. The highest obtained mixing efficiency is 87.52% with a flow rate of
500 µL/h flow rate and applied power of 1800 mW.

Only IDT-2 was tested owing to the occurrence of high resistance between the SAW gener-
ator and the IDT-1 when applying power. A new sample could be made in order to obtain
results for the 120 MHz IDT-1 and dual IDT, but due to COVID-19 and lockdown at the
NTNU acoustofluidics test facility and Nanolab, both the fabrication and test period were
severely reduced. In the available time frame, this was not achievable.
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(a) Fixed flow rates. (b) Fixed power inputs.

Figure 5.13: Mixing efficiency for IDT-2 of the 120 MHz IDT design at fixed flow rates and power
applications.

5.1.4 Comparison of the Mixing Performance for the IDT Designs

Comparison of the mixing efficiencies for IDT-2 of the 40 MHz, 80 MHz, and 120
MHz IDT design

Figure 5.14 displays the comparison of the mixing efficiencies for IDT-2 for each IDT
design with a fixed power of 1500 mW. The mixing efficiency is seen to be greater for the
40 MHz and 80 MHz IDT designs for all flow rates compared to the 120 MHz IDT design.
From the literature and Equation 2.20, a higher frequency IDT is assumed to yield a lower
mixing efficiency due to a reduction in the attenuating length of the SAW into the fluids.
As a consequence, the fluids will absorb less acoustic energy owing to the shorter decay
length and faster dissipation of the acoustic energy from the SAW. This trend is valid for
the 120 MHz IDT design, however, the mixing performance for the 40 MHz and 80 MHz
IDT designs does not provide large differences. It is unknown why the results differ from
the literature.

Power limitations for the IDT-2 of the 120 MHz IDT design were found during the experi-
ments as previously mentioned in this section. Additionally, the IDT-2 was only tested for
flow rates between 500 and 1500 µL/h. This was a result of small visible changes in the
fluids streams when higher power inputs were applied during the experiments, especially
for the flow rates of 1000 µL/h and 1500 µL/h. Although the 120 MHz IDT design re-
sults are not considered for flow rates of 2000 and 2500 µL/h, the measured points provide
insight into the mixing efficiency of the 120 MHz IDT design compared to the obtained
performances of the 40 MHz and 80 MHz IDT designs.
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(a) Fixed flow rate of 1500 µL/h. (b) Fixed power of 1500 mW.

Figure 5.14: Comparison of the mixing efficiencies for IDT-2 of the 40 MHz, 80 MHz, and 120
MHz IDT designs at a fixed flow rate of 1500 µL/h and fixed power of 1500 mW.

Comparison of the mixing efficiencies for the 40 MHz and 80 MHz IDT design

The mixing efficiencies for the IDT-1 and IDT-2 of the 40 MHz and 80 MHz IDT designs
are presented in Figure 5.15. It is clear from Figure 5.15 that the 80 MHz IDT-1 yields the
lowest mixing efficiency for the single IDTs under similar operating conditions. The 40
MHz IDT-2 obtains the highest mixing performance for lower power applications (500-
1500 mW), while for 2000-2500 mW the 80 MHz IDT-2 yields the highest efficiency.

(a) Fixed flow rate of 2500 µL/h. (b) Fixed power of 2500 mW.

Figure 5.15: Comparison of the mixing efficiencies for IDT-1 and IDT-2 of the 40 MHz and 80
MHz IDT designs at a fixed flow rate of 2500 µL/h and fixed power of 2500 mW.

As previously mentioned, the small difference in the mixing efficiency results between the
40 MHz and 80 MHz IDT designs is contradictory to the expected results found in the
literature. The 40 MHz IDT design was anticipated to yield higher mixing efficiencies and
faster mixing than the 80 MHz IDT design. This could be explained by Equation 2.20 and
the longer attenuation length of the SAW into the fluid streams for higher frequency IDTs.

69



Chapter 5. Results and Discussion

The same trend can also be seen for lower flow rates in Figure F.12-F.15 in Appendix F.
Additional experiments and investigations should be conducted to explain the differences
in the obtained mixing performance with the results found in the literature. The small
difference in the mixing performance of the IDT designs and the specific IDT may be
explained by the difference in the microchannel position related to the IDT, which may
cause a dissimilar energy distribution from the SAW, or as a result of a difference in the
resistance between the IDT and the SAW generator.

The same effect can be seen for the mixing efficiency curves for the dual IDT in Figure
5.16 and Figure F.16-F.18 in Appendix F, where the 40 MHz and 80 MHz IDT designs
achieve similar mixing performances. The dual IDTs yield mixing efficiencies with values
of 95.31% and 91.61% for the 40 MHz IDT design and 95.76% and 93.82% for the 80
MHz IDT design for flow rates of 1500 and 2500 µL/h with a power input of 1500 mW,
respectively.

(a) Fixed flow rate of 1500 µL/h. (b) Fixed power of 1500 mW.

Figure 5.16: Comparison of the mixing efficiencies for the dual IDT for the 40 MHz and 80 MHz
IDT designs at a fixed flow rate of 1500 µL/h and fixed power of 1500 mW.

As mentioned in Subsection 2.7.3, only a few studies in the literature [152, 171, 201] have
investigated and compared the mixing efficiencies for a single and dual IDT design. The
comparison method for these reviews is not specified, but there is reason to believe that
they have examined the mixing efficiencies for the single and dual IDT design at equal
power inputs (e.g. input of 500 mW for the single and dual IDT). The obtained test results
presented in this section concur well with these findings. However, considering that each
IDT receives power from the SAW generator for the dual IDT, the total amount of power
applied into the system is doubled as opposed to a single IDT. Thus, the energy put into
the system to mix the two fluids is not identical. When comparing the mixing efficiency
for equal power applications for the single and dual IDT designs (e.g. input of 1000
mW for single IDT and input of 500 mW for dual IDT), no significant difference in the
mixing performance can be seen for all flow rates and power applications. This can also
be observed in Figure 5.17-5.19 and Figure F.19-F.25 in Appendix F.
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(a) Fixed flow rate of 2500 µL/h. sdfsdfsdf ssd fsd fsdf
sdsf

(b) Fixed power of 2000 mW for the single IDTs and
1000 mW for the dual IDT.

Figure 5.17: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 40 MHz
IDT design at a fixed flow rate of 2500 µL/h and fixed power of 2000 mW for the single IDTs and
1000 mW for the dual IDT.

(a) Fixed flow rate of 500 µL/h. sdfsdfsdf ssd fsd fsdf
sdsf

(b) Fixed power of 2000 mW for the single IDTs and
1000 mW for the dual IDT.

Figure 5.18: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 80 MHz
IDT design at a fixed flow rate of 500 µL/h and fixed power of 2000 mW for the single IDTs and
1000 mW for the dual IDT.
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(a) Fixed flow rate of 2500 µL/h. sdfsdfsdf ssd fsd fsdf
sdsf

(b) Fixed power of 2000 mW for the single IDTs and
1000 mW for the dual IDT.

Figure 5.19: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 40 MHz
and 80 MHz IDT designs at a fixed flow rate of 2500 µL/h and fixed power of 2000 mW for the
single IDTs and 1000 mW for the dual IDT.

