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Summary

In the last years the term ”Optofluidics” has popped up in a large amount
of scientific publications. The vastly increased interest underlines the po-
tential of this new field of research. Nevertheless, the broad applicability of
this technique for practical means is still to be demonstrated. The goal of
this thesis is to prove Optofluidics as a powerful tool for distinct biological
and medical applications. In particular, an optofluidic sensor design for the
analysis of liquid samples shall be elaborated and hence demonstrate the
applicability of this new field of research.
In the main part of this work, an optofluidic sensing unit for the determi-

nation of liquid concentration is presented. On a chip-area of less than two
square centimeters, liquid samples are analyzed in a flow through manner
and the concentration of dissolved molecules is derived. The principle is
based on a change in the index of refraction depending on the concentra-
tion of molecules. A slightly diverging light beam experiences partial total
internal reflection at the solid-liquid interface between chip material and
liquid analyte in a micro-channel. The ratio between reflected and trans-
mitted light is then used as a measure for the substitution of the sample
solution. In an experimental evaluation, the sensor was tested with differ-
ent dissolved molecules including phosphate and lactose. Depending on the
analyte, a smallest detectable change in concentration of 10 to 40mmol/L
was determined. Keeping in mind the simplicity of the overall system this
is remarkable.
Besides the sensing device, a new subfield of optofluidics was intro-

duced for the very first time. Thermo-optofluidics deals with the integration
of thermal elements in optofluidic systems. As a proof-of-concept a thermo-
optofluidic light modulator was developed. Exploiting the opposing temper-
ature dependency of the index of refraction of solids and liquids, waveguid-
ance through a liquid core/solid cladding waveguide was reversibly turned
on and off. Compared to solely solid based realizations more than twice the
theoretical switching frequency can be achieved.
As a basic building block for microfluidic applications, an optofluidics

based light modulation unit was developed. Exploiting the exchangeability
of liquids this system provides an extremely stable light signal which is

xi



xii Summary

completely flow independent. This system can be implemented on other
microfluidic devices and enhance their functionality.
In conclusion, the applicability of optofluidics for different sensor as

well as actuator systems was experimentally proven. All the devices
were fabricated applying low-cost, rapid-prototyping fabrication techniques
which allow the realization of cost-effective hand-held devices.



Kurzfassung

In den letzten Jahren ist das Schlagwort ”Optofluidics” immer öfter in wis-
senschaftlichen Publikationen aufgetaucht. Dieses Interesse streicht das Po-
tential dieses neuen Forschungsgebietes hervor. Nichtsdestotrotz sind bis-
lang wenige anwendungsbezogene Systeme mit dieser Technik hervorge-
gangen. Das Ziel dieser Dissertation ist es optofluidische Anwendungen im
Bereich Biologie und Medizin zu entwickeln. Im Speziellen soll ein Sen-
sorsystem erarbeitet werden mithilfe dessen Flüssigkeiten charakterisiert
werden können.
Im Hauptteil dieser Arbeit wird ein optofluidischer Sensor für die

Bestimmung von Konzentrationen in Flüssigkeiten vorgestellt. Auf einer
Chipgröße von weniger als zwei Quadratzentimetern werden die Analyte
in-line auf deren Konzentrationen untersucht. Das System nutzt die Tat-
sache aus, dass sich der Brechungsindex von Flüssigkeiten in Abhängigkeit
von deren Molekülkonzentrationen verändert. Auf dem Chip wird ein le-
icht divergierender Lichtstrahl am Übergang vom Chipmaterial zu der zu
untersuchenden Flüssigkeit in einem Mikrokanal teilweise total reflektiert.
Das Verhältnis von reflektiertem zu transmittiertem Licht wird in weiterer
Folge als Wert für die Konzentration von Molekülen in der Flüssigkeit
herangezogen. Das System wurde mit unterschiedlichen Analyten, unteran-
derem mit Phosphat und Laktose, getestet und es wurde eine kleinste fest-
stellbare Konzentrationsänderung von 10 bis 40mmol/l bestimmt. Unter
Berücksichtigung der Einfachheit des Systems ist diese Auflösung durchaus
bemerkenswert.
Neben der Sensoreinheit wurde im Zuge dieser Arbeit das Gebiet der

Thermo-Optofluidics zum aller ersten Mal vorgestellt. Dieses Unterge-
biet von Optofluidics integriert thermische Elemente in optofluidische Sys-
teme. Als Proof-of-Concept wurde ein Lichtmodulator entwickelt. Das
Konzept beruht auf der entgegengesetzten Änderung des Brechungsin-
dex von Festkörpern und Flüssigkeiten in Abhängigkeit von der Temper-
atur. Mittels dieser Änderung wird die Wellenführung in einem flüssiger
Kern/fester Mantel Wellenleiter ein- beziehungsweise aus-geschalten. Im
Vergleich zu reinen Festkörpersystemen kann dadurch die theoretisch
mögliche Schaltfrequenz mehr als verdoppelt werden.

xiii



xiv Kurzfassung

Als Basisbaustein für mikrofluidische Anwendungen wurde ein optoflu-
idischer Lichtmodulator entwickelt. Dieser Baustein nutzt die Aus-
tauschbarkeit von Flüssigkeiten um ein sehr stabiles Lichtsignal zu erzeugen
das unabhängig von der Flussgeschwindigkeit ist. Dieses Element kann in
andere mikrofluidische Systeme integriert werden um deren Funktionalität
weiter zu erhöhen.
In dieser Arbeit wurde experimentell gezeigt, dass Optofluidics für

unterschiedlichste Sensor- als auch Aktuator-Systeme einsetzbar ist. Die
präsentierten Systeme wurde alle in kosteneffizienten, Rapid-Prototyping
Verfahren hergestellt und erlauben somit die Entwicklung von leistbaren,
kompakten Geräten.



Nomenclature

0.1 List of Abbreviations

Symbol Description

CaCl2 calcium chloride
CCD charge-coupled-device
CMOS complementary metal oxide semiconductor
DI de-ionized
DNA deoxyribonucleic
dpi dots per inch
DRIE deep reactive-ion etching
DRIN gradient-index
HF hydrogen fluoride
IR infrared
KH2PO4 monopotassium phosphate
KOH potassium hydroxide
L2 liquid core/liquid cladding
M molar
MEMS microelectromechanical systems
NA numerical aperture
NaH2PO4 monosodium phosphate
PDMS polydimethylsiloxane
PI propidium iodide
PMMA polymethyl methacrylate
PTFE polytetrafluoroethylene

xv



xvi Nomenclature

Symbol Description

RIE reactive-ion etching
rpm revolutions per minute
SEM scanning electron microscope
Ti titanium
TIR total internal reflection
UV ultraviolet
vol.% volume percent
ZZulV Zusatzstoff-Zulassungsverordnung

0.2 List of Constants

Constant Description Unit

e Euler’s number 2.71828
k Boltzmann constant 1.38064 x 10−23 J/K
π Pi 3.14159

0.3 List of Variables

Symbol Description Unit

A area m2

c concentration mol/liter
D diffusion constant m2/s
DH hydraulic diameter m
dn/dT thermo-optic coefficient 1/K
E electric field V/m
ε permittivity F/m



0.3 List of Variables xvii

Symbol Description Unit

εγ surface energy J
η viscosity kg/(m· s)
F body force N
J diffusion flux mol/(m2· s)
k0 amplitude of the wave vector in vacuum
k|| projection of the wave vector
l length m
λ wavelength nm
m mass kg
N amount of molecules
n index of refraction
p pressure Pa
Pwet wetted perimeter m
r radius m
R average reflectivity
R‖ reflectivity of parallel polarized light
R⊥ reflectivity of perpendicularly polarized

light
Re Reynolds number
ρ mass density kg/m3

ρf local free charge C
S source or sink of concentration mol/(m· s2)
T temperature ◦C
t time s
θ angle ◦

v velocity m/s
x place
y0 channel radius m
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Chapter 1

Introduction

Optofluidics, an idea that was born less than 10 years ago, starts to show
its capabilities for a variety of applications. First seen as a by-product of
microfluidics it is now fully accepted as a field of research on its own. The
unique possibilities within optofluidics are the driving force of the increas-
ing amount of activities on this topic. Optofluidics is ready to be taken to the
next step. The applicability for different purposes has to be demonstrated
which is the major goal of this thesis. In the course of this work, actuat-
ing as well as sensing elements are developed and realized for the first time
proving the potential of optofluidics for practical means.
The last decades were characterized by a permanent pursuit for minia-

turization and integration of system components into single devices. Espe-
cially in technical equipment this trend was strongly recognized and is still
being continued. Today the modern society demands for user-friendly all-
round systems. Here the most prominent example might be voice telephony.
Developed in the 19th century, as a way of connecting people all over the
world, it has become indispensable and is taken as a matter of course for
the majority of the modern society. Besides mobile telephony, today’s mod-
ern cell phones provide their users with countless entertainment features
on handheld devices. Gordon Moore [1] has already foreseen this way of
miniaturization and integration in 1965 and there is still no end in sight.
This incredible amount of device features was enabled by continuous ad-

vances in micro-technology. With advanced techniques micro-devices can
be equipped with structures in the nanometer range. Next to the develop-
ment of smaller and smaller semi-conductor elements (e.g. transistors for
processor board applications) another field of micro-devices, the microelec-
tromechanical systems (MEMS) has arisen. MEMS devices incorporate,
both electrical elements and mechanical structures in the micrometer range.
Typical applications are integrated sensor and actuator systems. Widely
applied examples are micro-accelerometers. They are integrated in airbag
mechanisms as acceleration sensors and in modern mobile phones as sens-

1



2 1 Introduction

ing unit for the automatic adaption of the screen orientation. Compared to
macro-devices the mass and with that the inertia forces are drastically re-
duced resulting in much shorter reaction times.
The emergence of MEMS technologies has allowed a new field of re-

search, microfluidics, to thrive. It deals with the controlled manipulation of
liquids in micro-fabricated structures on-chip. Besides others, the investiga-
tion of biologically or medically relevant liquid samples is the driving force
behind those efforts. The drastic reduction in sample volumes has enabled
high throughput sensing devices to be developed. Another huge advantage
of such systems is portability. Due to the small size microfluidic chips can
be integrated in hand-held devices with fully autonomous operation. Two
well known examples are pregnancy and blood glucose test devices. With-
out any need for bulky external instruments, those devices provide reliable
results within a moment. Both devices employ functionalized substrates be-
ing highly sensitive for different molecules. In case of pregnancy tests those
substrates are sensitive to human chorionic gonadotropin, a hormone pro-
duced only by pregnant women. A non-quantitative but highly qualitative
information is obtained whether or not fertilization has taken place. Blood
glucose tests are functionalized with an enzyme reacting directly with glu-
cose molecules. In an electrochemical interaction a quantitative result is
produced providing the operator with the blood sugar concentration within
a few seconds.
The above mentioned microfluidic applications implement two basically

different read-out mechanisms. Whereas the pregnancy test is based on a
color change of the functionalized substrate, meaning an optical effect, the
blood glucose test detects the produced electrical current during the chemi-
cal interaction, meaning an electrical mechanism. Anyway, both devices im-
plement physical sensors for the characterization of liquids [2,3]. In general,
for medical and biological purposes optical phenomena are often exploited.
Compared to other principles, optical inspections are widely harmless to
the analytes. Furthermore, light waves do not heavily interfere with other
neighboring elements such as electric or magnetic circuits allowing them to
be placed side-by-side on one device. Depending on the application, the op-
eration wavelength of the analysis system reaches from the visible into the
mid infrared region. The optical absorption of the device material is a major
criterion for the choice of the employed wavelength. The surrounding ma-
terial of the analyte has to be widely transparent at the chosen wavelength.
If not, transmission of light to the analyte is inhibited, which mostly is a
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requirement for the functionality of the system. In that sense the combina-
tion of sensing principle, optical properties of the device material, and the
analytes of interest has to be chosen carefully.
In medicine and biology, the flow-cytometric analysis of biological sam-

ples such as particles and cells is a descriptive example of an optical system
incorporating fluidic elements and is therefore shortly introduced. The op-
eration principle is depicted in Fig. 1.1. The suspended analytes are intro-

Sheath

flow

Sample

inlet

Light

source

Data

recording

Sample

outlet

Dichroic

filters

Forward

scattered light

Side scattered

light

Interrogation

point

Figure 1.1: Schematic of the working principle of a bench-top flow cytometer. The
suspended samples are squeezed to a stream of seriatim particles/cells. At the opti-
cal interrogation point light is scattered by the passing particles/cells depending on
their optical properties. In general, photo multiplier tubes are used to record the for-
ward as well as the side scattered light signals. The obtained data is logged and used
for the characterization of the analyte. Figure adapted from LifeTechnologies©.
duced into the flow cytometer through the sample inlet. At the end of the
sample inlet tube the suspension is heavily squeezed by the sheath flow. For
the proper functioning of the instrument the suspended particles/cells have
to line up one after each other before reaching the interrogation point. If
particle/cell clusters are occurring, the sample suspension has to be diluted
to reach a lower initial concentration of the analytes. Once a stream of sin-
gle particles/cells is obtained, a meaningful analysis can be performed. At
the interrogation point the analytes are exposed to a focused light beam.
Each individual particle/cell passing through the interrogation point creates
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a distinct light scatter pattern. The forward as well as the side scattered light
signals are detected. The forward scattered light provides information about
the outer shape of the particle/cell. The side scattered light gives informa-
tion about the internal granularity of the investigated sample. Furthermore,
fluorescent signals, either due to auto-fluorescence or due to selective label-
ing, can be recorded by additional dichroic filters placed in the optical path.
The gathered data provides information such as density, particle/cell size,
and fluorescent activity of the suspension filled in the instrument.
Nowadays, flow cytometers are a well established tool in medical as

well as bio-laboratories. Anyway, they are still far from being miniatur-
ized, portable, point-of-care systems. Furthermore, well trained personnel
is need for their operation. Different research groups have tackled these
issues and have developed integrated versions of such instruments [4–10].
Fig. 1.2 shows a micro-flow cytometer chip applied for fluorescence based
cell analyses presented by Weber et al. [11]. The dimensions of the device
are 9x7mm. As in its macro counterpart, the suspended cells are squeezed

Fiber

inlet

Fiber

outlet

Sheath

inlet

Sideport

inlet

Sample

inlet

Fluidic

outlet

Excited cell

Lifting inlet

Figure 1.2: Schematic of the micro-flow cytometer chip with five liquid inlets (one
sample, one sheath, one lifting, and two side ports). The principle of fluorescence
excitation in a passing cell is illustrated in the magnification [11].
hydrodynamically to form a stream of seriatim cells. The first focusing of
the analyte is realized by the sheath inlet. The sample enters the microfluidic
system from the bottom at a constant flow rate. From the back it is overflown
by the sheath liquid forming a narrow stream of cells pushed to the bottom.
The lifting inlet is responsible to center the stream in the vertical direction
right before the optical interrogation point. Two additional sideport inlets
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further squeeze the sample stream to end up with individual cells flowing
one after each other right through the center of the microfluidic channel.
At the interrogation point the cells are exposed to focused monochromatic
light. Two light signals are recorded. The first one is collected at the oppos-
ing side of the channel. The second one is bandpass filtered and collected
from the top of the channel. A drop in the first signal indicates the presence
of a cell in the interrogation point and is used as a counting unit. The second
signal collects the fluorescent light emitted by the individual cells. Prior to
the injection into the device the sample solution are treated with a fluores-
cent dye (propidium iodide) . Dead cells are labeled whereas alive ones are
not. Calculating the ratio of cell count obtained from the first light signal
and fluorescence signals gathered from the second one provides an absolute
value of the cell culture viability.
This example is an impressive demonstration of the enormous capabil-

ities of microfluidics. An inline and real-time measurement of cell culture
viability can be performed on less than 1 cm2 of space. Due to its small size
a fraction of the sample volume is sufficient as compared to the analysis
on a macro-flow cytometer. This fact goes hand in hand with a drastically
reduced analysis time which is of huge importance for portable point-of-
care devices. On the micro-scale new phenomena such as the laminar flow
are of additional advantage e.g. for hydrodynamical manipulations of liq-
uids. Now being aware of the potential of microfluidics and the already well
known capabilities of optical sensing mechanisms gives rise to the question
whether both together can fulfill tasks which neither is capable of on its
own.