5.2 Nanoplasmonic Sensor Performance

In the following section, the nanoplasmonic sensor sensitivity performance will be pre-
sented. The effects of the polynomial order of the regression curve and the gold layer
thickness on the sensitivity performance are discussed. Further, the sensor sensitivity for
both square and hexagonal nanohole arrays are presented and later compared. The maxi-
mum obtained sensitivity from the experiments is compared to sensitivities reported in the
literature.

5.2.1 Effect of the Polynomial Order on the Sensitivity Performance

As explained in Subsection 4.3.4, the nanoplasmonic sensor sensitivity is dependent on
the wavelength shift of the spectrum peaks as well as the utilized polynomial curve fitting
order. Figure 5.20 and 5.21 show the polynomial curve fitting of the obtained experimental
spectra and their calibration curve, respectively, for a hexagonal nanohole array with a
nanohole diameter of 400 nm, 250 nm gold layer thickness, and 1000 nm periodicity with
the polynomial orders P=15, P=25, and P=50. Additionally, Table 5.1 presents how the
resonance wavelength peak position and sensitivity are affected by the polynomial order.
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(a) Polynomial order of 15. (b) Polynomial order of 25.

(c) Polynomial order of 50.

Figure 5.20: Representation of the equivalence between the obtained experimental spectra for a
hexagonal nanohole array with a nanohole diameter of 400 nm, 250 nm gold layer thickness, and
1000 nm periodicity and the polynomial curve fitting for polynomial orders of 15, 25 and 50. The
green curves indicate the fitted curves.

Table 5.1: Effect of the polynomial curve fitting order on the sensitivity and resonance wavelength
peak for a hexagonal nanohole array with nanohole diameters of 400 nm, 250 nm gold layer thick-
ness, and 1000 nm periodicity.

Polynomial order Resonance peak wavelength [nm] Sensitivity [nm/RIU]RI = 1.33303 RI = 1.34481 RI = 1.37070 RI = 1.39809 RI = 1.42789

P = 15 625.2029 623.4578 629.9963 634.1336 652.5719 297.4163

P = 25 623.1259 622.0748 629.3068 635.5130 649.8369 283.6045

P = 50 623.1259 623.4578 629.9963 636.2027 650.5206 276.4618
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(a) Polynomial order of 15. (b) Polynomial order of 25.

(c) Polynomial order of 50.

Figure 5.21: Refractive index plotted against the resonance wavelength peak from the polynomial
curve fitting for polynomial orders of 15, 25, and 50 for a sensor with a hexagonal nanohole array, a
nanohole diameter of 400 nm, 250 nm gold layer thickness, and 1000 nm periodicity.

Table 5.2 displays the sensitivity of the different polynomial orders for various sensor
parameters. A clear variation in the sensitivity can be observed for the three polynomial
orders as a consequence of the different wavelength peaks acquired from the curve fittings.
Thus, a mean sensitivity has been computed from the three obtained sensitivity values
for the different polynomial orders. The variance presented in Table 5.2 is calculated
from the difference in the wavelength peak positions between the measured points and the
values obtained from the polynomial curve fitting for their respective refractive indices.
The table also presents two cases with identical parameters; a sensor with a hexagonal
nanohole array, nanohole diameters of 400 nm, 250 nm gold layer thickness, and 800
nm periodicity. However, the obtained mean sensitivities are dissimilar with values of
126.4714 nm/RIU and 118.2178 nm/RIU. The difference can be a result of measurement
uncertainties, environmental fluctuations, different resonance wavelength peak positions
due to the polynomial curve fittings, or a combination of them. To conclude on the main
factors behind the differences, additional investigations and tests should be performed.
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Table 5.2: Dimensions and experimental results for the different nanoplasmonic sensors.

Sensor parameters Sensitivity [nm/RIU] Variance Mean sensitivity
Lattice nm gold nm diameter nm pitch P = 15 P = 25 P = 50 P = 15 P = 25 P = 50 [nm/RIU]

Square 250 400 700 35.3478 28.2783 21.2087 0.0729 0.0608 0.0738 28.2783

Hexagonal 250 400 700 101.3902 178.7161 185.7299 0.1175 1.8051 2.4240 155.2787

Square 250 400 800 27.8765 49.1064 49.0852 0.0783 0.2359 0.5675 42.0227

Hexagonal 250 400 800 70.1730 161.6886 147.5528 0.4623 1.8609 2.8373 126.4715

Square 250 400 900 67.0813 74.1331 45.9044 0.1255 0.0492 0.3674 62.3729

Hexagonal 250 400 900 118.9524 161.2150 132.9132 0.2617 0.9896 0.7041 137.6935

Square 250 400 1000 158.4636 186.6121 158.3598 0.4397 1.0166 0.5122 167.8118

Hexagonal 250 400 1000 297.4163 283.6043 276.4618 4.3576 1.0323 0.7088 285.8275

Square 250 400 1100 217.6206 189.2859 168.0772 0.7705 0.4105 0.5967 191.6612

Hexagonal 250 400 1100 45.7978 59.9578 59.9578 0.1202 0.1287 0.0503 55.2378

Square 200 400 700 17.7351 17.7341 17.7351 0.0191 0.0192 0.0829 17.7348

Square 200 400 800 49.6042 42.5179 49.6042 0.0083 0.0395 0.2074 47.2421

Square 200 400 900 24.7329 17.6466 17.6466 0.0421 0.0258 0.0697 20.0087

Square 200 400 1000 38.7672 38.7842 45.8705 0.0093 0.0094 0.1041 41.1406

Square 200 400 1100 35.1227 35.1637 49.3206 0.3734 0.1452 0.3021 39.8690

Hexagonal 250 400 800 77.4895 125.0414 152.1225 0.1458 0.6772 2.8853 118.2178

5.2.2 Relation Between Wavelength Peak and Refractive Index

Figure 5.22 displays the relation between the wavelength peak and the refractive index for
nanoplasmonic sensors with square and hexagonal nanohole arrays, periodicities ranging
from 700 to 1100 nm with a constant nanohole diameter of 400 nm and a 250 nm gold
layer thickness. It can be seen that as the RI increases, the wavelength peaks shift towards
longer wavelengths, i.e. redshifts. This is a well-documented tendency in the literature
[125, 221, 222, 223], substantiating the credibility of the obtained results. The straight line
indicates the linear relationship between the wavelength peak position and the refractive
index. Hence, the calibration curves can be utilized to determine the refractive index of a
specific, unknown fluid concentration when the wavelength peak is known. It should be
noted that the correlation is only valid for nanoparticles dispersed in solution.

5.2.3 Square Nanohole Array

Figure 5.23 presents the nanoplasmonic sensor with square nanohole arrays, a constant
nanohole diameter of 400 nm, and gold layer thickness of 250 nm with periodicities rang-
ing from 700 to 1100 nm. It can be seen that the slopes become steeper as the periodicity
increases. This indicates that the sensitivity can be enhanced by increasing the periodicity
in the nanohole arrays. The obtained sensitivities for the periodicities of 700 nm, 800 nm,
900 nm, 1000 nm, and 1100 nm are 28.2783 nm/RIU, 42.0227 nm/RIU, 62.3729 nm/RIU,
167.8118 nm/RIU, and 191.6612 nm/RIU, respectively.
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Figure 5.22: Relation between the wavelength peak and the refractive index for square and hexago-
nal nanohole arrays with constant nanohole diameters of 400 nm, constant gold layer thicknesses of
250 nm, and periodicities ranging from 700 to 1100 nm.

Figure 5.23: Relation between the resonance wavelength peak shifts and the refractive indices for
square nanohole arrays with constant nanohole diameters of 400 nm, constant gold layer thickness
of 250 nm, and periodicities ranging from 700 to 1100 nm. The linear regression function and
corresponding R2 values are indicated.
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5.2.4 Hexagonal Nanohole Array

Figure 5.24 displays the comparison of the nanoplasmonic sensor sensitivity for a sensor
with hexagonal nanohole arrays, periodicities from 700 to 1100 nm, fixed nanohole diam-
eter of 400 nm, and a gold layer thickness of 250 nm. The same tendency obtained for the
sensor with square nanohole arrays can be seen, where the sensitivity increases for a larger
pitch between the nanoholes, with 1100 nm pitch as an exception. It is unknown why
the obtained sensitivity for the periodicity of 1100 nm differs from the observed trend.
The acquired sensitivities are 155.2787 nm/RIU, 126.4715 nm/RIU, 137.6935 nm/RIU,
285.8275 nm/RIU, and 55.2378 nm/RIU for the different periodicities of 700 nm, 800 nm,
900 nm, 1000 nm, and 1100 nm, respectively.

Figure 5.24: Relation between the resonance wavelength peak shifts and the refractive indices for
hexagonal nanohole arrays with constant nanohole diameters of 400 nm, constant gold layer thick-
ness of 250 nm, and periodicities ranging from 700 to 1100 nm. The linear regression function and
corresponding R2 values are indicated.

5.2.5 Comparison of Square and Hexagonal Nanohole Array

Figure 5.25 shows the comparison of the two best sensor designs with square and hexag-
onal nanohole alignment, extracted from Figure 5.23 and 5.24. From the obtained results,
it is clear that the hexagonal nanohole array with a periodicity of 1000 nm gives the high-
est sensitivity compared to the hexagonal alignment with an 800 nm pitch and the square
alignments with 1000 and 1100 nm periodicities.
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Figure 5.25: Comparison of the resonance wavelength peak shift against the refractive indices for
the two best sensor designs with square and hexagonal nanohole arrays with constant nanohole
diameters of 400 nm, constant gold layer thicknesses of 250 nm, and periodicities ranging from 700
to 1100 nm. The linear regression function and corresponding R2 values are indicated.

The sensitivity for the sensors with a constant nanohole diameter of 400 nm, 250 nm gold
layer thickness, periodicity from 700 to 1100 nm, and a square or hexagonal nanohole
alignment is compared in Figure 5.26.

Figure 5.26: Comparison of the obtained sensitivity plotted against the pitch for square and hexag-
onal nanohole arrays. The sensor parameters are periodicities ranging between 700 and 1100 nm, a
constant gold layer thickness of 250 nm, and a nanohole diameter of 400 nm.
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From the results, it is clear that the sensitivity is generally higher for the hexagonal align-
ment than for the square arrays, except for the 1100 nm periodicity. This tendency coin-
cides well with the obtained results by Ekşioğlu et al. [118] and Cetin et al. [134].

The higher sensitivity obtained for the hexagonal nanohole arrays can be helped explained
by Equation 2.14. As seen from Table 5.3, the resonance wavelength peak shifts for the
hexagonal nanohole array are larger than for the square alignment. Owing to the con-
stant change in the refractive index, the sensitivity is directly affected by the resonance
wavelength peak shift. Thus, a larger shift increases the sensor sensitivity.

Table 5.3: Difference in the resonant wavelength peak value for sensors with square and hexag-
onal nanohole arrays, a constant nanohole diameter of 400 nm, 250 nm gold layer thickness, and
periodicities ranging from 700 to 1100 nm.

Nanohole array Refractive index [-] Resonance wavelength peak [nm]
Pitch = 700 nm Pitch = 800 nm Pitch = 900 nm Pitch = 1000 nm Pitch = 1100 nm

Square

1.33303 623.0067 624.6215 622.5297 619.0851 622.3147
1.34481 622.3147 623.4706 621.4105 619.6866 621.6447
1.37070 623.9294 624.0347 623.4706 622.7760 626.2284
1.39809 624.8447 624.6243 625.9978 626.1118 630.8050
1.42789 625.7749 628.7351 628.6354 635.5122 641.0764

Hexagonal

1.33303 624.1628 624.9426 623.0428 622.9968 617.1431
1.34481 624.8551 624.9689 622.5656 623.8182 618.4268
1.37070 627.3815 626.6976 626.2284 629.7664 619.4553
1.39809 637.7610 627.6122 628.1842 635.2831 620.0311
1.42789 639.3631 637.3229 636.5216 650.9765 622.5503

5.2.6 Relation Between Gold Layer Thickness and Sensor Sensitivity

Figure 5.27 shows the relation between the gold layer thickness and the refractive index
sensitivity for sensors with a constant nanohole diameter of 400 nm, square nanohole
alignment, and a periodicity ranging between 700 and 1100 nm.

For 700 and 800 nm periodicity, the sensitivity yields similar results for the 200 and 250
nm gold layer thicknesses. The sensitivity of the 200 nm gold layer thickness is 17.7347
nm/RIU and 47.2421 nm/RIU for 700 and 800 nm periodicity, respectively, while for the
250 nm gold layer thickness the sensitivity is 28.2783 nm/RIU for the 700 nm pitch and
42.0227 nm/RIU for the 800 nm pitch. As the periodicity is increased, the sensitivity of
the sensor with 250 nm gold layer thickness is enhanced. In contrast, the sensor sensitivity
with 200 nm gold layer thickness stays at a relatively low sensitivity value. The highest
obtained sensitivity for the 250 nm gold layer thickness is 191.6612 nm/RIU with a peri-
odicity of 1100 nm, whereas for the 200 nm gold layer thickness, the highest sensitivity
value is 47.2421 nm/RIU for the sensor with an 800 nm periodicity. The sensitivity differ-
ence between the two gold layer thicknesses may be attributed to the decreasing resonant
peak value for thinner gold film thicknesses displayed in Table 5.4. This concurs with the
results obtained by Wu et al. [224].
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Figure 5.27: Relation between the gold layer thickness and refractive index sensitivity for square
nanohole arrays with constant nanohole diameter of 400 nm and periodicities between 700 and 1100
nm.

Table 5.4: Difference in the resonant wavelength peak value for sensors with 200 and 250 nm gold
layer thicknesses, a constant nanohole diameter of 400 nm, periodicities ranging from 700 to 1100
nm, and square nanohole arrays.