1.1 The emergence of optofluidics
Evolved from microfluidics, optofluidics has become much more than a by-
product and is now seen as a new field of research starting to demonstrate its
unique power to the scientific community [12–14]. The word optofluidics
has popped up in scientific publications less than ten years ago. Fig. 1.3 de-
picts the number of publications per year with optofluidic in the title. The
first appearance is dated in 2005. Starting from then the number is increas-
ing rapidly reflecting the enormous interest in this new field of research.
This trend indicates the potential of optofluidics seen by the researchers but
what is it making optofluidics this powerful and obviously worth to be in-
vestigated?



6 1 Introduction

2005 2006 2007 2008 2009 2010 2011 2012
0

100

200

300

400
N

u
m

b
e

r 
o

f 
p

u
b

lic
a

ti
o

n
s

Year

Publications with keyword

“optofluidic” in the title

Figure 1.3: Absolute number of publications with the keyword ”optofluidic” in the
title. Source ISI Web of Science, July 2013.

Optofluidics deals with fluids and optics on the micro-scale and is there-
fore often misinterpreted as microfluidics with integrated optical elements
such as the micro-flow cytometer mentioned in the preceding section. In
fact, optofluidics is defined as the integration of fluidic elements right in
the functional optical path of the micro-system. The unique part is that liq-
uids take over the role of optical elements and do not just coexist with them
on the same device. This definition clearly separates optofluidics from mi-
crofluidics and optics. Certainly, it incorporates elements of both, but in
combination it offers possibilities which can’t be obtained by simply adding
the features of them. Novel phenomena occur which justifies optofluidics as
an autonomous field of research on its own.
Liquid micro-lenses are one example of optofluidic elements [15, 16].

The idea is to form a lens shaped liquid object surrounded by another liq-
uid with different refractive index. Compared to solid realizations liquids
can easily be exchanged allowing a continuous reconfiguration of the focus-
ing characteristics of the lens. Fig. 1.4 illustrates the basic concept for the
creation of three dimensional liquid lenses on-chip. Two liquids with dif-
ferent refractive indices enter the microfluidic channels from the top. The
main channel is then split and forms two arms, each one filled with both
liquids equally. In a sharp turn of the microfluidic channel the inner liquid
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Low refractive index liquid

High refractive index liquid

Liquid inputs

Liquid output

3D liquid

micro-lens

Figure 1.4: Concept for the creation of three dimensional liquid micro-lenses. Im-
age adapted from Rosenauer et al. [16].

experiences higher forces towards the outside and displaces the outer liquid
partially. Here the Dean effect [17, 18] is exploited. After the first turn the
cross-section of each arm shows a half lens-like shape in two dimensions.
After the two separated streams of liquids are joined again the channel ex-
pands. In this expansion the liquid lens is shaped in the third dimension
and creates a 3D liquid micro-lens which can easily be reconfigured by ap-
plying different inlet velocities. Liquid micro-lenses are one demonstrative
example of optofluidic applications and point out its advantages. Compared
to solid realizations an enormous increase in flexibility is achieved. New
phenomena occur, which can be exploited for the needs of the specific ap-
plications.

1.2 Objectives of this work

Optofluidics is a new field of research which shows high potential for the
realization of various sensor systems. Especially, nowadays established op-
tical analysis setups can benefit from its advantages. Here prominent exam-
ples can be found in medicine and biology. Nevertheless, optofluidics is still
in development stage and devices based on practical applications are rare.
More praxis oriented research is needed to demonstrate the full potential of
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optofluidic sensor designs.
The goal of this thesis is to tackle this issue and design optofluidic sen-

sor systems especially for use in medical and biological studies. The main
research objectives are:

1. Novel optofluidic sensor designs for applications in medicine and bi-
ology shall be elaborated.

2. The applicability of different fabrication techniques for the device
manufacturing shall be investigated.

3. The functionality of the fabricated prototypes shall be verified for rel-
evant biological samples.

At the final state, the fabricated prototypes should operate with a min-
imum of peripheral equipment and should hold the potential to be further
developed into a hand-held analysis device.

1.3 Outline
This thesis is divided into five main chapters. In Chapter 2 the theoreti-
cal aspects for the design of optofluidic devices are introduced. Both, the
microfluidic as well as the relevant optical phenomena are described.
Chapter 3 is dedicated to the applied fabrication technologies. Two basi-

cally different approaches, bulk and surface micromachining, are followed.
Each one provides unique advantages compared to the other one. The last
section deals with soft lithography, a rapid prototyping technique which is
widely applied in microfluidics and allows an extremely short design to de-
vice time. Finally, the peripheral connections to the micro-devices are ex-
plained.
In Chapter 4 an optofluidic waveguide modulator is presented and com-

pared against an L2-waveguide shifter. The elaborated modulator is based
on light reflection at a solid-liquid interface and operates without any me-
chanically moving elements. First, simulation results are shown followed
by the experimental evaluation of the device functionality.
In Chapter 5 thermo-optofluidics, a novel field of application of optoflu-

idics is introduced for the first time. It exploits the thermo-optic coefficient
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of solid and liquid materials in a unique way. After giving the necessary the-
oretical considerations, a thermo-optofluidics based light modulation unit is
presented pointing out the applicability of this new field of research.
Chapter 6 deals with an optofluidic sensor for the label-free determina-

tion of liquid concentrations. At first, the sensor design is explained the-
oretically followed by the experimental section. The device was success-
fully tested with different sample solutions including dissolved phosphate
and lactose. As another field of application, droplet microfluidics is intro-
duced and the capability of the sensor system for the investigation of micro-
droplets is pointed out.
In the final Chapter 7 the work presented in this thesis is summarized

and the main conclusions drawn from the results are discussed. At the very
end an outlook is giving providing ideas for the future continuation of the
topics covered in this thesis.

Research project frame
The work presented in this thesis was conducted at three universities, the
Delft University of Technology in the Netherlands, the Vienna University of
Technology in Austria, and the University of Bremen in Germany within the
framework of two European Marie-Curie Initial Training Networks, namely
”CellCheck - On-chip cell handling and analysis” with project number
MCRTN-CT-2006-035854 and ”EngCaBra - Biomedical engineering for
cancer and brain disease diagnosis and therapy development” with project
number PITN-GA-2010-264417.
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Chapter 2
Theoretical considerations

In this chapter the theory behind the optofluidic systems presented in the
later chapters is introduced. First, the fluidic behavior of liquids in mi-
crochannels is analyzed followed by the optical fundamentals of wave guid-
ing. At the end of this chapter, optofluidics, a novel field of research is
examined in more detail.

2.1 Fluidic aspects
On the micro scale fluidic behavior can either be described by a molecular
or by a continuum approach. For very small sample volumes molecular ef-
fects substantially influence physical parameters such as the fluid density. In
such cases, the use of an average value would not well represent the inves-
tigated system. The decision whether to choose a molecular or a continuum
approach is not very clear in fluid dynamics. In a continuum approach all
quantities of interest (e.g. density, velocity, pressure) are assumed to be
defined anywhere in the investigated geometry and vary continuously from
point to point. The density (ρ) of a fluid in a certain volume is defined as

ρ =
N ·m

L3

where N is the amount of molecules in a cube with a side length of L and
m stands for the mass of a single molecule. For a statistical variation of
less than 1% 104 molecules are needed. Taken water as the analyte the
transitional length can be calculated to

LH2O = 3

√
N ·m

ρ
= 3

√
104 · 3 · 10−23 g

106 g

m3

= 6.7 · 10−9 m.

A similar derivation is necessary for any other quantities of interest. Doing
so, a characteristic length scale of 10 nm can be approximated. As long as

11
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the characteristic length scale is much smaller than the dimensions of the
fluidic channels the continuum approach is valid. Assuming typical dimen-
sions in microfluidic systems of well above 1μm [19] justifies the use of a
continuum approach.

2.1.1 Navier Stokes equation
Taken the continuum assumption as valid, microfluidic systems can be de-
scribed with Newton’s second law for fluid particles, the Navier Stokes
equations. Newton’s second law for an ordinary particle is given by

m · dt�v =
∑
j

�Fj

where m stands for the mass and v for the velocity of the particle.
∑

j Fj

represents any external forces acting on the particle. Dividing this equation
by the volume and replacing dt by the material time-derivative gives the first
version of the Navier Stokes equation

ρ ·Dt�v =
∑
j

�fj

where the material time-derivative is defined as

Dt = ∂t + (�v · ∇).

Substituting the forces acting in an isothermal incompressible Newtonian
fluid (constant temperature, density, and viscosity) the Navier Stokes equa-
tion is given by

ρDt�v = −∇p+ η∇2�v + ρ · �g

where the left side represents the inertia forces (i.e. acceleration) and the
right side the forces generated by the pressure gradient, the viscosity, and
the gravity, respectively. To effectively solve this equation further simpli-
fications are needed. In most microfluidic systems the inertia forces are
dominated by the viscous forces. Therefore, the non-linear part Dt�v can be
neglected which leads to the simplified Stokes equation

∇p = η∇2�v + �f

where �f represents external forces of particular interest (e.g. gravity and
electrical forces). To verify the validity of the simplification the Reynolds
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number (Re) has been introduced which basically is the ratio of inertial and
the viscous forces,

Re =
ρDHv

η

where v stands for the flow velocity and DH for the hydraulic diameter.
The hydraulic diameter is a characteristic length scale of the investigated
system. In a channel with a circular cross section DH equals the diameter
d. For arbitrary perimeter DH is defined as

DH =
4A

Pwet

where A stands for the area of the cross section and Pwet for the wetted
perimeter. For cases in which Re < 1, the Stokes equation can be used to
describe the system. In typical microfluidic systems this condition is ful-
filled. As the Reynolds number scales linearly with the flow velocity, high
flow rates require closer inspection of the theoretical situation. For Reynolds
numbers, Re � 2000 laminar flow can be expected in the channels. In lam-
inar systems the streamlines of the flow are widely parallel which inhibits
any formation of turbulences. This circumstance allows mixing of fluids
by diffusion only, which is exploited in many microfluidic devices but of
disadvantage for micromixing applications.

2.1.2 Diffusion in fluidic systems

Microfluidic systems are commonly operated in the laminar flow regime.
That means mixing of fluids in the channels is limited to diffusion only. The
total diffusion flux (J) through a surface (δA) can be described using Fick’s
law

J = −D∇c

where D is the diffusion coefficient and c the concentration of species in
the liquid. Substituting Fick’s law in the conservation of species yields the
diffusion equation

∂c

dt
= D∇2c+ S

where S represents any source or sink of concentration. In Fig. 2.1 the dif-
fusion in an elementary volume is illustrated.
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δA

J

δm, δV

Figure 2.1: Schematic illustration of diffusion in an elementary volume.

In the laminar flow regime the diffusion constant can be derived using
the Stokes-Einstein equation

D =
kbT

6πηr

where kB is the Boltzmann constant (1.38·10−23 J/K), η the viscosity and
r the radius of the species. The diffusion constant at room temperature for
aqueous solutions including DI water is in the range of 10−9m2/s.

2.1.3 Flow profile

In microfluidic systems the velocity field in the channels requires closer
consideration. Depending on the applied pumping system two basically
different flow profiles are built up inside the channel. For external systems
working with pressure differences as the pumping source (which is often
applied in microfluidic setups), the no-slip condition at the channel walls is
of high impact. Due to the width of the channels in the micrometer range,
this zero flow velocity at the channel walls results in a parabolic flow profile
(Fig. 2.2a). In the following chapters, only pressure driven systems are used.
It should be mentioned that there are pumping systems readily imple-

mented capable of providing a constant flow profile in the channels as
well. One such pumping principle is electro-osmosis. In an electro-osmotic
driven flow, the flow velocity is constant over the entire width of the mi-
crofluidic channel (Fig. 2.2b).
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a)

b)

Channel wall Liquid

Figure 2.2: Flow profile in microfluidic channels. (a) In a pressure driven system
a parabolic flow profile is obtained. The flow velocity at the channel walls is zero.
(b) Driving the liquid in the channel with e.g. electro-osmosis results in a constant
flow velocity.