Gold layer thickness [nm] Refractive index [-] Resonance wavelength peak [nm]
Pitch = 700 nm Pitch = 800 nm Pitch = 900 nm Pitch = 1000 nm Pitch = 1100 nm

200

1.33303 617.0256 617.3743 617.1569 617.8367 619.1063
1.34481 616.9254 618.7616 618.068 618.5304 617.8367
1.37070 617.4912 619.7999 618.9929 619.4553 621.3939
1.39809 618.5304 620.6115 619.3375 620.149 622.0861
1.42789 618.7616 621.9988 619.1156 621.864 623.0091

250

1.33303 623.0067 624.6215 622.5297 619.0851 622.3147
1.34481 622.3147 623.4706 621.4105 619.6866 621.6447
1.37070 623.9294 624.0347 623.4706 622.7760 626.2284
1.39809 624.8447 624.6243 625.9978 626.1118 630.8050
1.42789 625.7749 628.7351 628.6354 635.5122 641.0764

Additionally, from Figure 5.28, the obtained spectra for the 250 nm gold layer thickness
are observed to be sharper than for the 200 nm gold layer thickness. The peak sharpening
will improve the sensing resolution and lower the detection limit. These observations
correspond well with the findings of Chung et al. [111].
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(a) 200 nm gold layer thickness. (b) 250 nm gold layer thickness.

Figure 5.28: Experimental spectra of nanoplasmonic sensors with square nanohole arrays, a con-
stant nanohole diameter of 400 nm, periodicities ranging from 700 to 1100 nm, and different gold
layer thicknesses of 200 and 250 nm. A higher gold layer thickness results in a sharper peak.

5.2.7 Obtained Sensitivity Compared to Values From the Literature

The maximum sensitivity and the corresponding wavelength peak obtained from the ex-
periments are compared with results found in the literature. The obtained sensitivity yields
a relatively low value of ∼ 286 nm/RIU and the wavelength peak at 641 nm lies in the vis-
ible region. From Figure 5.29, it can be seen that for wavelengths in the near-infrared
region (780-2500 nm), the sensitivity has a higher value than the obtained value in this
work. Additionally, it can be seen from Table 5.5 that the higher sensitivities obtained
in the literature are achieved by utilizing a nanohole diameter that size-matches with the
exosome diameter. Thus, the low sensitivity value obtained in this work compared to the
findings in the literature can be explained by the large nanohole diameter and a resonance
wavelength peak that lies in the visible region.

Table 5.5: Comparison of the maximum obtained sensitivity and wavelength peak to values found
in the literature.

Sensor parameters Sensitivity [nm/RIU] Wavelength peak [nm] ReferenceLattice nm Au nm diameter nm pitch

Square 200 200 1400 1022 1550 [121]

Square 100 200 600-800 600 850 [122](Double hole) 190 center spacing

Square 150-200 300 1500 1520 1540 [124]

Square 40 70-200 500-600 393 1000 [126]

Square 100 200 600 615 900 [128]

Square 125 200 600 600 850 [131]

Square 50 100 450 286 800 [133]

Hexagonal 250 400 1000 286 641 This work

81



Chapter 5. Results and Discussion

Figure 5.29: Maximum obtained sensitivity and resonance wavelength peak position compared to
results found in the literature.
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Chapter 6
Conclusion and Further Work

An experimental test campaign and an extensive literature review have been conducted in
order to investigate the nanoplasmonic sensor sensitivity performance for different sensor
designs and the mixing efficiency of three IDT designs for various flow rates and power
applications. The following chapter provides concluding remarks based on the obtained
results and discussion as well as recommendations for further work. This will be presented
separately for the microfluidic mixing and the nanoplasmonic sensor.

6.1 Conclusion

Microfluidic Mixing

To the author’s knowledge, the microchannels utilized in the conducted microfluidic mix-
ing experiments possess the smallest features compared to the literature with their height
of 56 µm and width of 100 µm. High mixing efficiencies are achieved and are comparable
to results found in the literature. The highest mixing efficiency is obtained for the dual IDT
of the 80 MHz IDT design with a value of 97.93% at a flow rate of 500 µL/h and a power
input of 1500 mW.

The experimental results display a clear degradation of the mixing efficiency for higher
flow rates. This observation is thought to be linked to the shorter SAW exposure time to the
fluid streams. Another prominent reduction is observed for lower power applications into
the system. This could be related to the decreased SAW amplitude affecting the amount of
acoustic energy being absorbed by the fluid streams. The literature showed that for a lower
frequency IDT design the mixing efficiency was anticipated to be higher than for higher
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frequency IDTs. This was not observed for the 40 MHz and 80 MHz IDT designs, which
displayed similar mixing performances for all flow rates and power inputs. However, both
IDT designs had superior mixing efficiencies compared to the 120 MHz IDT design.

The comparison of the mixing performance of the single and dual IDT for certain power
inputs indicated a faster mixing and an increased mixing efficiency for the dual IDT for
all flow rates and power applications. The enhanced mixing performance of the dual IDT
could be linked to the SAW generation by two IDTs, where the absorbed acoustic energy
from the SAWs into the fluid streams is increased. However, by comparing the single and
dual IDT for the same total energy input in the microfluidic device, there is no considerable
increase in the mixing performance for the dual IDT.

Nanoplasmonic Sensor

The effect of different geometrical parameters, including nanohole array, gold thickness,
and periodicity on the nanoplasmonic sensor sensitivity has been investigated. Spec-
troscopy analysis of the different sensors demonstrates that the sensor made with a hexag-
onal nanohole array, nanohole diameters of 400 nm, 250 nm gold layer thickness, and a
1000 nm periodicity gives the highest sensitivity of 285.8275 nm/RIU.

The experimental results display an increase in the sensor sensitivity for the hexagonal
nanohole array compared to the square alignment. The difference is a consequence of the
larger spectrum shifts observed for the hexagonal nanohole arrangements. The variation
in the gold layer thickness indicates a higher sensitivity and sharper spectrum curve for a
higher thickness. This observation could be a result of the lower resonant wavelength peak
value for the sensor with a thinner gold layer thickness.

The polynomial curve fitting order of the obtained spectra shows a significant effect on
the sensitivity performance for the different nanoplasmonic sensor designs. The observed
sensitivity variations are associated with the change in the resonance wavelength peak
position from the fitted curves for polynomial orders of 15, 25, and 50.
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6.2 Further Work

Based on the obtained knowledge from the literature review and the experimental testing,
the recommended focus points for further research are:

• Microfluidic mixing

– Study the temperature effect of the piezoelectric mixers as many biological
samples are temperature-sensitive.

– Further examine the mixing efficiency by analyzing the collected mixed fluids
at the outlet.

– Investigate why power limitations occur for the IDTs during experiments.

– Investigate the mechanisms causing dissimilarities in the obtained mixing per-
formances for similar IDTs as observed for IDT-1 and IDT-2 in this experi-
mental campaign.

– Further investigate the mixing performance of the 40 MHz and 80 MHz IDT
designs to verify the findings in this master thesis.

• Nanoplasmonic sensor

– Study how other geometrical features that offer strong electromagnetic field
enhancements such as nanostars and nanorods affect the sensor sensitivity.

– Study the effect on the sensor sensitivity by changing the nanohole parameters
to coincide with exosome characteristics, such as size-matching and spectrum
shifts towards the near-infrared region for analysis.

– Investigate how smaller periodicities affect the sensor sensitivity.

– Perform experiments with fluids acquiring different refractive indices to obtain
calibration curves for the determination of refractive indices for specific fluid
concentrations (e.g. exosomes, virus, proteins).

– Investigate the difference in sensitivity for different polynomial orders of the
regression curve fitting.

• Develop a device consisting of a nanoplasmonic sensor, microfluidic channel, and
interdigital transducers for surface acoustic wave generation. Investigate if the in-
corporation of SAWs affects the sensor detection performance.
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Appendix A
Fabrication Recipe For a
Nanoplasmonic Sensor

The fabrication recipe for the nanoplasmonic sensors utilized in this master thesis is pre-
sented. The process is produced by Ribe [159] and later validated by Saldaña [213].

1. Cleaning of glass substrate

• Clean with acetone, rinse in isopropanol (IPA). Dry with nitrogen N2(g)

• Plasma cleaner for 5 minutes with oxygen (O2). 50% power / 50% oxygen

2. Dehydration bake

• Type: Soft baking

• 250°C for 5 minutes

3. HMDS deposition

• Chemical vapor deposition

• Desiccator with HMDS over night

4. Spin coating of photoresist

• Positive photoresist: CSAR 6200.13

• Speed of 1000 rpm for 6 seconds with an acceleration of 1000 rpm/sec

• Speed of 5750 rpm for 60 seconds with an acceleration of 1000 rpm/sec
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5. Soft bake

• 150°C for 1 minute

6. Spin coating of conductive layer

• Protective coating PMMA Electra 92 AR-PC 5090.02

• Speed of 1000 rpm for 2 seconds with an acceleration of 1000 rpm/sec

• Speed of 2000 rpm for 60 seconds with an acceleration of 1000 rpm/sec

7. Pre-exposure soft bake

• Type: Soft baking

• 90°C for 2 minutes

8. EBL exposure

• Parameters determined by the photoresist CSAR 6200.13

• Dose: 172.5 µC/cm2

• Current: 5 nA

9. Development

• Developer DI water: Substrate submerged in DI water for 60 seconds to dis-
solve PMMA Electra 92 AR-PC 5090.02

• Developer AR 6000-546: Substrate submerged in AR 6000-546 for 60 seconds
to dissolve the resisting photoresist layers

• Stopper: MIBK/IPA with a ratio of 1:3 for 2-3 seconds

• Rinse in IPA and dry with N2(g)

10. Metallization with electron beam evaporator

• Metal: Ti/Au

• Thickness: 5 nm / 200 nm

• Rate: 5 Å/sec

11. Lift-off

• Ultrasonic bath with stripper for 90 seconds

• Rinse in acetone and IPA. Dry with N2(g)
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Appendix B
Fabrication Recipe For a
Microfluidic Channel

The fabrication recipe for the microfluidic channels utilized in this master thesis is pro-
duced by Ribe [159] and later validated by Saldaña [213]. The detailed fabrication process
is presented below.

1. Cleaning of the silicon substrate

• Clean with acetone and rinse in isopropanol (IPA). Dry with nitrogen N2(g)

• Plasma cleaner for 5 minutes with O2. 50% power / 50% oxygen

2. Dehydration bake

• Type: Soft baking

• 250°C for 5 minutes

3. Spin coating of photoresist

• Negative photoresist: SU-8 3050. Desired thickness of 50 µm

• Initial speed: 500 rpm for 12 seconds. Rampage: 250 rpm/sec

• Final speed: 3000 rpm for 46 seconds. Rampage: 250 rpm/sec

4. Soft bake

• 90°C for 15 minutes
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5. Maskless Aligner (MLA) Exposure – 375 nm wavelength laser

• Dose: 2000 mJ/cm2

6. Post-exposure bake

• Type: Soft baking

• 65°C for 1 minute, then 95°C for 4 minutes

7. Development

• Submerged in developer mr-Dev 600 for 5 minutes

• Rinse with acetone and IPA. Dry with N2(g)

8. Tridecafluoru-silane deposition

• Desiccator under vacuum for a few seconds

• Leave for 1-2 hours

9. PDMS application

• PDMS: Base/curing agent with ratio of 10:1. Mixed by stirring for ∼ 5 minutes

• Dry in oven at 65°C for 2 hours

• Pierce inlets

• Bond the microchannel to the substrate. Place in the plasma cleaner for 30
seconds with O2 at 50% with 20% power

• Dry in an oven at 65°C for 5 minutes to finish the cross-linking

10. Curing and peeling
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Appendix C
Fabrication Recipe For an
Interdigital Transducer

The fabrication recipe for the interdigital transducers utilized in this master thesis is pro-
duced by Ribe [159] and presented beneath.

1. Cleaning of the LiNbO3 substrate

• Clean with acetone and rinse in isopropanol (IPA). Dry with nitrogen N2(g)

• Plasma cleaner for 5 minutes with O2. Power 50% / 50% oxygen

2. Dehydration bake

• Type: Soft baking

• 100°C for 5 minutes

3. Spin coating of photoresist

• Positive photoresist AZ 5214E. Desired thickness of 1.5 µm

• Speed of 4000 rpm for 46 seconds. Rampage: 4000 rpm/sec

4. Soft bake

• 95°C for 90 seconds

5. MLA Exposure – 405 nm wavelength laser

• Dose: 27 mJ/cm2
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6. Image reversal bake

• 113°C for 2 minutes

7. MA-6 flood exposure

• Dose: 200 mJ/cm2

8. Development

• Developer AZ726 MIF for 40 seconds. The last 10 seconds under agitation

• Rinse in DI water and dry with N2(g)

9. Metallization with electron beam evaporator

• Metal: Ti/Au

• Thickness: 5 nm / 80 nm

• Rate: 5 Å/sec

10. Lift-off

• Ultrasonic bath with acetone for 1 minute at 50°C two times

11. Wire bonding

• 25 µm gold wires
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Appendix D
Fabrication Materials, Chemicals,
and Instruments

D.1 Substrates

Glass: A glass substrate with a 2” diameter is used for the nanoplasmonic sensor fabri-
cation due to its transparency and low cost. HMDS, for enhanced adhesion, and PMMA
Electra 92 AR-PC 5090.02, for conductivity and electron dissipation, are two additional
fabrication steps performed to enable the use of a glass substrate for spectroscopy analysis.

Silicon: For the fabrication of the microchannel, a 2” diameter silicon wafer is utilized.

Lithium Niobate: The lithium niobate (LiNbO3) wafer is an electrically conductive sub-
strate, which possesses piezoelectric effects. The interdigital transducers are made on
these substrates to generate and detect surface acoustic waves.

D.2 Chemicals

Acetone, isopropanol, and nitrogen: The three fluids; acetone, isopropanol (IPA), and
nitrogen (N2(g)) are used for the substrate cleaning. The wafers at the NTNU Nanolab
are provided from different suppliers and may obtain particles attached to the substrate
surface. Acetone and IPA are selected to eliminate residues due to their low density and
boiling point. The wafers are immersed in acetone, rinsed with IPA, and dried with N2(g)
to remove contaminants.
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Hexamethyldisilazane (HMDS): HMDS appears as a clear liquid at room temperature
and is considered as a priming process. It is used for improving the resist adhesion and
is applied for silanization of the surface by vapor deposition. The oxide surface reacts
with the HMDS, creating strong bonds at the surface. However, some free bonds are left
to assure reactions between the surface and the photoresist, which enhances the adhesion.
Good adhesion of the photoresist is essential to ensure the integrity of pattern/electrical
characteristic transfer [225].