2.1.4 Droplet microfluidics

Droplet microfluidics can be described as a controlled formation of emul-
sions in microfluidic channels. Two immiscible fluids, the droplet phase
and the continuous phase, are brought into the same system to form mi-
cro environments for different applications. The two most popular ways of
droplet formation are water-in-oil and oil-in-water droplets depending on
the hydrophobic/hydrophilic characteristics of the applied device material.
Hydrophobic materials result in water droplets surrounded by oil as the con-
tinuous phase whereas hydrophilic materials are used to form oil droplets
surrounded by water. Surfactants can be added to the droplet as well as to
the continuous phase for droplet stabilization [20]. The most simple way of
passive droplet generation in microfluidic systems is based on a T-junction
(Fig. 2.3). On the device two micro channels are merged. The continuous
phase is pumped through the left inlet. The droplet phase approaches the
continuous phase from the top. Depending on the device material, the cho-
sen liquids, the channel geometry and the applied inlet velocities of the two
phases different droplet shapes can be generated. For a T-junction arrange-
ment and channels with a circular cross section, the droplet size can roughly
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Droplet

phase

Continuous

phase

Fluidic

outlet

Figure 2.3: T-junction arrangement for micro droplet generation. The continuous
phase is inserted from the left inlet. The droplet phase is inserted from the top,
perpendicularly to the continuous phase.

be approximated by
r ≈

y0γ

2vη

where r is the radius of the droplet, y0 is the channel radius, γ the interfa-
cial tension between the two liquid phases, v the velocity of the continuous
phase through the gap between channel wall and droplet, and η the viscos-
ity of the continuous phase. Typical dimensions of the microfluidic chan-
nels implemented for droplet generation are in the range of 100μm channel
width. The produced micro droplets have a typical total volume in the pico-
liter range. These small volumes make micro droplets enormously attractive
for applications with limited sample volumes such as, for example, in med-
ical diagnostics.
Once micro droplets have been created, they can be manipulated in dif-

ferent ways. Two often required manipulations are controlled trapping and
merging of droplets. Trapping at defined positions allow for a continuous
observation of the micro droplets with implemented or peripheral sensing
units. One typical peripheral measurement method is light microscopy.
Size and shape of the droplet as well as inner changes can be recorded
over time at the trapping position. Spectral analyses such as Raman spec-
troscopy [21, 22] are other examples for peripheral measurements. Next to
external instruments, sensing elements can also be directly implemented at
the trapping position on-chip. Proper placement of electrodes for example,
allows the continuous monitoring of the electrical conductivity which can
be correlated to changes of the droplet constitution. Furthermore, one could
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also think of integration of optical sensing elements to record the change in
optical properties such as light absorption and index of refraction. A sim-
ple method for trapping of single droplets is based on a spatially confined
expansion of the channel [23, 24]. Fig. 2.4 shows the cross-section of a mi-
crofluidic channel with integrated micro droplet traps. This technique can

Droplet

traps

Flow direction

Structured layer

e.g. PDMS

Flat layer

Figure 2.4: A micro channel with non-uniform height working as a trap for micro
droplets. At the expansions of the channel the droplets can stay in a lower surface
energy state and are fixed in their positions against the drag of the flow.
be applied for droplets which are squeezed inside the microchannel only.
Spherical droplets not touching the channel wall are not trapped using this
principle. In that sense this method can also be applied for droplet sorting
based on their size. The principle behind is based on the circumstance that
squeezed droplets are sensitive to depth modulation of the micro channel.
Each interface between two liquids has a surface energy εγ which is defined
as

εγ = γ · A

where γ is the interfacial tension and A the area of the interface. The lowest
surface energy is obtained for fully spherical droplets. The more the ge-
ometry deviates from spherical the higher the surface energy. As anywhere
in nature, the lowest energy state is the preferred one. Therefore, droplets
tend to reach spherical shape. Squeezed droplets are forced to remain in a
higher surface energy level. The integrated spatially confined expansions of
the channel allow the droplets to stay in states of lower surface energy. As
long as the strength of the trap due to the lower surface energy is higher than
the drag force of the flow the droplets remain trapped. The critical value for
the flow velocity is defined once the drag force reaches the strength of the
trap. This principle allows passive trapping of droplets at positions defined
by the geometry. Additionally, the droplets can easily be released again by
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simply increasing the flow velocity above the critical value.
Another principle for droplet trapping integrates electrodes close to the

microfluidic channel [25]. A schematic of the working principle is given in
Fig. 2.5. Under the impact of an electric field, emulsions are subjected to a

Droplet trap

Flow direction

Electrodes

Merged droplet

Figure 2.5: A micro channel with integrated electrodes working as a droplet trap.
Droplets are decelerated and deformed in the presence of an electric field. As a
consequence two succeeding droplets are merged.
body force which is given by

FE = ρfE −
1

2
E2∇ε+

1

2
∇

[
ρm

(
∂ε

∂ρm

)
T

E2

]

where ρf is the local free charge density, E the electric field strength, ε the
permittivity, ρm the mass density, and T the temperature. The three terms
are attributed to the coulomb, the dielectric, and the electrostriction force,
respectively. In the case of incompressible fluids the last term can be ne-
glected. If a droplet is passing through the electric field, it experiences a
body force which causes the droplet to be trapped and deformed. As the
deformed droplet does not occupy the entire channel anymore, the continu-
ous phase can easily flow by until a second droplet approaches. The electric
field induces coalescence and the two droplets get merged inside the elec-
tric field. Due to the doubled volume, the newly formed droplet experiences
a higher drag force. Once the drag force exceeds the force of the electric
field, the droplet is pushed out the trap and continues flowing through the
channel. Depending on the channel geometry, the electrode placement, the
strength of the electric field, and the flow velocity, droplets of any shape can
be trapped and merged using this principle.
These and other techniques provide droplet microfluidics with an enor-

mous flexibility. Droplets can be steered and manipulated through a com-
plex microfluidic system allowing various tasks to be performed. More de-
tailed information about single phase and two phase fluidic systems can be
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found in [26–31].

2.2 Optical aspects
Optical systems are implemented for a variety of applications especially in
sensing systems. Compared to other principles optics provide a contact-free
analysis of the samples. Furthermore, it is widely harmless to the analytes
and can easily be combined with other, for example, electrical principles
without any kind of negative interaction. In the following section, the heart
for such systems, the principle of light guiding, is introduced.

2.2.1 Total internal reflection
The phenomenon behind any kind of light guiding is total internal reflection.
In brief, reflection of light at a given interface without any light transmission
to the other side of the interface. If total internal reflection occurs inside a
waveguide light losses are at the very minimum.
At the interface of two dielectric media a plane wave is given by

Ei,r,t = E0i,r,t · e
−j(k||i,r,t·x−ωt)

whereE stands for the electric field, k|| for the projection of the wave vector
on the interface, and x and t for place and time, respectively. The indices
i, r, t stand for incident, reflected, and transmitted. At the interface the phase
angle of all three waves has to be identical,

k||i = k||r = k||t.

The magnitude of the phase vector is defined as

|k||i,r,t| = ni,r,t · k0

where n stands for the refractive index and k0 for the amplitude of the wave
vector in vacuum. Fig. 2.6 shows the phase angle diagram for total internal
reflection. For total internal reflection, the refractive index of the material
on the incident side (ni) has to be bigger than the refractive index of the ma-
terial on the transmission side (nt). If now the incident angle θi exceeds the
critical angle θcrit, the projection of the incident wave vector is bigger than
the magnitude of the transmitted one. In that case no free plane wave exists
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Figure 2.6: Phase angle diagram at total internal reflection.

in the medium on the transmission side and the incident wave experiences
total internal reflection. The critical angle is defined as

θcrit = arcsin
nt

ni

.

In cases of θi > θcrit the only losses of light can be attributed to the evanes-
cent field. Fig. 2.7 schematically depicts the propagation of the first mode
of an electric field in a waveguide. The shape of the mode propagating
along the illustrated waveguide follows a Gaussian distribution. At both
contact regions (core-cladding) the mode rapidly decays inside the cladding
material. The intensity escaping the core is the evanescent field. Although
exploited for certain sensing devices, the evanescent field is of disadvantage
for waveguiding applications. At the core-cladding boundary the magni-
tude of the electric field is E0. Inside the cladding material the electric field
decays rapidly depending on the refractive indices of the applied materials
(Fig. 2.8). The penetration depth dp of the evanescent field is defined at the
point where the electric field reaches E0/e. It can be calculated using

dp =
λ

2π
√
n2
i sin

2θi − n2
t
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Figure 2.7: Propagation of the first mode of an electric field in a waveguide.
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Figure 2.8: Decay of the evanescent field in the cladding material. The penetration
depth depends on the refractive indices of core and cladding.

where λ is the operation wavelength. Close to the critical angle the evanes-
cent field shows its maximum penetration depth and hence high optical
losses. It decays rapidly at higher incident angles.
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2.2.2 Planar waveguide
A planar waveguide exploits total internal reflection inside a core layer to
confine light in two dimensions. The core layer with a higher refractive
index is sandwiched between two cladding layers of lower refractive index.
Fig. 2.9 illustrates the working principle. Light is coupled into the core of

θ
i

n
core

n
cladding

n

θ θ

Figure 2.9: Schematic of a planar waveguide. The core layer is sandwiched be-
tween two cladding layers. Light is confined within the core layer by total internal
reflection.
the planar waveguide. If light rays hit the core-cladding interface in an angle
above the critical angle, they are totally reflected and confined within the
core layer. The planar waveguide can couple in a range of incident angles
which are defined by the numerical aperture (NA)

NA =
1

n0

· ncore ·
√
1− sin2θcrit =

1

n0

√
n2
core − n2

cladding

where n0 is the refractive index of the surrounding material (in this case air
with n of 1). As long as θi < NA the condition for total internal reflection
is fulfilled and light can be guided inside the waveguide. More detailed
information about those optical effects can be found in [32, 33].

2.3 Optofluidics
Optofluidics is a new field of research which has emerged within the last
decade. Having its roots in microfluidics and optics it has become much
more than just a combination of those fields. In optofluidic systems liquids
take over the functional role of optical elements. On the macro scale one
could think of an optical bench with different elements such as light sources,
mirrors, optical filters, or beam splitters with one or more of those elements
replaced by liquids. Let’s have a look at a simple example. Fig. 2.10 shows
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the light absorption spectrum of a widely applied liquid, DI water, from
the UV to the IR region. As can be seen DI water shows low absorbance
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Figure 2.10: Absorption coefficient of DI water at room temperature from 10 nm
to 1mm wavelength [34].
around the visible wavelength region (0.39 to 0.7μm). Shorter as well as
longer wavelengths on the other side are highly absorbed. Placing a suffi-
ciently thick layer of DI water in the optical path of a light beam works as
a bandpass filter with a center wavelength right in the visible range. Dif-
ferent liquids show different absorption spectra. By placing multiple liquid
filters in series, the spectra can be tuned such that only a certain range of
wavelengths can be transmitted. Now taking this assembly and placing it
on-chip results in an optofluidic bandpass filter. Of course bandpass filters
can be realized with solid materials as well. This example is meant as an
illustration of how a basic optofluidic system could look like. Anyway, one
huge benefit in using a liquid filter could be the exchangeability of liquids.
Replacing one liquid by another liquid with different absorption spectrum
allows to adjust the overall filter characteristic in-line. For solid realizations
this is not possible. The filter spectrum is defined by the materials. A change
in this spectrum requires a complete redesign of the system.

Exploiting the light absorption characteristics of liquids is one of the ba-
sic building blocks for optofluidic setups. Often high transmission of light
at the operating wavelength is a pre-requirement. In advanced optofluidic
systems usually more than one physical property of the employed liquids
need to be considered. The implementation of liquids with low light ab-
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sorbance at the operating wavelength and carefully chosen refractive indices
is a typical application. Here, one descriptive example are L2-waveguides
(Fig. 2.11). The working principle of L2-waveguides and planar waveg-

n

Core

liquid

Cladding

liquid

Flow

direction

Figure 2.11: Schematic of an L2-waveguide. The core stream with an increased
refractive index is sandwiched between to streams of cladding liquid with lower
index. Neglecting diffusion, the profile of the refractive index looks like a step.
Due to diffusion effects, which strongly depend on the applied flow velocities, the
profile gets smoothened.
uides is basically the same. In both, light is confined in a region of high
refractive index sandwiched between regions of lower one. In the case of
L2-waveguides, those regions are formed by streams of liquids in a mi-
crochannel. The core liquid is chosen with a higher refractive index as the
cladding. Two commonly chosen fluids are DI water (n of 1.33) and a 5M
CaCl2 solution (n of 1.44). The numerical aperture of L2-waveguides built
up with those two liquids is

NA =
1

n0

·
√

n2
core − n2

cladding = 0.552 (2.1)

where n0, ncore, and ncladding are the refractive indices of the surrounding
material (usually the chip material, here assumed as air), the core, and the
cladding liquid, respectively. One effect which substantially influences the
functionality of L2-waveguides is diffusion. In regular planar waveguides
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the profile of the refractive index looks like a step, high in the core and low
in the cladding region. Diffusion prohibits such a clear separation of core
and cladding region. Depending on the flow velocity, the liquids diffuse
into each other at the contact region resulting in a smoothened profile of the
refractive index. This profile resembles the profile of graded index (GRIN)
waveguides [35] which provides superior waveguiding performance. For
L2-waveguides a permanent flow of liquids is necessary. At a steady state
the liquids would fully diffuse into each other and preclude any waveguid-
ing. This automatically introduces a permanent consumption of liquids.
L2-waveguides are just one application of optofluidics. Liquid lenses,

liquid based laser systems as well as various analysis devices are a few other
possible applications.
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Chapter 3
Micro-fabrication

This chapter deals with the micro-fabrication technologies which are ap-
plied for the manufacturing of the investigated devices presented in the
following chapters. Two basically different fabrication techniques are pre-
sented. Bulk micromachining, which is based on selective etching of the
substrate material and surface micromachining where multiple layers of var-
ious materials are deposited on the substrate material.
Parts of the work presented in this chapter have been published in [36–

42].

3.1 Bulk micromachining
Bulk micromachining is a widely applied technique especially for the re-
alization of MEMS (microelectromechanical systems). The standard base
material for such kind of devices, the bulk material, is a silicon wafer. Any-
way bulk micromachining itself is not limited to silicon substrates. Borosil-
icate glass wafers, for example, can be processed using similar techniques
as well. The chosen substrate materials are then structured using different
etching processes. Therefore, the structures are first patterned using etching
masks. Those masks can be e.g. silicon dioxide or silicon nitride layers.
After the etching process of the bulk material has been finished, the etching
masks are removed again.