Resists (photoresists and electron beam resists): Resists are light-sensitive organic com-
pounds that can be applied as thin-film coatings on surfaces where a pattern is to be delin-
eated [226]. When exposed to UV light or an electron beam, the resist will experience a
change in solubility in a developer solution. The resist can be selected from a variety of
physical properties according to its purpose. Some of these characteristics are sensitivity,
contrast, etch resistance, resolution, surface tension, film thickness, and adhesion. The
resist can be divided into two main categories: positive or negative resist. In a positive
resist, the exposed regions become more soluble in the developer, causing the structures to
break. On the other hand, for a negative resist, the exposed regions are cross-linked, which
makes them hardened and less soluble. In this case, the non-exposed regions will dissolve
in contact with the developer.

• Nanoplasmonic sensor: The photoresist utilized to obtain the desired pattern is
CSAR 6200.13. It is a positive photoresist with a suitable resolution to produce
nanoholes with a diameter equal to or smaller than 400 µm. Another benefit is
that CSAR 6200.13 has an acceptable sensitivity to provide a controlled and stable
developer step later in the fabrication process.

• Microchannel: SU-8 3050 is a negative photoresist. It is selected based on the com-
parison between SU-8 3050 and mr-DWL 40 performed by Álvarez [201]. Álvarez
found that SU-8 3050 was the best-suited photoresist for the microchannel fabrica-
tion due to a shorter total fabrication time and better pattern features.

• Interdigital transducer: In general AZ 5214E is a positive photoresist. However, it
is frequently used as a negative photoresist during image reversal due to its thermal
stability and dry etch resistance [227]. The image reversal capability of the resist
is obtained by a special cross-linking agent which becomes active at temperatures
above 110° and only in the exposed areas of the resist [227].

Conductive layer: A conductive layer of PMMA Electra 92 AR-PC 5090.02 is applied
to the substrate surface of the nanoplasmonic sensors after the photoresist to ensure the
dissipation of charges during the electron exposure. The thin conductive layer creates a
path for the electrons to escape from the surface. This is an important step to achieve a
good final pattern result.
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Developer: A developer is a solution that will remove unexposed negative resist or ex-
posed positive resist. For each resist, a specific developer is recommended for removal.
The developing time is determined by the exposure dose. In this master thesis, three
different developers are utilized. The substrate is submerged in the developer under the
development process.

• Nanoplasmonic sensor: The solvent-based developer AR 600-546 is applied to re-
move the positive CSAR 6200.14 photoresist. It is a relatively weak developer,
enabling longer developing time, increased control, and higher resolution without
significant erosion.

• Microchannel: mr-Dev 600 is a solvent-based developer complementing the nega-
tive photoresists SU-8 3050.

• Interdigital transducer: AZ726 metal ion free, or AZ726 MIF, is a developer where
tetramethylammonium hydroxide (TMAH) is added in water with surface-active
substances (surfactants) for spreading and wetting of the surface. It is used in com-
bination with the photoresist AZ 5214E.

After development, the substrates are rinsed with a stopper to end the developing process,
then cleaned with IPA and dried with N2(g).

Lift-off chemical: For the nanoplasmonic sensor, the lift-off chemical Remover AR 600-
71 is used to remove excess photoresist and metal layer deposition after development. To
enhance the photoresist removal, mechanical stress is added to an ultrasonic bath to peel
off the remaining photoresist on the surface.

Poly(dimethylsiloxane) (PDMS): PDMS is a silicon-based organic elastomer that is isotropic
and homogeneous with optical transparency down to ∼ 300 nm [204]. The elastomer
is typically supplied in a two-component kit with a base (vinyl-terminated PDMS) and
a curing agent (copolymers of methylhydrosiloxane and dimethylsiloxane mixed with a
platinum complex) [159].

Trichloro(1H,1H,2H,2H-perfluorooctyl)silane: Trichloro(1H,1H,2H,2H-perfluorooctyl)-
silane is a fluorine-based silane which forms self-assembled monolayers on different sub-
strates. It is a biocompatible polymer obtaining low surface energy and is mainly used to
modify surfaces with superhydrophobic properties.

D.3 Instruments

The fabrication processes are intricate, consisting of multiple fabrication steps and instru-
ments. This can be seen from the fabrication recipes in the Subsections 3.2.1-3.2.4 and
Appendices A-C.
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The instruments used to fabricate the nanoplasmonic sensors are a plasma cleaner, desicca-
tor, spin coater, reflectometer, EBL Elionix, DIC microscope, AJA sputter and evaporator,
and an SEM microscope. The microchannels are developed by using a plasma cleaner,
spin coater, and maskless aligner (MLA-150) with a 375 nm wavelength laser. The inter-
digital transducers are made with a plasma cleaner, spin coater, MLA-150 with a 405 nm
wavelength laser, mask aligner (MA-6), AJA sputter and evaporator, and wire bonder.

Plasma cleaner: The plasma system can be used for cleaning, removing photoresist, or
for activation of surfaces. Oxygen from ambient air or an external supply is utilized in the
system. The substrate surface is both physically and chemically cleaned by ion bombard-
ment and ionized gas, respectively. The ions from the oxygen break the organic compound
chains, reducing the number of particles originally attached to the surface.

Desiccator: The desiccator is used to deposit a thin monolayer of HMDS by chemical
vapor deposition. The layer of HMDS can promote the adhesion between the substrate
and the resist. A small quantity of HMDS is placed in a holder in the desiccator together
with the substrate. Vacuum is applied for easier evaporation of the HMDS in the chamber.
After some time, the chamber is exposed to air, which makes the HMDS particles predicate
and form a thin homogeneous HMDS layer on the substrate surface.

Spin coater: The spin coater has several operating characteristics such as cleaning, etch-
ing, developing, and coating. At the NTNU Nanolab facility, the single wafer spin pro-
cessor is compatible with solvents, strong bases, and acids [228]. The spin coater consists
of a chuck, a chamber with a nitrogen purge, and a control panel for parameter selection.
In this master thesis, the spin coater is used for resist coating on different substrate types.
The substrate is loaded and maintain on the chuck by vacuum. A specific amount of resist
based on the desired thin film thickness is applied in the center of the substrate with a
pipette. For the photoresist utilized in this master thesis, the time, speed, and acceleration
are selected to obtain the desired thin film thickness.

Reflectometer: The reflectometer analyzes reflected light from the substrate surface to
determine dielectric films, film thickness, and optical constants of the semiconductor. The
reflectometer can measure optically smooth film thicknesses such as semiconductor pro-
cess films (e.g. resists, oxides, and polysilicon) and optical coatings, including flat panel
display films (e.g. polyimides, resist, cell gaps) and hardness and anti-reflection coatings
[229].

EBL Elionix: The NTNU Nanolab facility possesses an Elionix ELS-G100, which is a
100KV EBL system and 100MHz pattern generator. The instruments have two second-
electron (SE) detectors and one back-scattered electron (BSE) detector. The detectors
function as height sensors to maintain the sample in focus during exposure. For this master
thesis, the EBL Elionix creates the pattern on the photoresist through electron beams for
the nanoplasmonic sensors.
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Maskless aligner (MLA) 150: The maskless aligner 150 (MLA-150) is a high-power
laser tool for direct writing. Hence, there is no need for a preparation of a photomask to
transfer the pattern to the resist. The system has two laser sources with wavelengths of 375
nm and 405 nm. The method is fast and flexible, great for prototyping, and gives typically
a resolution of 2 µm.

Mask aligner (MA-6): The mask aligner MA-6 utilizes ultraviolet light to pattern the
resist through a photomask. The instrument has five different exposure modes; vacuum,
low vacuum, soft, hard, and proximity. The MA-6 can also be used to perform flood
exposure by filtering wavelengths to 320 nm, 365 nm, or 405 nm [230].

DIC microscope: The differential interference contrast (DIC) microscope is an instrument
for the characterization of the sample after the development process. The performance of
the development process is inspected to determine if the sample surface is acceptable for
metal deposition.

AJA sputter and electron beam evaporator: The AJA sputter and electron beam evap-
orator is used for thin film deposition by either sputtering or electron beam evaporation.
Thin-film deposition by sputtering occurs when the atoms of the desired deposition metal
are removed from their surface by bombardment with ionized argon atoms. These metal
atoms will impact the substrate, coating the surface with a thin metal film. Thin-film depo-
sition by an electron beam evaporator is executed by sweeping an electron beam over the
target surface. This is executed in a high vacuum chamber, enabling free evaporation of the
target atoms, transforming them into a gaseous phase. These atoms will form a solid coat-
ing through their precipitation. The deposition thickness is controlled by a quartz crystal
monitor and the deposition rate can be varied from 1 Å/s to 10 Å/s [231].

Scanning electron microscope: The scanning electron microscope (SEM) is utilized for
the characterization of the final features of the substrate. The sample surface is imaged by
electrons. Through in-lens detectors (BSE and SE), an exceptional contrast-to-noise ratio
can be obtained, and by utilizing a low acceleration voltage, the contrast and resolution
can be optimized.

Wire bonder: A wire bonder is used to make electrical connections to electronic devices
by attaching a very thin wire to the system [232]. Ball bonding, wedge bonding, and
compliant bonding are variants of bonding connection methods.
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Appendix E
Calibration Equipment

E.1 Additional Equipment for Microfluidic Mixing Ex-
periments

• Fluids: Sulforhodamine B (fluorescent dye) is used with DI water to reach a 0.25%
sulforhodamine B concentration.

• ThermoFisher Scientific Finnpipette F2 pipette: For handling 100-1000 µL fluid
contents. Utilized for creating the desired concentration of DI water and sulforho-
damine B.

• VWS analog vortex mixer 230V Fixed speed: For mixing of the sulforhodamine
B and DI water to obtain a homogeneous fluid.

• Micro medical tubing: To transport the fluids from the syringe pumps to the mi-
crochannel inlets and the collecting tube after the microchannel outlet.

• Tube: To collect the mixed fluid leaving the outlet of the microchannel.

• Syringe needles: To store the fluid content of DI water and the fluorescent mixture
separately in the syringe pumps.

• Syringe tips: Used to attach the micro medical tubing with the syringe needles.

• Needle: Used to attach the micro medical tubing with the inlets and outlet of the
microchannel.
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E.2 Additional Equipment for Nanoplasmonic Experiments

• Fluid mixtures: Deionized (DI) water and glycerol mixtures obtaining 10%, 30%,
50%, and 70% glycerol content.

• Menzel-Gläser coverslips: 18x18 mm with 0.13-0.16 mm thickness. Applied to
accomplish an even distribution of the fluid mixture on the sample.

• ThermoFisher Scientific Finnpipette F2 pipette: For handling 2-20 µL fluid con-
tents. Utilized to apply the desired quantity of fluid mixture on the sample.

• VWR pipel tips: Used to dispense and release specific volumes of the fluid mixture.

• VWS analog vortex mixer 230V Fixed speed: Utilized to stir the glycerol mixtures
to obtain a homogeneous fluid.

• Tweezer: To handle the sample in the platform area and during the cleaning process.

• Isopropanol (IPA) and beaker: IPA is poured into a glass beaker to remove excess
glycerol from the sample.

• Paper: Used to remove excess DI water or glycerol mixture on the sample. Also
used after IPA cleaning for glycerol concentrations.

120



Appendix F
Mixing Performance

Table F.1: Numerical values of the mixing efficiency for IDT-1 of the 40 MHz IDT design.

IDT design Flow rate [µL/h] Power [mW]
0 500 1000 1500 2000 2370

40 MHz IDT-1

500 25.70 49.95 77.41 93.05 94.02 97.30

1000 23.36 37.22 55.47 73.54 94.35 95.74

1500 23.40 32.41 56.30 76.62 91.22 94.55

2000 22.12 27.87 44.46 62.54 86.82 93.25

2500 21.91 31.17 43.45 59.97 85.01 92.27

Table F.2: Numerical values of the mixing efficiency for IDT-2 of the 40 MHz IDT design.

IDT design Flow rate [µL/h] Power [mW]
0 500 1000 1500 2000 2500

40 MHz IDT-2

500 18.06 60.76 79.49 95.44 94.55 95.87

1000 25.26 59.25 73.23 92.08 94.39 94.63

1500 22.30 43.10 65.89 80.20 88.20 93.01

2000 22.14 37.49 53.78 67.93 85.89 89.70

2500 22.02 36.46 52.78 70.24 79.48 88.33
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Table F.3: Numerical values of the mixing efficiency for the dual IDT of the 40 MHz IDT design.

IDT design Flow rate [µL/h] Power [mW]
0 300 500 1000 1400 1500

40 MHz Dual IDT
500 25.46 63.92 86.42

1500 24.48 72.56 90.28 95.31

2500 22.04 49.13 77.64 91.61

Table F.4: Numerical values of the mixing efficiency for IDT-1 of the 80 MHz IDT design.

IDT design Flow rate [µL/h] Power [mW]
0 500 1000 1500 2000 2340

80 MHz IDT-1

500 26.08 42.66 60.69 75.72 89.97 92.97

1000 21.42 36.04 51.25 69.55 86.22 91.81

1500 22.40 34.91 49.60 64.00 72.64 86.97

2000 21.11 30.24 45.03 53.63 72.40 74.26

2500 20.59 26.09 37.46 52.04 66.86 74.42

Table F.5: Numerical values of the mixing efficiency for IDT-2 of the 80 MHz IDT design.

IDT design Flow rate [µL/h] Power [mW]
0 500 1000 1500 2000 2500

80 MHz IDT-2

500 21.94 47.01 67.45 93.85 95.79 97.91

1000 20.12 40.77 62.41 83.52 94.15 97.16

1500 21.89 35.60 49.10 78.37 87.51 94.03

2000 18.73 31.74 49.13 69.37 78.00 86.78

2500 19.05 33.88 46.68 60.90 74.75 84.78

Table F.6: Numerical values of the mixing efficiency for the dual IDT of the 80 MHz IDT design.