3.1.1 Silicon

Silicon is the most widely used material in micro-fabrication technologies.
Especially for the design of integrated circuits silicon is the material of
choice. Therefore, also the technologies necessary for the machining of
silicon are well studied and fully mature. In Fig. 3.1 a standard one-sided
polished silicon wafer is shown. If pure silicon is exposed to oxygen, oxida-

27
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tion starts immediately. Therefore, the top as well as the bottom side of the
wafer are covered with a silicon dioxide (250 nm), silicon nitride (80 nm)
stack. This stack is then often used as an etching mask. The crystal orienta-
tion of the wafer is <100> and the diameter is 100mm. Although possible

Figure 3.1: Standard one-sided-polished <100>-silicon wafer. The Diameter of
the wafer is 100mm.
from the technology point of view, for the devices presented in the follow-
ing chapters silicon is used as a carrier material only. The microfluidic and
optical elements are not directly written in silicon but structured in layers
deposited on the silicon substrate. The reasons are the relatively long fabri-
cation time and the optical behavior of silicon in the visible range. Etching
deep trenches with either sloped or vertical channel walls in bulk silicon is
an extremely time consuming process. Depending on the applied method,
etching rates of approx. 1.4μm/min and 0.5μm/min can be achieved for wet
chemical etching and plasma activated dry etching, respectively [43]. The
typical height of microfluidic channels is in the range of 100μm resulting
in processing times of more than one hour just for the etching step alone.
Together with all the essential pre- and post processing steps, it is hardly
possible to manually fabricate devices within a single working day. This
is of huge disadvantage during the development state of a device. Here, a
short design to device time is required.
Another limitation of silicon as the device material for optofluidic ap-

plications is its low optical transmittance in the visible wavelength region.
Fig. 3.2 shows the absorption spectrum of intrinsic silicon. Silicon is nearly
opaque for wavelengths below 1μm. Already a layer of 1mm inhibits vis-
ible light transmission without using a high power light source. However,
the absorption characteristic changes with increasing wavelength. Silicon is
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Figure 3.2: Absorption spectrum of intrinsic silicon at room temperature [44].

getting transparent for long wavelengths starting in the near IR region. This
enables optical transmission and hence optical analyses on devices fabri-
cated in silicon only. Nevertheless, the use of IR light implies two major
drawbacks. First of all, IR light is not visible for the human eye. Special
detectors or an IR-microscope are necessary for the visualization. Further-
more, the optical absorption of water drastically increases with increasing
wavelength. For analyses or applications dealing with aqueous solutions,
which is the widely applied standard, IR light is therefore not suitable and
precludes the use of silicon as the device material.
As already mentioned, silicon can be applied as the carrier material for

optofluidic systems. On such devices, the fluidic connections into the mi-
crofluidic channels are placed on the bottom of the chip. Therefore, the
silicon substrates have to be fully etched through. Two basically differ-
ent approaches are possible for the etching process: Wet and dry etching.
Both, are anisotropic etching processes. Deep reactive-ion etching (DRIE)
is a commonly applied dry etching process. Ions are accelerated perpen-
dicularly towards the silicon surface. Those ions remove exposed silicon
atoms from the surface. In that way trenches with upright channel walls
can be achieved. Compared to wet chemical etching DRIE is a laborious
technique. Furthermore, for fluidic inlets vertical channel walls are not nec-
essary. Therefore, wet chemical etching with potassium hydroxide (KOH)
as the etchant is chosen for the perforation of the silicon wafer. This tech-
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nique is an anisotropic process as well. The etching rate strongly depends
on the crystal orientation. In the <100> direction the etching rate is much
higher than in the <111> direction. This results in sloped channel walls
(Fig. 3.3).

Silicon nitrideSilicon oxide

Silicon wafer
54.74°

Figure 3.3: Wet chemical etching of a <100>-silicon wafer with a potassium hy-
droxide (KOH) dilution. The anisotropic etching process results in sloped channel
walls with an angle of 54.74 ◦ with respect to the wafer surface.
An angle of 54.74 ◦ with respect to the wafer surface is obtained. Diluted

KOH is the most widely applied liquid etchant for silicon. The etching
process includes following main steps:

• Spin coating of standard photo resist (AZ6612) onto the bottom side
of the whole wafer with a rotation speed of 3000 rotations per minute.

• Baking of the photo resist on a hot-plate with 107 ◦ for 5min.

• Exposure of the resist through the desired mask for 20 s.

• Development of the resist by spraying of standard developer AZ826
for 20 s onto the wafer.

• Plasma etching of the silicon dioxide (250 nm), silicon nitride (80 nm)
stack on the bottom side in the parallel plate RIE equipment (STS 320
PC).

• Stripping of the remaining photo resist.

• Etching of the holes with a 40% KOH solution (6 h 20min).

• The silicon dioxide, silicon nitride stack on top of the wafer serves as
an etch-stop.



3.1 Bulk micromachining 31

• Removal of the remaining silicon dioxide, silicon nitride stack on the
bottom side in the parallel plate RIE equipment (STS 320 PC).

After the etching process, the silicon dioxide, silicon nitride stack re-
mains, covering the etched holes. These layers are essential for later steps
such as spin coating of SU-8 on the perforated silicon wafer. Those films
can be removed at a later stage by ultrasonic cleaning.

3.1.2 Borosilicate glass
The main constituents of borosilicate glass are silicon dioxide and boron
oxide. It is widely applied in conventional optics for high performance ele-
ments such as macro-lenses. Depending on the exact composition, the index
of refraction of this type of glass is around 1.52. Borosilicate glass provides
full transparency in the visible range in contrast to silicon which is highly
opaque. This is of huge advantage for optical applications. Fig. 3.4 shows
the transmission spectrum of a common type of borosilicate glass with a
thickness of 10mm. The transmission rate is more than 90% all over the
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Figure 3.4: Transmission spectrum of uncoated N-BK7, a borosilicate glass, with
a thickness of 10mm [45].

visible wavelengths and in the beginning of the near IR region. At wave-
lengths exceeding 2μm the transmittance starts to drop rapidly. For applica-
tions operation with longer wavelengths other materials have to be chosen
(e.g. calcium fluoride glasses or silicon). Borosilicate fully satisfies the
major requirement for optofluidic systems, meaning low optical absorbance
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over a wide range of wavelengths. Unfortunately, the processing of borosil-
icate glass is far from being trivial. One possible way of structuring is mi-
cro milling. With this technology simple channel structures can be directly
written in a glass substrate. For micro-optical applications the limitation in
feature size and smoothness of the channel walls is here of disadvantage.
Another way of glass processing is wet chemical etching using hydrofluoric
acid (HF). Etching glass with HF is an isotropic process. The cross-section
of obtained channel structures is not rectangular but semicircular. This sig-
nificantly cuts the applicability of this technology. Furthermore, HF is a
highly dangerous poison and has to be handled with great care. Considering
those challenges, borosilicate glass is not applied as device material for the
optical and microfluidic elements.

Anyway, borosilicate is used as substrate material for successive surface
micromachining steps (e.g. deposition of SU-8). In Fig. 3.5 an applica-
tion of an SU-8 device on a borosilicate glass substrate is shown. Here, a

Figure 3.5: Application of borosilicate glass for device fabrication.
borosilicate glass wafer is used as substrate. After SU-8 deposition, expo-
sure, and development the devices are diced in size and bonded on a PDMS
slab. The other side of the PDMS slab is bonded to a borosilicate glass
microscope slide. This microscope slide works as a carrier material and
simplifies chip handling. The fluidic connections are placed on the bottom
of the chip assembly. Therefore, the borosilicate glass slide is perforated
using a sandblasting system.
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3.2 Surface micromachining

In surface micromachining, elements are structured on a substrate by depo-
sition and selective removal of additional layers of material. Compared to
bulk micromachining the substrate material is not affected at all. Both the
substrate and the deposited layers can be selected out of a variety of mate-
rials. A commonly used substrate material is silicon on a wafer level. Glass
or polyester wafers are other examples for possible substrates. Different
types of resists are typically chosen for the layer material. Here SU-8 is a
prominent example.

3.2.1 SU-8

SU-8 (Microchem, USA) is a widely applied photoresist for bulk as well
as for surface micromachining [46]. In bulk micromachining it is used as a
mask for successive etching steps whereas in surface micromachining it is
directly used as functional layer. In the course of this work, SU-8 is directly
used as layer material. Fig. 3.6 shows a cross-section of a typical device
constitution. A perforated silicon wafer is used as substrate. The SU-8

Microfluidic

channels

PDMS lid

SU-8 layer

Silicon wafer

Liquid

in- and outlets

Figure 3.6: Cross-section of SU-8 structures applied on a silicon substrate. A
PDMS layer is clamped on top of the SU-8 layer to seal the microfluidic channels.
layer (typical thickness of 100μm) is deposited on top. To finally seal the
microfluidic channels a PDMS layer is clamped on the SU-8 layer.
SU-8 is a negative photoresist. An unexposed negative photoresist is
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fully soluble in the developer. It must be exposed to withstand the immer-
sion. During the exposure to UV-light it becomes polymerized and with that
resistant to the developer. On the contrary, an unexposed positive photore-
sist is not attacked during the development and must be exposed to increase
its solubility in the developer. Both types of resist have their unique ad-
vantages. In general, positive photoresists allow smaller feature sizes to be
fabricated. On the other hand, negative photoresists exhibit better adhesion
to a variety of substrate materials including silicon and glass. Furthermore,
they are more cost effective in both, purchasing as well as processing which
makes them attractive for prototyping. The main process steps for the fab-
rication of SU-8 layers with a thickness of 100μm are as following:

• Pre-bake of the silicon wafer on a hot plate at 120 ◦C for 2min.

• Spin coating of an adhesion promoter (Ti-prime) and curing on a hot
plate at 120 ◦C for 1min.

• Spin-coating of SU-8 2100 at 3000 rpm for 30 seconds.

• Soft bake in an oven at 95 ◦C for 120min.

• Exposure to UV-light for 130 s.

• Post exposure bake on a hot plate at 65 ◦C for 5min and 95 ◦C for
10min.

• Immersion in SU-8 developer for approx. 15min.

Fabricated SU-8 structures are chemically inert and provide a high degree
of biocompatibility. The material is hydrophobic and transparent at visible
wavelengths. At 530 nm its index of refraction is approx. 1.59 [47]. For
the optofluidic sensor applications presented in the following chapters the
relatively low index of refraction compared to other materials (e.g. silicon,
index of refraction at 530 nm of approx. 4.2 [48]) is of advantage. The
closer the index of the device material to the index of the liquid analytes
(aqueous solutions with an index of 1.3 to 1.5) the higher is the achievable
sensitivity of the system.
Fig. 3.7 shows SEM images of a structured SU-8 layer with a thickness

of 100μm. On the left the achievable structure sizes are highlighted. The
picture on the right shows a fiber groove used for clamping peripheral glass
fibers onto the chip. With SU-8 aspect ratios (the ratio of element height to
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250um 100um

Figure 3.7: SEM images of device structures fabricated in SU-8.

element width) of up to 20 can be reached. This satisfies the requirements
for most optofluidic as well as for a wide range of purely microfluidic ap-
plications. Compared to rapid prototyping techniques the achievable design
to device time for SU-8 devices is still rather long. The obtained structure
size and channel wall smoothness on the other hand are superior. The op-
timal trade-off between those two parameters has to be found for the given
requirements.

3.2.2 Dry resist
One way of rapid prototyping is based on dry film lamination. The huge ad-
vantage of this technology is the extremely easy fabrication process. Lay-
ers of the desired resist are simply laminated on the given substrate. For
structure sizes in the range of 100μm, the lamination process can even be
performed on conventional office laminators. To achieve smaller structure
sizes, the lamination should be performed on high precision laminators in a
clean room setting. Both, the applied substrate and the dry resist can be cho-
sen individually and hence be optimized for the given specifications. In the
following sections negative dry film resist, Ordyl SY330 and Ordyl SY317
having a thickness of 30μm and 17μm, respectively, are used. This dry re-
sist is resistant to a wide range of chemicals. Furthermore, swelling is much
reduced compared to other materials (e.g. PDMS). The dry resist structures
can directly be used to form channels for microfluidic applications. The em-
ployed resist is fairly transparent in the visible light range. Fig. 3.8 shows
the measured transmission of a 10μm thick layer of Ordyl after the devel-
opment. In the visible range a transmission of approx. 85% is evident.
Compared to silicon, which is fully opaque in the visible wavelength re-
gion, this resist can be employed for optofluidic applications operating with
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Figure 3.8: Transmission of a 10μm thick layer of Ordyl after the development.
Starting from 500 nm up to 1000 nm it shows a transmission rate of approx. 85%.

visible light. Anyway, the loss of optical power in the dry resist should be
accounted for. The input power must be set to a higher value accordingly.
For proof of concept studies this is of minor relevance. In a final appli-
cation, on the other hand, one should consider other materials with higher
transmission rates at the wavelengths of interest. Another pre-requirement
for microfluidic applications is impermeability to fluids. The chosen dry
resist was tested for good sealing. Additionally, a gas test at a pressure of
2.5 bar was performed. During the entire test procedure the resist did not
show any leakage or degeneration. The later-on presented optofluidic sens-
ing devices are meant for biological or medical purposes. For this reason,
the employed materials must show a high degree of biocompatibility. The
materials must possess the quality of not having toxic or injurious effects
on biological systems. In order to test the biocompatibility of the material
living cells were cultured on an autoclaved piece of dry resist for a duration
of five days. In comparison to a control culture, the cells behaved identical
and no difference in the proliferation curves was detected [49].
As already mentioned, the substrate can be chosen out of a variety of

materials. Examples are silicon, polyesters, and glasses. In the following
the six main fabrication steps with a flexible polyester foil as substrate are
described (Fig. 3.9). For other substrate materials the main steps stay the
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same. The concrete parameters, such as temperature and durations, have to
be fine tuned to reach optimal performance.

125 μm polyester-foil

as substrate

Lamination of

17 μm Ordyl layer

Flood UV exposure

24 seconds

Lamination of

4 Ordyl layers

total height 107 μm

UV exposure 24 seconds

through foil mask

Ultrasonically actuated

development in Ordyl

developer for 2 minutes

Bonding of PMMA

microscope slide

on top of Ordyl layers

f)

e)

d)

c)

b)

a)

 

 

 

     

     

Figure 3.9: Process steps for the fabrication of dry resist micro-chips divided into
6 main steps; (a) A 17μm thick resist layer is laminated onto a 125μm polyester
foil, (b) flood UV exposure of the 17μm thick layer for 24 seconds to improve
the adhesion of following resists, (c) consecutive lamination of four resist layers
(one 17μm and three 30μm) to reach the final structure height of 107μm, (d) UV
exposure (24 s) through a high resolution printed foil mask (64000 dpi) to structure
the elements, (e) after the post exposure bake (5min, 70 ◦C), ultrasonically actuated
development of the structures for 2min, (f) bonding of a PMMA microscope slide
on top of the structured resist (providing drilled in- and outlets) for sealing of the
microfluidic channels by lamination.
A 125μm thick polyester foil is used as a substrate for the devices. The

surface of the substrate material must be clean and free of any contaminants
for a good and permanent bonding to the dry resist. For this reason, the
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polyester foil is cleaned with ethanol prior to processing. The dry resists are
covered with a thin plastic foil on both sides. This foil ensures protection
of the resist during handling and inhibits unintended bonding of the resist.
Before lamination, one protective foil is removed. The dry resist film is then
carefully aligned onto the previously cleaned substrate. Attention has to be
paid to avoid air gaps between resist and substrate. At first, a 17μm thick
resist layer is laminated onto the polyester foil (Fig. 3.9a). The top of the
dry resist must still be covered with the protective foil to prevent contami-
nation of the laminator. After lamination, the first layer is flood exposed to
UV light for 24 s (Fig. 3.9b). Especially if using contact alignment for the
exposure, the protective foil on top is essential to preclude bonding of the
resist onto the instrument. The 17μm thick resist layer has two functional-
ities. At first, it improves the bonding of following layers allowing for the
realization of higher aspect ratios. The adhesion between two layers of dry
resist is superior to the adhesion of dry resist to substrate material. In that
sense, the technology is widely independent from the underlying substrate
material. Secondly, the microfluidic channels are covered with the same
material on the channel wall as well as the channel bottom. Especially for
biocompatibility reasons this is of huge desire since unwanted reactions can
be suppressed to the biggest extent. If necessary, the channel top can be
treated in a similar way. In that sense, the sample solutions in the microflu-
idic channels are in contact with dry resist only. In the next step the second
protective foil is pulled-off as well and multiple resist layers are laminated
(total thickness of 107μm) on top of the 17μm layer (Fig. 3.9c). The proce-
dure is the same as for the first resist layer. After removal of one protective
foil the dry resist is aligned onto the substrate and passed through the lami-
nator. Then the second protective foil is pulled-off before the next layer of
resist is aligned and laminated. All the lamination steps are performed at
a temperature of approx. 90 ◦C. The optimum temperature must be defined
depending on the properties of the employed instrument. One parameter
which has a significant impact on the ideal temperature is the lamination
speed. A lower speed asks for a lower temperature to prevent thermal dam-
age such as excessive bending of the substrate as well as the dry resist foil.
As the next step the microfluidic and optical elements are structured into the
107μm thick resist layer using a high-resolution printed foil mask (64000
dpi; UV exposure for 24 s; Fig. 3.9d). After a post exposure bake for hard-
ening of the dry resist (5min at 70 ◦C), the development is performed under
ultrasonic agitation for 2min in resist developer (Fig. 3.9e). Depending on
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the strength of the ultrasonic instrument, the necessary time for the develop-
ment can be adapted. Subsequently, the individual devices can be cut in size
using conventional scissors. To close the microfluidic structures a PMMA
microscope slide (index of refraction approx. 1.49 [50]) is bonded on top
of the structures by lamination (Fig. 3.9f). This PMMA slide is equipped
with holes for the liquid in- and outlets. A conventional drilling machine is
used for drilling the in- and outlet holes with typical diameters of 1mm. As
already indicated, the PMMA cover can be coated with a dry resist layer for
biocompatibility reasons.