IDT design Flow rate [µL/h] Power [mW]
0 500 1000 1500 2000

80 MHz Dual IDT

500 22.48 54.08 96.60 97.93

1000 21.26 53.97 93.25 97.70

1500 19.40 45.00 85.46 95.76

2000 19.34 41.16 69.49 95.81

2500 19.51 42.52 71.69 93.82 95.47

3000 19.38 30.02 66.78 76.44 94.95

4000 19.94 43.96 62.69 80.87 93.24
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Table F.7: Numerical values of the mixing efficiency for IDT-2 of the 120 MHz IDT design.

IDT design Flow rate [µL/h] Power [mW]
0 500 1000 1500 1800 1850

120 MHz IDT-2
500 25.40 39.51 53.47 71.04 87.52

1000 24.05 35.20 47.25 65.36 81.52

1500 23.70 35.39 50.11 58.96 63.07

(a) Fixed flow rate of 500 µL/h. (b) Fixed power of 500 mW.

Figure F.1: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT for the 40 MHz
IDT design at a fixed flow rate of 500 µL/h and fixed power of 500 mW.

(a) Fixed flow rate of 2500 µL/h. (b) Fixed power of 2500 mW.

Figure F.2: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT for the 40 MHz
IDT design at a fixed flow rate of 2500 µL/h and fixed power of 2500 mW.
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(a) Fixed power of 1000 mW. (b) Fixed power of 2000 mW.

Figure F.3: Comparison of the mixing efficiencies for IDT-1 and IDT-2 for the 40 MHz IDT design
at fixed power of 1000 and 2000 mW.

(a) Fixed flow rate of 1000 µL/h. (b) Fixed flow rate of 2000 µL/h.

Figure F.4: Comparison of the mixing efficiencies for IDT-1 and IDT-2 for the 40 MHz IDT design
at a fixed flow rate of 1000 and 2000 µL/h.
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(a) Fixed flow rate of 500 µL/h. (b) Fixed power of 500 mW.

Figure F.5: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 80 MHz
IDT design at a fixed flow rate of 500 µL/h and fixed power of 500 mW.

(a) Fixed flow rate of 1000 µL/h. (b) Fixed power of 1000 mW.

Figure F.6: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 80 MHz
IDT design at a fixed flow rate of 1000 µL/h and fixed power of 1000 mW.
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(a) Fixed flow rate of 2000 µL/h. (b) Fixed power of 2000 mW.

Figure F.7: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 80 MHz
IDT design at a fixed flow rate of 2000 µL/h and IDT-1 and IDT-2 at fixed power of 2000 mW.

(a) Fixed flow rate of 2500 µL/h. (b) Fixed power of 2500 mW.

Figure F.8: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 80 MHz
IDT design at a fixed flow rate of 2500 µL/h and IDT-1 and IDT-2 at fixed power of 2500 mW.
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(a) Fixed flow rate of 500 µL/h. (b) Fixed power of 500 mW.

Figure F.9: Comparison of the mixing efficiencies for IDT-2 of the 40 MHz, 80 MHz, and 120 MHz
IDT designs at a fixed flow rate of 500 µL/h and fixed power of 500 mW.

(a) Fixed flow rate of 1000 µL/h. (b) Fixed power of 1000 mW.

Figure F.10: Comparison of the mixing efficiencies for IDT-2 of the 40 MHz, 80 MHz, and 120
MHz IDT designs at a fixed flow rate of 1000 µL/h and fixed power of 1000 mW.

Figure F.11: Comparison of the mixing efficiencies for IDT-2 of the 40 MHz, 80 MHz, and 120
MHz IDT designs at fixed power of 2000 mW.
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(a) Fixed flow rate of 500 µL/h. (b) Fixed power of 500 mW.

Figure F.12: Comparison of the mixing efficiencies for single IDT of the 40 MHz and 80 MHz IDT
designs at a fixed flow rate of 500 µL/h and fixed power of 500 mW.

(a) Fixed flow rate of 1000 µL/h. (b) Fixed power of 1000 mW.

Figure F.13: Comparison of the mixing efficiencies for single IDT of the 40 MHz and 80 MHz IDT
designs at a fixed flow rate of 1000 µL/h and fixed power of 1000 mW.
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(a) Fixed flow rate of 1500 µL/h. (b) Fixed power of 1500 mW.

Figure F.14: Comparison of the mixing efficiencies for single IDT of the 40 MHz and 80 MHz IDT
designs at a fixed flow rate of 1500 µL/h and fixed power of 1500 mW.

(a) Fixed flow rate of 2000 µL/h. (b) Fixed power of 2000 mW.

Figure F.15: Comparison of the mixing efficiencies for single IDT of the 40 MHz and 80 MHz IDT
designs at a fixed flow rate of 2000 µL/h and fixed power of 2000 mW.
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(a) Fixed flow rate of 500 µL/h. (b) Fixed power of 500 mW.

Figure F.16: Comparison of the mixing efficiencies for the dual IDT of the 40 MHz and 80 MHz
IDT designs at a fixed flow rate of 500 µL/h and fixed power of 500 mW.

Figure F.17: Comparison of the mixing efficiencies for the dual IDT of the 40 MHz and 80 MHz
IDT designs at a fixed flow rate of 2500 µL/h.

Figure F.18: Comparison of the mixing efficiencies for the dual IDT of the 40 MHz and 80 MHz
IDT designs at fixed power of 1000 mW.
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(a) Fixed flow rate of 500 µL/h. sdfsdfsdf ssd fsd fsdf
sdsf

(b) Fixed power of 1000 mW for the single IDTs and
500 mW for the dual IDT.

Figure F.19: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 40 MHz
IDT design at a fixed flow rate of 500 µL/h and fixed power of 1000 mW for the single IDTs and
500 mW for the dual IDT.

Figure F.20: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 40 MHz
IDT design at a fixed flow rate of 1500 µL/h for equal energy inputs into the system for the single
and dual IDTs.
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(a) Fixed flow rate of 1000 µL/h. sdfsdfsdf ssd fsd fsdf
sdsf

(b) Fixed power of 1000 mW for the single IDTs and
500 mW for the dual IDT.

Figure F.21: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 80 MHz
IDT design at a fixed flow rate of 1000 µL/h and fixed power of 1000 mW for the single IDTs and
500 mW for the dual IDT.

(a) Fixed flow rate of 1500 µL/h. (b) Fixed flow rate of 2000 µL/h.

Figure F.22: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 80 MHz
IDT design at a fixed flow rate of 1000 µL/h and 2000 µL/h for equal energy inputs into the system
for the single and dual IDTs.
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Figure F.23: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 80 MHz
IDT design at a fixed flow rate of 2500 µL/h for equal energy inputs into the system for the single
and dual IDTs.

(a) Fixed flow rate of 500 µL/h. sdfsdfsdf ssd fsd fsdf
sdsf

(b) Fixed power of 1000 mW for the single IDTs and
500 mW for the dual IDT.

Figure F.24: Comparison of the mixing efficiencies for IDT-1, IDT2, and dual IDT of the 40 MHz
and 80 MHz IDT designs at a fixed flow rate of 500 µL/h and fixed power of 1000 mW for the single
IDTs and 500 mW for the dual IDT.
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Figure F.25: Comparison of the mixing efficiencies for IDT-1, IDT-2, and dual IDT of the 40 MHz
and 80 MHz designs at a fixed flow rate of 1500 µL/h for equal energy inputs into the system for the
single and dual IDTs.
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