Figure 3.10: Photograph of fabricated devices before cutting and bonding. The
microfluidic and optical elements are structured in dry resist. A polyester foil is
used as substrate.
Fig. 3.10 shows an image of the finally obtained devices before cutting.

The shape of the polyester foil in this case is rectangular. As can be seen the
polyester foil provides the device with an enormous flexibility [51–53]. The
substrate with the structured resist on top can be bended in any direction.
This further increases the applicability of this technology. Care must be
taken only to avoid cracking of the resist structures. In fact, after the devel-
opment process the surface of the resist can be covered with micro-cracks
anyway. The degree of surface roughness strongly depends on the specific
development parameters. If a smooth surface is essential, an annealing step
can be performed on the developed structures. For this reason, the fabri-
cated structures are placed on a hot plate at approx. 90 ◦C for 5 to 10min.
During annealing, the micro-cracks can be removed to the biggest extend
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and a smooth resist surface is obtained.

Besides flexibility, the huge advantage when using a polyester foil as
substrate is the easy cutting process. No dicing machine is necessary. The
individual chips can be cut in size with conventional scissors. This speeds
up the fabrication process dramatically. Furthermore, any perimeters (even
circular ones) can be defined. After cutting, the individual devices can be
bonded on other substrates to close any microfluidic elements. Again, the
substrate can be chosen out of several materials. Fig.3.11a shows a sin-
gle device bonded on a PMMA microscope slide. For bonding, the chip is

a)

b) c)

5 mm

Figure 3.11: (a) Photograph of a dry resist device bonded on a microscope slide.
The fluidic connections to the peripheral syringe pumps are managed by PTFE
tubings. A highly reflective material (aluminum foil) is glued underneath the in-
terrogation point to achieve a higher optical contrast in the microscope images.
Scanning electron microscope images of (b) the optical interrogation point on-chip
and (c) a magnification of an integrated air micro-lens.
simply laminated on a PMMA substrate. To improve bonding, this PMMA
slide can be covered with a thin layer of dry resist as it is done for the
bottom substrate as well. However, for optical applications this additional
adhesion layers can be of disadvantage. These two layers on top and bottom
can influence the waveguiding behavior of the system essentially. Integrated
waveguides, for example, are meant to confine light inside a bar of dry re-
sist in two dimensions. A continuous layer on two sides allows light rays to
escape this bar and increase the optical loss. An optimum trade-off between
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bonding strength and optical performance must be found. The PMMA slide
on top can be provided with in- and outlet holes for fluidic connections. The
slide can be as small as the single device itself. Anyway, for easier handling
the use of a slide with dimensions of a few centimeters is preferable. In
Fig.3.11b an SEM image of the interrogation region of an optofluidic sens-
ing system is given. A straight microfluidic channel is placed in the middle.
The integrated waveguide and the air micro-lenses are placed next to it. In
Fig.3.11c a close up of the light input coupling region is shown. The air
micro-lens is placed next to the ending of the integrated waveguide in a
distance optimized for the numerical aperture of the waveguide.

100 μm

1 mm

b)

a)

Figure 3.12: (a) Picture of one master device for PDMS replica fabricated in dry
resist. (b)Close up view of achieved structure dimensions (aspect ratio approaching
2).
In Fig. 3.12 optical images of another device fabricated in dry resist is

given. In a later step this device serves as a master for replica techniques.
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Fig. 3.12a shows the entire chip comprising the light input coupling region
on the left, a beam splitter and a deflection region in the middle, two mi-
crofluidic channels placed on both sides of the deflection region, and a broad
microfluidic channel surrounding the entire design. Fig. 3.12b is a close up
view of the deflection region and highlights the capability of this dry re-
sist technology. Aspect ratios of up to 2 are feasible. Keeping in mind the
design to device time of just a few hours this is truly remarkable.

3.3 Soft lithography - PDMS
The advantages of Polydimethylsiloxane (PDMS) are its low optical ab-
sorbance in the visible range (380 nm to 780 nm) and its refractive index
[54–56]. Compared to most solid materials, the refractive index of PDMS
(n of 1.41) is relatively low and close to the refractive index of DI water (n
of 1.33). This adjacency is beneficial for optical analyses based on refrac-
tive index changes. Furthermore, PDMS is biocompatible which makes it
attractive for applications in biological or medical studies. It is permeable to
gases which can be exploited for the supply of e.g. oxygen to the analytes.
Nevertheless, this permeability can be of disadvantage for certain applica-
tions as well. Although at very low rates, liquids can diffuse into PDMS
which causes swelling of the device material. For long time analyses last-
ing more than a day this is a major drawback of PDMS. The investigated
optofluidic sensing principles in this work are performed within just a few
minutes. This circumstance justifies PDMS as an applicable device mate-
rial.
PDMS devices are fabricated in a molding process. The liquid raw ma-

terial is poured on a negative of the channel structures. After curing the
PDMS device can simply be pulled-off the master device. This molding
procedure can be repeated as many times as desired allowing low cost fab-
rication of devices at extremely high throughput. For the fabrication of the
master devices, different substrate materials (such as, e.g. SU-8, silicon,
dry resist) can be used. In the following paragraph the fabrication based
on dry film resist is explained in detail. Two types of dry resist are used,
Ordyl SY330 and Ordyl SY317 having a thickness of 30μm and 17μm,
respectively (ElgaEurope, Italy). In addition to the dry resist fabrication
process described in the preceding section, further process steps are essen-
tial (Fig. 3.13). After development of the dry resist (Fig. 3.13a), the finally
obtained master devices are placed on a hot plate (approx. 60 ◦C) under
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Figure 3.13: Additional fabrication steps for PDMS micro-chips starting from dry
resist development. (a) Ultrasonically actuated development of the structures in
dry resist developer, (b) curing of the master devices at 60 ◦C for 120min under
exposure to white light, (c) PDMS casting, and (d) final plasma activated bonding
of the PDMS devices onto glass microscope slides.

exposure to white light (halogen lamp) for 120min to allow curing of the
resist (Fig. 3.13b). Those master devices are then used for PDMS casting
(Fig. 3.13c). After curing of the PDMS the device can simply be pulled
off the master device by hand (Fig. 3.13d). For sealing of the microfluidic
channels the devices are plasma activated and irreversibly bonded on glass
microscope slides (Fig. 3.13e). The use of dry resist as master device ma-
terial and subsequent PDMS casting allows fabrication of devices within a
few hours. This is of huge advantage especially for proof of concept studies.
Fig. 3.14 shows an image of a PDMS master device. Here, a silicon wafer
with a diameter of 100mm serves as substrate for the dry resist structures.
On the wafer 28 individual devices are visible. The shape of the master
device is not limited to wafer size. In fact, any perimeter can be chosen.
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Figure 3.14: Photograph of a master device for PDMS replica. A layer of dry resist
with a total thickness of 107μm is structured on a 100mm silicon wafer.

Depending on the arrangement of the individual devices, a space optimized
substrate can be selected. A close-up few of a single PDMS device is shown
in Fig. 3.15. A straight microfluidic channel is placed right in the middle

Figure 3.15: Photograph of a PDMS device fabricated using a dry resist master
device.
of the device. On both sides of the channel a hole is punched through the
PDMS for the liquid in- and outlet. Next to the channel three optical air
micro-lenses and an integrated waveguide are visible. On the upper left cor-
ner of the chip as well as on both corners on the right, fiber grooves are
integrated. Those fiber grooves allow external glass fibers to be clamped
onto the device. For a final application the PDMS device is bonded to a
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glass microscope slide to seal the microfluidic channels.

3.4 Peripheral connections
The sensor systems investigated in the following chapters are integrated di-
rectly on micro-devices. Nevertheless, a peripheral system is still needed for
both, the fluidic as well as the optical part. In this section the connections
employed for these reasons are introduced.

3.4.1 Fluidic system
For all the investigated microfluidic devices, external syringe pumps are
employed as the fluidic pumping systems. Therefore, macro-tubings have
to be connected to the chip, leading the fluids from the bulky syringe into the
micro devices. A photograph of this fluidic connection is given in Fig. 3.16.
An optofluidic chip is placed on a carrier substrate (a PMMA microscope

a) b)

Figure 3.16: Fluidic connections to the optofluidic devices. (a) The substrate ma-
terial (PMMA in this case) is provided with holes for liquid in- and outlets. PTFE
tubings with inserted needles are plugged into those holes and glued to the substrate
material. The optofluidic chip is placed on the other side of the substrate. (b) The
other end of the PTFE tubings is equipped with a standard syringe connector for
direct connections to the syringes containing the sample solutions.
slide in this case). The carrier substrate can be as small as the individual chip
itself. Especially if thinking of a sensor element integrated in a hand-held
device this could be advantageous. Nevertheless, during the development
phase a carrier substrate with dimensions of a few centimeters might be
the better choice. Fluidic connections into the micro-channels on-chip are
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provided through holes in the carrier substrate. These holes are drilled with
a conventional drilling machine. On the other side of the substrate, PTFE
tubings manage the peripheral fluidic connection to the syringe. The PTFE
tubing on the chip side is equipped with a flat hollow needle inside. The
needle stands out of the PTFE tubing, but less than the thickness of the
substrate. The protruding part of the needle is plugged into the holes on the
substrate and fixed using a two component glue (Fig. 3.16a). In addition, the
applied glue ensures sealing of the in- and outlets to provide a fully airtight
connection. Into the other side of the PTFE tubing a hollow needle with a
standard syringe connector is inserted (Fig. 3.16b). This connector allows
syringes filled with the specific liquids to be connected. The injection can
either be done manually or by programmable syringe pumps. The sample
volume inside the chip itself is in the pico liter range. Nevertheless, the
attached PTFE tubings have volumes up to a few hundreds of micro-liters.
For the experimental studies these volumes must be provided. In a final
application, these connections can be removed and the necessary sample
volumes are again in the pico liter range.

3.4.2 Optical system

The light source for the analyses presented in the following chapters is a
solid-state laser system with an SMA-connector at the optical output. Using
multi-mode glass fibers (core diameter of 50μm, outer diameter of 90μm)
light is guided from the source into the optofluidic devices. In some of the
developed optofluidic devices, the exiting light is again coupled into a glass
fiber and guided towards an optical detector. This detector can be, for ex-
ample, a simple photodiode or a photomultiplier tube. Although providing
a lower sensitivity than photomultiplier tubes, a standard pre-amplified pho-
todetector is used in the later on presented experiments to provide the pos-
sibility of a future integration on-chip. On the laser and the photodetector
sides, the glass fibers are equipped with SMA connectors. The other sides
of the fibers are free of any connector and provide bare endings only. These
bare endings are inserted into fiber grooves on the micro-devices (Fig. 3.17).
The wide opening of the fiber groove on the edge of the chip allows easy
insertion of the glass fiber. The other side of the groove is narrowed down
close to the outer diameter of the fiber. This prevents any movements of the
fiber once it has been clamped inside the groove. In that way self-alignment
of the glass fiber is ensured. Such fiber grooves can be implemented in
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a) b)

Figure 3.17: Optical connection to the micro-chip. The bare ending of a multi-
mode glass fiber is inserted into fiber grooves. The wide opening of the grooves
allows easy insertion whereas the other side is narrowed down to fully fix the fibers
in their positions. The outer diameter of the employed glass fibers is 90μm. (a)
Fiber groove on a PDMS device placed close to an integrated waveguide. (b) Fiber
groove on a dry resist device placed right next to an air micro-lens.

any device material as long as it provides sufficient transparency at the op-
erating wavelength. Two examples are PDMS (Fig. 3.17a) and dry resist
(Fig. 3.17b).

3.4.3 External instruments
All the investigated devices have their actual sensing and actuating units,
respectively, directly integrated on chip. The optofluidic chip itself is then
connected to external instruments using the previously described optical and
fluidic systems. Elements such as the light source and photodetectors are
not integrated on-chip but provided externally. A typical overall arrange-
ment for an optofluidic experimental setup is illustrated in Fig. 3.18. The
optofluidic chip is placed in the center of the setup. Glass fibers and PTFE
tubings provide the physical connections into the device. As mentioned ear-
lier, an external light source is used in all the experiments. The chip itself
is placed on a mounting stage underneath an optical microscope. For the
actual functionality of the system typically no visual inspection is neces-
sary. Nevertheless, in the development phase a permanent verification of
the ongoings inside the device is essential. Using a microscope the obtained
results can be correlated to the actual behavior on-chip and are hence ver-
ified. For data recording, a digital camera can be assembled on top of the
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Figure 3.18: Schematic of a typical optofluidic experimental setup. The optofluidic
chip is placed in the center underneath a light microscope having a digital camera
attached. A syringe pump and PTFE tubings, an external light source and glass
fibers, standard photodetectors, and an oscilloscope complete the setup.

microscope and can be connected to a PC. If a controlled flow of liquid
is essential, a high-precision syringe pump can be integrated in the setup.
For applications not demanding specific flow rates the injection can be done
manually as well. The actual results can either be obtained through the mi-
croscope images or through light signals coupled into additional glass fibers.
Those glass fibers are then connected to standard photodetectors. The use
of photomultiplier tubes was intentionally avoided for two reasons. At first,
standard photodetectors are much more cost effective than photomultiplier
tubes. And secondly, photodiodes hold the potential for integration into the
optofluidic chip whereas photomultiplier tubes don’t. The electrical signals
are then displayed on an oscilloscope.
In general, much attention is paid to the selection of the external com-
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ponents. The peripheral system is tried to be kept as small and simple as
possible. Furthermore, expensive instruments are avoided to allow a cost
effective system to be built up. Finally, the main components are selected
such that a future integration into the optofluidic chip is possible. Laser
diodes and photo diodes are components which can already be integrated
on-chip. For systems asking for a pumping system one could think of im-
plementation of an electro-osmotic driven flow. Such pumping sources can
be integrated and are much space optimized compared to the bulky external
syringe pumps. In that sense, in future a cost effective, compact, hand-held
system can be aimed for.
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Chapter 4
On-chip light modulation

This chapter compares two basically different approaches for the realization
of optofluidic light modulation units. After explaining the device designs
both modulators are examined experimentally. Finally the advantages and
disadvantages of each approach are discussed.
The work presented in this chapter has been published in [36,38,57,58].

4.1 Introduction

Optical principles are embedded in different ways for actuation as well as
sensor elements [59] on microfluidic platforms. One example is fluorescent
labeling, which is exploited for the visualization and examination of various
biological and chemical reactions [60, 61]. For this kind of analysis, optics
plays an important role in both excitation and detection. Optofluidics allows
to integrate the two disciplines of fluidics and optics on a single chip where
liquids not only coexist with light but take over the role of solid optical el-
ements. They are directly integrated in the functional optical path. Once
coupled into the device [62], light can interact with liquids for a vast variety
of applications. Active elements, such as coherent light sources [63, 64],
as well as passive ones, such as waveguides and lenses [16, 65–68], have
already been successfully implemented. Compared to its solid counterparts,
such optofluidic devices provide an enormously increased flexibility as well
as tunability. Liquids can either be easily exchanged or streams of liquids
in a microfluidic channel can be changed in size by alternating their inlet
velocities resulting in continuously reconfigurable characteristics of the de-
vices.
Especially for on-chip fluorescence excitation a sophisticated optical ar-

rangement is crucial. The examined amount of sample in microfluidic de-
vices is extremely low calling for a precise spatial control of possible stimuli
(e.g., light for the excitation of fluorescence). Furthermore, a temporarily
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confined time slot for the exposure of the analyte to light results in reduced
photo bleaching issues. This has led to the investigation of various on-chip
light modulation principles. Xu et al. [69] have developed a system compris-
ing a sensing as well as switching unit based on fiber optics. Song et al. [70]
published an integrated 2x2 optical switch based on pneumatically opened
and closed air gaps. Campbell et al. [71] have developed a multi-layer 2x2
optical switch exploiting the different reflection/transmission properties of
two liquids. Both groups apply mechanically moving parts for the light
switching process. Although providing good switching characteristics, the
use of mechanically moving parts automatically induces wearing and stick-
ing issues. Seow et al. [72] proposed an optofluidic switch without any
moving parts based on an L2-waveguide. In that work, flow rates are ad-
justed carefully to alter the width of the liquid core resulting in two possible
light switching states. This principle based on an L2-waveguide does not
employ any moving elements but depends on very stable flow conditions.
In the following sections, two on-chip optofluidic, contact-free light

modulation units, both of them working without any moving elements are
presented. The first modulator exploits the laminar flow conditions in a mi-
crofluidic channel to build up an L2-waveguide. Hydrodynamic pressure
differences are then used to steer this waveguide. In a second realization the
light modulation is performed without the need of a permanent flow through
the device which allows more stable light configurations to be achieved.

4.2 Light modulation principles
For the realization of the on-chip light modulators two basically different
optofluidic approaches are presented. The first concept based on an L2-
waveguide was published in [57]. To provide a possibility of comparison
between the two different designs a short summary is included in the follow-
ing sections. The newly developed version utilizes total internal reflection
phenomena at a steady-state.

4.2.1 Concept of L2-waveguide based light modulation
The concept of the hydrodynamic light modulator based on an L2-
waveguide is explained in Fig. 4.1. Chung et al. have designed a similar
device exploiting the same principle [73]. The microfluidic part consists of
five liquid inlets, two for the pushing media, two for the cladding, and one
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for the core solution. The difference in the refractive indices of cladding
and core has to be sufficiently high to allow light guidance by total internal
reflection inside the L2-waveguide. Applying DI water (n of 1.33) and a
5mol/L CaCl2 solution (n of 1.45) as cladding and core medium, respec-
tively, satisfies this condition. The numerical aperture of this L2-waveguide
configuration is

NA = 1/n0 ∗
√
ncore

2 − ncladding
2 = 0.36,

where n0, ncore, and ncladding stand for the refractive indices of the device
material (SU-8, n of approx. 1.60), the core, and the cladding liquid, re-
spectively. Given this numerical aperture, light rays with incident angles
up to 21◦ (with respect to the core stream) can be coupled into the L2-
waveguide. The profile of the refractive index across the main channel is
shown in Fig. 4.1 on the right side. In this case diffusion is neglected and
constant inlet velocities are assumed at all inlets.

L2-core
L2-cladding

L2-cladding

n

Pushing

inlet

External

light-source

Integrated

waveguide

Cladding

inlet

Core

inlet

Figure 4.1: Working principle of on-chip light modulation based on an L2-
waveguide. Two pushing inlets are used to steer the core and cladding media inside
the channel. The output position of the light is defined by the position of the core
stream. The profile of the refractive index across the main channel is indicated on
the right side.

The two pushing inlets indicated on the top and bottom of the figure are
used to steer the L2-waveguide consisting of the core and the two cladding
streams. The hydrodynamic pressure applied at those two inlets defines the
position of the waveguide in the channel. Using an external light source,
light can be coupled inside the core of the L2-waveguide. The inlet flow-
velocities define the position of the liquid core in the microfluidic channel
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and with that the exiting position of the guided light at the outlet of the
device. This concept requires a constant flow of liquid through the channel.
In a stationary state, the solutions would fully diffuse into each other and
prevent any light guidance. The principle can be used to define any light
position within its working range. However, the constant need for fresh
solutions holds the potential for improvement.

4.2.2 TIR concept for light modulation

This device takes advantage of the exchangeability of liquids in microflu-
idic devices. Lapsley et al. [74] have used a similar approach to build up
an optical attenuator. The exploited principle is illustrated in Fig. 4.2. Light
guided towards a microfluidic channel in a relatively flat angle is either re-
flected or transmitted depending on the refractive indices of the device ma-
terial and the medium in the microfluidic channel. If the refractive index
of the medium is sufficiently low (in relation to the index of the device ma-
terial), incident light rays experience total internal reflection (TIR) at the
solid-liquid interface (Fig. 4.2a). On the other hand, filling the channel with
a solution matching the refractive index of the chip material allows light
to be fully transmitted through the channel (Fig. 4.2b). The later on de-
signed device is equipped with two microfluidic channels after each other
(following the path of light). In that way, three distinct positions for the light
on-chip can be configured. This concept does not depend on a constant flow
of liquid through the device. In that way, an extremely stable output signal
can be defined.

4.3 Experimental results

In all the experiments, DI water and a 5M CaCl2 solution are employed as
the low and the high refractive index solution, respectively. A monochro-
matic light source (531 nm) is used as external light source. Reduced
cladding glass fibers (core diameter of 50μm, outer diameter of 90μm)man-
age the peripheral light guidance. Glass fibers can be clamped onto the chip
using the integrated fiber grooves on all the devices.
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a)

b)
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Figure 4.2: Operation principle of the total internal reflection (TIR) based modula-
tor. The incident light rays hit a microfluidic channel. Depending on the refractive
index of the liquid in the channel rays are either totally reflected or transmitted.
(a) A low refractive index solution results in light reflection at the solid-liquid in-
terface. (b) A high refractive index solution allows incident light to penetrate the
channel.

4.3.1 L2-waveguide based modulation

For the L2-waveguide based device five syringe pumps are needed to adjust
the fluid velocity for each inlet individually. To close the microfluidic chan-
nels a PDMS layer is clamped onto the chip using a standard cage mount
system. In Fig.4.3 the fluidic design of the modulator is illustrated.
Right after the end of the microfluidic channel a ray tracing chamber is

placed. This chamber is filled with a fluorophore (an aqueous Rhodamine
B solution) to visualize exiting light rays. Fluorescence images of the out-
put region are given in Fig. 4.4a. Three different light exiting positions are
achieved in excellent accordance to the finite element simulations (COM-
SOL Multiphysics, Fig. 4.4b). In the first situation (Fig. 4.4a1, Fig. 4.4b1),
the inflow of the upper pushing inlet is set smaller than the lower one result-
ing in a shift of the L2-waveguide to the upper outlet. If both pushing inlets
are set to the same flow-velocity (Fig. 4.4a2, Fig. 4.4b2), light exits the de-
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Figure 4.3: Final fluidic design of the L2-waveguide based modulator. A ray-
tracing chamber is placed at the output region for light visualization.

vice from the middle. To steer the L2-waveguide downwards (Fig. 4.4a3,
Fig. 4.4b3), the upper pushing flow-velocity is increased with respect to the
lower one. In that sense a continuum of output positions for the guided light
inside the core stream can be defined.

4.3.2 TIR based light modulation
Fig. 4.5 shows an image of the fabricated device. The PDMS chip is bonded
on a glass microscope slide. In contrast to the hydrodynamic light mod-
ulator, the TIR based version does not need a controlled flow of liquids
and hence no syringe pumps. The liquids can be inserted in the channel
by means of manual injection. To allow visualization of light on the chip
the PDMS device is soaked with a fluorophore. Fig. 4.6a depicts ray-tracing
simulations of the three light switching possibilities. Corresponding fluores-
cence images are given in Fig. 4.6b. An integrated waveguide and micro-air
lenses manage on-chip light confinement and focusing in-plane (two dimen-
sions). In the current design there is no light confinement in the third dimen-
sion. As can be seen from the simulations, at a low refractive index medium
light is totally reflected while at a high refractive index medium matching
the index of PDMS light is entirely transmitted.
In Fig. 4.6b1 the first channel is filled with the low refractive index

medium at which most light is reflected and output 1 is activated. In this
case the second channel has no influence on the output. It can be filled with
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a2) b2)
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Figure 4.4: (a) Fluorescence images of the output region at three different flow
conditions. Light exiting the L2-waveguide is visualized in a ray-tracing chamber
filled with a fluorophore. (b) Finite element simulations (COMSOL Multiphysics)
of the microfluidic flow conditions. The red stream represents the core whereas
blue illustrates the cladding and pushing media.

either a low or a high refractive index solution. Due to the lacking confine-
ment in the third dimension, there are also light rays visible crossing the
channel. By changing the constitution of the device (sandwich structure),
light confinement could be realized in this third dimension as well, which
would further improve the performance of the device. Fig. 4.6b2 depicts the
situation if the first channel is filled with a high refractive index solution
and the second channel with a low one. There are no light rays reflected
by the first channel anymore. At the second channel total internal reflection
occurs and the output 2 is activated. The third switching state (Fig. 4.6b3) is
obtained if both channels are filled with the high refractive index medium.
In that case output 3 is activated. This principle can be extended by imple-
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Figure 4.5: Photograph of the TIR based light modulation unit. The PDMS device
is bonded on a glass microscope slide.

mentation of additional microfluidic channels.
In a final experiment, all output signals are recorded by externally at-

tached photodetectors (each representing one optical output). Therefore, the
bare endings of three glass fibers are inserted into integrated fiber grooves
placed at each output. The other endings of the glass fibers (equipped with
an SMA connector) are connected to standard pre-amplified silicon pho-
todetectors. A digital storage oscilloscope is used to record the output sig-
nals of the detectors. The simplicity of this external read-out arrangement
provides an extremely flexible optical connection to the chip and can be em-
ployed for diverse applications. The obtained results are shown in Fig. 4.7.
Depending on the solutions in the two microfluidic channels (see table 4.1),
one of the three outputs is at its maximum and activated while the other two
are disabled. In the switching states I & V, both channels are filled with the
low refractive index medium and output 1 is high. At state IV, the first chan-
nel is filled with the low refractive index solution and the second channel is
filled with the high one. The difference compared to states I & V is the level
of output 2 and output 3. In theory, those outputs are not influenced, but in
practice, due to the missing confinement in the third dimension, there are
small changes evident. In state II & VI, the high refractive index solution is
filled in the first channel and the low one in the second which sets output 2 at
its maximum. For state III, both channels are filled with the high refractive
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Figure 4.6: Illustration of the on-chip light switching process. (a) Simulation re-
sults and (b) corresponding fluorescence images of three distinct switching states.
In a1) and b1) the first channel is filled with the low refractive index solution re-
sulting in light reflection upwards and output 1 is activated. In a2) and b2) the
first channel is filled with the high refractive index medium allowing light to pene-
trate through while the second channel filled with the low refractive index solution
reflects the incident light and output 2 is activated. In a3) and b3) both channels
are filled with the high refractive index solution allowing light to penetrate through
both channels and output 3 is activated. The numbers in the squares indicate the
three light detectors.

index medium and output 3 is activated. The overshoots at the beginning
of each state are explained by the transition of one medium to the next one.
At this interface light is reflected in all directions and short variations in the
signals occur. For fluorescence applications this is of minor importance.
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Figure 4.7: Output signals of the photodetectors. Depending on the solutions filled
in the channels one of the three outputs is activated (high output signal). DI water is
used as low refractive index and a CaCl2 solution as high refractive index medium.
See table 4.1 for the solutions in the channels at each labeled state.

I II III IV V VI
Channel 1 LOW HIGH HIGH LOW LOW HIGH
Channel 2 LOW LOW HIGH HIGH LOW LOW
Output 1 2 3 1 1 2

Table 4.1: Solutions in the two microfluidic channels for the six switching states
labeled in Fig. 4.7. HIGH stands for a high refractive index solution (5M CaCl2)
and LOW for a low one (DI water). In the last row the activated output for each
state is indicated.

4.3.3 Comparison of the two light modulation units

The hydrodynamic modulator based on an L2-waveguide provides a con-
tinuum of possible light positions. The limits of the shifting ability solely
depend on the geometry of the device. However, a continuous supply of
solution is required. The core, the cladding, and the pushing streams have
to be inserted at a certain minimum inlet velocity. This inlet velocity con-
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trols the diffusion of core and cladding solutions. Very low inlet velocities
prevent light guidance through the L2-waveguide as the necessary step in
the refractive index between core and cladding material has vanished due
to diffusion. Another issue when applying this principle is the stability of
the exiting light beam. Whether the output position is stable or not depends
on the stability of the inlet velocities of the solutions which are influenced
by any vibrations and the precision of the syringe pumps. Furthermore, the
need for multiple individual syringe pumps results in a rather complex and
large experimental setup.
The TIR based device is not affected by the inlet velocities. Once the

channels have been filled with the desired solutions the path of light on the
chip is defined. Any changes in the flow conditions do not alter this path
anymore as long as the liquids are not changed. In that sense, a robust and
very stable light control is reached. Although not enabling a continuum of
light positions, the amount of channels on the chip can be increased and with
that the light modulation possibilities. This light modulator can be operated
without any syringe pumps. The liquids can be inserted into the channels
by manual injection.

4.4 Conclusions
Both presented optofluidic principles allow on-chip light modulation with-
out incorporation of any mechanically moving elements. This avoids any
wearing or sticking issues, enabling nearly infinite light modulation se-
quences to be performed. The TIR based device based on total internal
reflection has shown superior working functionality. In contrast to the hy-
drodynamic design, the output position of the light is not affected by the
flow conditions on-chip. Once the appropriate liquids are filled in the chan-
nels very stable light conditions are obtained. For the operation of the mod-
ulator no syringe pump is needed. Also the consumption of liquids is kept at
a minimum since there is no need for a permanent flow through the device.
Considering these advantages, the proposed TIR based concept can be, for
example, implemented on a device for a spatially and temporally confined
excitation of fluorescence. Especially the simplicity of the design allows the
integration with other microfluidic elements on one and the same device to
enable sophisticated lab-on-a-chip systems.
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Chapter 5
Thermo-Optofluidics

This chapter introduces the novel field of thermo-optofluidics. In particular,
the design and characterization of a light modulation unit based on temper-
ature changes are described. At first, the chip design is presented followed
by the experimental evaluation of the device performance.
The work presented in this chapter has been published in [42].

5.1 Introduction

The fusion of optics and microfluidics has allowed various new lab-on-a-
chip devices to be realized [75]. Those optofluidic modules provide an
enormously increased flexibility compared to its solid counterparts. Liq-
uid micro-lenses, for example, can easily be reconfigured by employing
different solutions and alternating their inlet velocities without the need of
redesigning the basic layout [16]. With a single device, many different char-
acteristics can be obtained which is not feasible if integrating solely solid
elements. One parameter which is of importance for all those applications
is the refractive index of the applied materials. As many parameters (e.g.
wavelength, molecule concentration, buffer solution, temperature) have an
influence on the refractive index, a change in this optical property can be
utilized for analysis purposes as well as for actuator principles.
In the following sections, the influence of temperature changes on the

refractive index of solid as well as liquid materials is exploited for the de-
sign of an on-chip light modulation unit. As published by Kamikawachi et
al. [76] the index of various solids and liquids changes in opposite directions
with increasing/decreasing temperature. If now a liquid core/solid cladding
waveguide is exposed to temperature changes, the refractive indices of core
and cladding material diverge at least twice as fast with respect to the ap-
plied temperature variations as they do for solely solid thermo-optic devices.
In that sense on-off modulation of light guidance through the waveguide

63
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can be obtained with doubled maximum frequency compared to solely solid
thermo-optic devices.

5.2 Thermo-optic coefficient

Nearly any physical parameter is influenced by temperature changes. This
is also true for the refractive index. Although experimental data is far from
being comprehensive there are works published investigating the thermo-
optic effect for various applications [77–81]. In the work of Espinola et
al. [82] for example, one arm of an integrated Mach-Zehnder interferometer
is exposed to temperature variations. Due to the temperature dependency
of the refractive index, light propagating in this arm experiences a phase
shift proportional to the temperature change. The thermo-optic coefficient
dn/dT of silicon at the operating wavelength (1.5μm) is +1.84× 10−4. To
achieve a π-phase shift and with that a full on-off light modulation a temper-
ature difference of 8 ◦C is necessary. This temperature difference is directly
proportional to the thermo-optic coefficient. Increasing the thermo-optic
coefficient would reduce the necessary temperature difference and with that
shorten the cooling/heating circles. Shortened cooling/heating circles, on
the other hand, result in an increased switching frequency.
That is where liquids come into play. The thermo-optic coefficient of

liquids is negative and hence opposite to the coefficient of various solid ma-
terials. For example, the thermo-optic coefficient dn/dT of DI water and
ethanol at 1.5μm are−0.8× 10−4 and−4.0× 10−4, respectively. Exchang-
ing a solely solid waveguide by a liquid core/solid cladding waveguide in-
creases the effective thermo-optic coefficient of the assembly and allows
superior modulation performances. Fig. 5.1 illustrates this circumstance. In
solely solid-based systems, a temperature change of 10 ◦C is necessary for
a difference in refractive index of 0.01. Doing this calculation for a liquid
core/solid cladding waveguide shows a remarkable distinction. For reaching
the same difference in refractive index, half the temperature change is suf-
ficient. In these diagrams the thermo-optic coefficients of solid and liquid
are arbitrarily chosen (1× 10−4 and -1× 10−4, respectively). In reality the
magnitude of the thermo-optic coefficients of most liquids is much higher
than those of solids. In that sense the typical temperature change needed for
the same difference in refractive index is even less than half.
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Figure 5.1: Thermo-optic coefficients of solids and liquids. (a) For solely solid
based system a temperature change of 10 ◦C is necessary for a difference in the
refractive index of 0.01. (b) A liquid core/solid cladding waveguide reaches the
same difference in refractive index at half the temperature change. The thermo-
optic coefficients of solid and liquid are arbitrarily chosen (1×10

−4 and -1×10
−4,

respectively).

5.3 Chip design

The main part of the device is an integrated liquid core/solid cladding
waveguide as illustrated in Fig. 5.2. Light is coupled into the waveguide
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from an external light source via peripheral glass fibers clamped into in-
tegrated fiber grooves. A straight microfluidic channel filled with solution
works as core and the surrounding chip material as cladding of the waveg-
uide. At the other end of the microfluidic channel, an integrated air micro-
lens ensures focusing of the exiting light into the output glass fiber which is
connected to a silicon photodetector.

Connection to

photodetector

Light input

Integrated air

micro-lens

Fiber groove

Integrated

waveguide

Liquid core

inlet

a)

b)

Figure 5.2: Schematic of the working principle. A liquid core/solid cladding
waveguide is built up by PDMS as cladding and a CaCl2 solution as core material.
(a) The refractive index of the liquid core at room temperature slightly exceeds the
index of PDMS and total internal reflection inside the waveguide is provided for
a certain numerical aperture resulting in a high optical output (red circle). (b) At
altered operation temperature the refractive indices of cladding and core change in
opposite directions and total internal reflection is inhibited (low optical output).

Matching of the refractive indices of core and cladding material is essen-
tial for the functionality. For a normally on light modulation, the refractive
index of the core solution has to be slightly higher than the index of the
chip material. In that way, light is guided in the waveguide by total internal
reflection if the whole assembly is kept at room temperature (22 ◦C). If the
core medium as well as the chip material is exposed to altered temperature
the situation is reversibly changed. The index of the chip material becomes
higher than the index of the core and light guidance is switched off. As the
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refractive indices of liquids and solids change in opposite directions with
respect to temperature variations, highest switching rates can be obtained.

5.4 Experimental results

The experimental setup used for first experiments is depicted in Fig. 5.3.
The thermo-optofluidic chip out of PDMS bonded on the glass microscope
slide is placed on a Peltier element responsible for temperature manage-
ment. An aluminum block underneath the Peltier element is employed as
heat sink. To increase the heat transfer, thermal grease is deposited between
glass slide and Peltier element and between Peltier element and heat sink.
Light guidance from the external light source (diode pumped solid state
laser, 531 nm, 20mW) to the device and from the device to the pre-amplified
silicon photodetector is managed by reduced cladding glass fibers.

Heat sink

Peltier

element Chip substrate

glass slide

Thermo-optofluidic

chip

Input

glass fiber

Output

glass fiber

Figure 5.3: Illustration of the experimental setup. The thermo-optofluidic chip is
bonded on a glass microscope slide. Temperature control is managed by a Peltier
element on a heat sink (aluminum block). A thermal grease between the glass slide
and the Peltier element as well as between the Peltier element and the heat sink
ensures good heat transfer.

Fig. 5.4 shows an image of the final device. The PDMS chip is irre-
versibly bonded on a glass microscope slide.
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Figure 5.4: Photograph of the PDMS chip irreversibly bonded on a glass micro-
scope slide.

5.4.1 Matching of refractive indices
As already mentioned in the thermo-optofluidic design section, matching of
the refractive indices of core and cladding material is crucial for the overall
functionality. The index of the core medium, an aqueous CaCl2 solution,
has to be slightly higher than the index of the chip material, PDMS. The re-
fractive index of the solution increases proportionally with increasing CaCl2
content [83]. Therefore, the relation between CaCl2 concentration and the
optical output power detected at the photodetector at constant temperature
(22 ◦C) is recorded (Fig. 5.5).
At a certain concentration, the refractive index of the CaCl2 solution

exceeds the index of PDMS and a drastic increase in the optical output is
evident. A concentration right after the drastic increase (3.15mol/L) is used
for the following experiments to keep the influence of temperature variations
on the output at a maximum.

5.4.2 Thermo-optofluidic light switching
The microfluidic channel is filled with the 3.15mol/L CaCl2 solution with-
out being exchanged during the entire experiment. For on-chip light path
visualization the PDMS device is soaked with a fluorophore (Rhodamine
B). Obtained fluorescence images are given in Fig. 5.6.
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Figure 5.5: Output of the photodetector at constant temperature if differently con-
centrated CaCl2 solutions (dissolved in DI water) are filled in the microfluidic chan-
nel. Once the refractive index of the solution exceeds the index of PDMS total
internal reflection starts to occur inside the waveguide and a drastic increase in the
optical output power is evident.

a)

b)

Figure 5.6: Fluorescence images of the PDMS devices soaked with a fluorophore
for laser light visualization. (a) At room temperature light is confined within the
core of the waveguide and results in a high optical output (yellow circle). (b) At
altered temperature light confinement is reversibly turned off (low optical output).

At room temperature (Fig. 5.6a) light is well confined within the core of
the waveguide and strong fluorescence is excited at the end of the channel. If
the temperature of the arrangement is altered (a constant voltage is applied
at the Peltier element) the refractive indices can be reversibly changed and
total internal reflection inside the CaCl2 solution is inhibited (Fig. 5.6b, at
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the end of the channel almost no fluorescence signal is visible anymore).
To evaluate the reversibility of these changes in the refractive indices,

the signal of the external photodetector is recorded and a sequence of tem-
perature changes is applied (Fig 5.7).
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Figure 5.7: Reversible on-chip light modulation. Ideal temperature profile of the
assembly is illustrated in the lower diagram. The output of the photodetector (upper
diagram) clearly shows on-off switching of the guided laser light in the waveguide
due to temperature changes. The slow response of the output signal to the temper-
ature changes is explained by relatively long cooling/heating times of the whole
device (glass slide, chip, and core medium). A spatial confinement of the tem-
perature controlled area would drastically reduce the response time (integration of
thermo-element on-chip).

In this experiment, the switching frequency is limited by the relatively
long heating and cooling times. The entire thermo-optofluidic chip, the
core solution, and the glass microscope slide have to be brought to the
same temperature before a stable signal can be recorded at the output. A
spatial restriction of the temperature controlled area by integration of a
thermo-element on the chip would drastically increase the maximum modu-
lation frequency. Nevertheless, reversible on-off switching of light guidance
through the liquid core/solid cladding waveguide by applying temperature
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changes is demonstrated for the presented setup.

5.5 Conclusions
A novel thermo-optofluidic principle for on-chip light modulation based on
a liquid core/solid cladding waveguide has been elaborated. Taking advan-
tage of the opposing change in the refractive index of core and chip ma-
terial if exposed to temperature variations, the maximum light switching
frequency can be increased by a factor of more than two compared to stan-
dard thermo-optic elements. This measurement design can be used for the
realization of thermal actuators as well as for temperature sensing units and
can easily be integrated with other microfluidic elements.
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Chapter 6

Liquid concentration sensor

This chapter deals with the design and characterization of an optofluidic
sensor device for the investigation of liquid concentrations. At first, the
theoretical situation is analyzed and the experimental setup is described in
detail. In the experimental part, the sensor is tested with different sample
solutions. CaCl2, phosphate, lactose, and ethanol are taken as analytes. As
another application of this sensing principle the characterization and identi-
fication of micro-droplets is shown.
The work presented in this chapter has been published in [37,39,41,84].

6.1 Introduction

In the following sections, an optofluidic sensor principle for the determina-
tion of the concentration of dissolved molecules in liquids is presented. The
investigated samples have an influence on the refractive index of the buffer
solution which is exploited for sample characterization. In recent works,
different approaches for the determination of the refractive index of liquids
on-chip have been presented [85]. Lapsley et al. [86] have developed a
planar, optofluidic Mach-Zehnder interferometer for the characterization of
liquid samples. Chao et al. [87] have designed two different devices for the
determination of refractive indices of liquids, one based on light refraction
in a liquid filled prism and the second one using a refraction channel where
light is coupled out of a liquid core waveguide in an angle corresponding to
the refractive index of the core solution. Seow et al. [88] have exploited the
principle of partial reflection to determine the refractive index of fluids. In
this setup, the reflectivity as well as the angle of the exiting light are used as
measure for the refractive index. Another device by Lapsley et al. [74] uses
the reflection property of liquids with different refractive indices to build up
a variable optical attenuator. Depending on the solution filled in the channel,
the optical output power can be adjusted.

73
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The later on presented devices are based on the principle of partial to-
tal internal reflection occurring at the solid-liquid interface when the cen-
ter incident angle of a slightly diverging light beam is close to the critical
angle. On the devices both signals, the reflected and the transmitted, are
recorded. Compared to approaches performing the analysis using a sin-
gle signal, a drastically increased stability is obtained. Furthermore, two
signals provide a permanent verification of the measurement results allow-
ing to discard changes in the signals generated by laser power instabilities.
The improved stability allows for a more accurate analysis and has differ-
ent practical applications. In food industry, for example, various phosphates
play an important role as additives. The maximum amounts of additives
for certain food products in Germany are regularized in the ”Zusatzstoff-
Zulassungsverordnung” (ZZulV) [89]. For different phosphates a span be-
tween 0.5 g/kg and 50 g/kg, corresponding to a mono-phosphate concen-
tration of approximately 3mmol/L and 0.3mol/L, respectively, is defined.
Using one of the proposed designs, concentrations in the range of tens of
millimol per liter can be identified making this principle a promising ap-
proach for control applications in this area.
Healthcare is another field of application. People suffering from lac-

tose intolerance, for example, are advised not to consume high quantities of
lactose containing products to avoid unwanted reactions in the body. There-
fore, the amount of lactose in various products (solid as well as liquid) is of
huge interest for medical purposes and obviously for food industry as well.
A simple, fast, and robust way to determine the concentration would hence
be desirable. The impact of dissolved lactose on the refractive index [83]
can be exploited for the design and realization of a sensor system being ca-
pable of the above mentioned requirements. Products containing less than
0.1 g lactose per 100 g are considered lactose-free. For liquid products, this
equals to a concentration of 3mmol/L. For lactose intolerant people, the
critical lactose concentration in products above which body reactions start
to occur is approximately 30mmol/L. With the elaborated sensor device,
these lactose concentrations can be identified and provide valuable informa-
tion for the patients.

6.2 Underlying principle
The operation principle of the sensor system is depicted in Fig. 6.1. On the
chip a microfluidic channel filled with the analyte is hit by slightly diverging
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laser light. The angle of the incident light (θi) is adjusted to result in partial
total internal reflection at the solid-liquid interface. For a given chip material
the critical angle, θc, is defined by

sin(θc) =
nanalyte

nmaterial

where nanalyte and nmaterial are the refractive indices of the analyte and the
chip material, respectively. After focusing the laser light on-chip, the inci-
dent angles vary approximately ± 3◦ around the center angle. The center
incident angle and the span of ± 3◦ define the working range of the system
and can be optimized for the desired specifications.

Light source

Output 2

Microfluidic

channel

Output 1

a) b)

Θi Θi 

Figure 6.1: Schematic of the working principle for the determination of liquid con-
centrations. A straight microfluidic channel (blue line) is hit by slightly diverging
laser light (green lines). (a) At samples having a low refractive index, most light
rays are totally reflected, while (b) at samples with a high refractive index, most
light rays are transmitted. The ratio of reflected to transmitted signal is used for
sample characterization.
For the theoretical derivation dry resist is assumed as device material (n

of 1.52). This value can simply be exchanged if other materials are used.
For DI water (n of 1.33) as analyte the critical angle is calculated to 61.04◦.
If the center angle of the incident light is set in the vicinity of this value,
a part of the light is totally reflected and subsequently results in a signal in
output 1, whilst, at the same time, the other part is transmitted according to
the Fresnel equations, which increases the signal in output 2 if DI water is
filled in the analysis channel. A correlation of those two signals is then used
to deduce the composition of the sample being analyzed.
The theoretical situation for a center incident angle of 65◦ is examined in

detail. Light rays will approach the microfluidic channel in angles between
62◦ and 68◦. Partial total internal reflection starts once the refractive index
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of the sample exceeds

nanalyte,min = nmaterial · sin(62
◦) = 1.34 .

Above a certain refractive index, no light ray will experience total internal
reflection anymore. This value is calculated using the largest incident angle

nanalyte,max = nmaterial · sin(68
◦) = 1.41 .

Those two values define the working range of the device with a center inci-
dent angle of 65◦.
In order to characterize its performance, the device has been tested with

CaCl2 samples. Table 6.1 summarizes refractive indices of CaCl2 solu-
tions of different concentration at a measuring wavelength of 589 nm [83].
With the given working range, CaCl2 concentrations between 0.5mol/L and
3.5mol/L can theoretically be differentiated. It should be mentioned at this
point that the wavelength used for measurements in the following sections
is 531 nm. This differs from 589 nm, which was used for the determina-
tion of the refractive indices of the CaCl2 solutions in table 6.1. Although
a significant difference is not expected, those absolute values should not be
compared with the measurement results and are simply given to provide the
reader with a feeling for the impact of CaCl2 on the refractive index.
Table 6.1: Refractive indices of CaCl2 solutions in different concentrations mea-
sured at a wavelength of 589 nm and a temperature of 20◦C [83]

Concentration (mol/L) Refractive index
0.045 1.3342
1.191 1.3625
2.122 1.3839
3.179 1.4066
4.062 1.4242
5.030 1.4420

6.2.1 The divergence of the laser beam
The Fresnel equations, which give the amount of reflected light at the solid-
liquid interface for parallel and perpendicularly polarized light are

R‖ =

∣∣∣∣nmaterial · cos(θt)− nanalyte · cos(θi)

nmaterial · cos(θt) + nanalyte · cos(θi)

∣∣∣∣
2
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and

R⊥ =

∣∣∣∣nmaterial · cos(θi)− nanalyte · cos(θt)

nmaterial · cos(θi) + nanalyte · cos(θt)

∣∣∣∣
2

,

respectively. Where θi is the incident angle of the light. The exit angle of
the transmitted light, θt, can be calculated using Snell’s law

sin(θi)

sin(θt)
=

nanalyte

nmaterial

.

The difference between nanalyte and nmaterial is intentionally kept as small as
possible. In that case the reflectivity of parallel and perpendicularly polar-
ized light does not significantly differ justifying the use of an average value
which is defined as

R =
R‖ +R⊥

2
.
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Figure 6.2: Incident beam optical power distribution right before the microfluidic
channel. Between a divergence of -3◦ and +3◦ the profile is approximated as con-
stant.
The incident beam optical power distribution at the microfluidic channel

is approximated as constant over the divergence of± 3◦ (Fig. 6.2). Compar-
ing the calculated averaged reflectivities of a device with fully collimated
incident beam (no partial total internal reflection occurs) and the proposed
design with a beam divergence of± 3◦ both at a center incident angle of 65◦
shows remarkable differences (Fig. 6.3). Realizations utilizing a fully colli-
mated light beam solely depend on the reflectivity of the analyte according
to the Fresnel equations. Such realizations show an inefficient character-
istic to changes in the analyte composition. The proposed design with a



78 6 Liquid concentration sensor

1.34 1.36 1.38 1.40 1.42 1.44
0.0

0.2

0.4

0.6

0.8

1.0

R
e

fl
e

c
ti
v
it
y

Refractive index

 Collimated beam
 Diverging beam

Figure 6.3: Calculated reflectivities at the solid-liquid interface for different refrac-
tive indices. The device with the diverging laser beam shows a linear relation over
a large refractive index range, which is advantageous for sample characterization.

diverging laser beam provides a linear relation between obtained signal ra-
tio and the refractive index of the solution over a huge range. This behavior
facilitates a robust application of the principle for an accurate detection of
dissolved molecules in the analyte. The theoretical upper end of the feasible
working range is defined by the chip material. As long as the index of the
chip material exceeds the index of the analyte, which is true for nearly all
liquid samples, this method can be applied.

6.2.2 The incident angle

As mentioned before, the presented principle can be optimized for various
ranges of interest. To cover a wide range of sample concentrations, four
designs with different center incident angles are investigated. The center
angles are set to 60◦, 62.5◦, 65◦, and 67.5◦. All those designs are optimized
using ray-tracing simulations (ZEMAX, USA). The first angle is chosen to
be sensitive for very low CaCl2 concentrations and the last one for CaCl2
concentrations close to 5mol/L.
For a first characterization of the devices, CaCl2 solutions with known

concentration are filled in the channel and the signals of both outputs are
recorded. Fig. 6.4 depicts the obtained results, where reflected light signals
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of all four devices are illustrated by solid and corresponding transmitted
light signals in identical color by dashed lines.
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Figure 6.4: Offset corrected and normalized reflected (output 1) and transmit-
ted (output 2) light signals for all four devices at different CaCl2 concentrations.
Solid lines represent reflected and dashed lines represent transmitted light signals
recorded by external photodetectors. For different incident angles different work-
ing ranges are evident.
The output signals of the external photodetectors are offset corrected to

eliminate the influence of dark currents and normalized by the maximum
values before being printed in the diagram. As expected, the device with
an incident angle of 60◦ shows sensitivity already for DI water. Neither the
reflected nor the transmitted signal at 0mol/L CaCl2 is at its maximum or
minimum, respectively. That means, at this point partial total internal reflec-
tions occurs. With increasing concentration, the reflected signal converges
to zero while the transmitted signal reaches its maximum and defines the
end of the working range of the device. The situation for the other devices
is similar but shifted towards higher concentrations. The device with an
incident angle of 67.5◦ shows sensitivity for concentrations up to 5 mol/L
and above. Due to the finite solubility of CaCl2 in DI water, the analysis
is stopped at a concentration of 5mol/L. Theoretically, these curves can be
continued to any higher values as well.
The working ranges of the devices are summarized in table 6.2. Each

one can be used over approximately 2mol/L. By changing the divergence
of the laser beam hitting the microfluidic channel, this span can be either
enlarged or even further reduced. Depending on the application, a perfectly
optimized design can be elaborated. The only limitations are the size of
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the device (larger divergences call for longer analysis channels), the inci-
dent optical power which has to be increased at higher divergences, and the
length of the optical path on-chip causing absorption losses and beam ex-
pansion. Considering those parameters for the given device, an increase in
working range by a factor of two is feasible.

Table 6.2: Working ranges of the investigated designs

Incident angle Lower limit Upper limit
60.0◦ 0mol/L 2mol/L
62.5◦ 1mol/L 3mol/L
65.0◦ 2mol/L 4mol/L
67.5◦ 3mol/L 5mol/L

6.2.3 Independence of flow-velocity and temperature

To further evaluate the performance of the developed sensor system the in-
fluence of the flow-velocity is investigated. Samples are pumped through the
device at different inlet speeds and the signals at both outputs are recorded.
Fig 6.5 depicts the results. As anticipated by the theory the inflow veloc-
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Figure 6.5: Reflected and transmitted light signals recorded at the two outputs for
a single analyte. The results are not significantly influenced by the applied flow
rate.
ity does not affect the results. Both signals stay stable over the entire flow
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velocity range from 0 up to 50μL/min.
Another important parameter for nearly any kind of analysis is the tem-

perature dependency of the sensing element. To estimate the impact of tem-
perature variations in the range of± 1◦C a worst case scenario is conducted.
Fig. 6.6 illustrates the results of the simulation. The thermo-optic coeffi-
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Figure 6.6: Influence of temperature variations of± 1◦C around room temperature
(RT, 22◦C). The maximum deviation is calculated to ± 1.7%.
cients of sample solution and chip material are intentionally set to a high
value (|dn/dT|of 1*10−4K−1). Over the entire range of investigated refrac-
tive indices, the maximum deviation from the index at room temperature is
below± 1.7%. This value equals approx. ± 8mmol/L CaCl2 concentration.

6.3 Experimental setup

A schematic of the overall setup, consisting of an external light source, three
reduced cladding glass fibers, two pre-amplified silicon photodetectors, a
digital storage oscilloscope, the sample solution, a fluidic waste box, and
the optofluidic chip is given in Fig. 6.7. Except for the droplet study, a
stop-and-go flow profile is applied in all the experiments to keep sample
consumption at a minimum.
All experiments are conducted at room temperature (22◦C) ± 1◦C.

Those temperature variations have only minor impact on the results. One
end of all three glass fibers is equipped with an SMA connector for di-
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Figure 6.7: Overall experimental setup consisting of an external light source, three
reduced cladding glass fibers (green lines), two pre-amplified silicon photodetec-
tors, a digital storage oscilloscope, the sample solution, a fluidic outlet, and the
optofluidic chip on the PMMA microscope slide. A light microscope having a
CMOS camera attached is used for visual inspection.

rect connection to the light source as well as to the photodetectors. The
bare other end is clamped onto the optofluidic chip using integrated fiber-
grooves. The signals of the two photodetectors are recorded simultaneously
using a digital storage oscilloscope. A syringe pump is used to manage the
supply of sample solution through PTFE tubings into the microfluidic chan-
nel. For the droplet study, a second syringe pump is added to the peripheral
setup. The outflow is collected in a waste box. To allow for visual inspection
of the on-goings in the microchannel, the optofluidic chip is placed under a
light microscope having a CMOS camera attached.
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6.4 Determination of liquid concentrations
As a first characterization of the device, two studies with different sam-
ple molecules are conducted. One series of measurements is performed on
CaCl2 samples and a second one on phosphate dilutions. After the device
design section, the obtained results are presented.

6.4.1 Device design

In Fig. 6.8 the device design for the analysis of liquid concentrations is
shown. The microfluidic channel filled with the analyte is hit by slightly
diverging laser light. An integrated waveguide ensures precise on-chip light
positioning. The core of this waveguide has a width of 100μm allowing
most of the light exiting the peripheral glass fiber to be collected. An air
micro-lens arranged after the integrated waveguide defines the divergence
(± 3◦) of the laser beam hitting the microfluidic channel. Two collecting
lenses on the chip are responsible for focusing the reflected as well as the
transmitted light, which are consecutively coupled into two separate periph-
eral glass fibers. Those lenses are bigger in size to counter beam broadening
due to the divergence of± 3◦. In that way, the major part of the reflected and
transmitted light can be collected. To keep absorption losses at a minimum
the lenses are placed next to the microfluidic channel as close as possible
limited by the fabrication method only. The lens on the transmission side
has a small lateral offset with respect to the incident light to compensate
for light deflections by the microfluidic channel. The devices investigated
in this section are fabricated in dry resist on a polyester foil bonded to a
PMMA microscope slide (Fig. 6.9).

6.4.2 CaCl2 study

Before starting with the determination of CaCl2 concentrations, a calibra-
tion curve for each device is recorded. Similar to the angle study described
in a preceding section, CaCl2 solutions with known concentration are filled
in the channel and the signals in output 1 and output 2 are measured. To
increase the accuracy of the calibration curve, the signals for each concen-
tration are recorded over five seconds and an average value is calculated.
The ratio of corresponding reflected and transmitted value is then taken,
normalized, and printed against the CaCl2 concentration (Fig. 6.10).
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Figure 6.8: True-to-scale schematics of the operation principle and fluorescence
ray-tracing photographs illustrating the real behavior of the device. The width of
the microfluidic channel is 70μm. At samples having (a) a relatively low refractive
index a larger amount of light is reflected and results in a high signal in output 1
and a low signal in output 2; (b) a relatively high refractive index more light is
transmitted and produces a high signal in output 2 and a low signal in output 1.

For each individual device, the collected data points are fitted on a curve
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Figure 6.9: Photograph of the device for the analysis of liquid concentrations. A
dry film resist is structured on a polyester foil and bonded to PMMA microscope
slide.
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Figure 6.10: Normalized ratio of reflected and transmitted light signal printed
against the CaCl2 concentration. The obtained data points for each device are fitted
on a Boltzmann sigmoid distribution.

using a best-fit algorithm (OriginPro, USA). The obtained best-fit function
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is a Boltzmann sigmoid distribution defined by

y =
A1 − A2

1 + e
x−x0
dx

+ A2

where A1, A2, x0, and dx are constants obtained separately for each device
(summarized in table 6.3 for all four devices), x gives the CaCl2 concentra-
tion, and y stands for the absolute ratio of reflected and transmitted light
signal. The obtained equations are then used to determine the CaCl2 con-

Table 6.3: Constants for fitted Boltzmann sigmoid distributions

Device A1 A2 x0 dx
60.0◦ 380.74639 0.5431 -6.91827 1.07977
62.5◦ 2.62706 0.26287 0.83892 0.56033
65.0◦ 1.84164 0.67093 2.1333 0.47561
67.5◦ 1.89455 0.52888 3.15032 0.42376

centration out of the ratios of reflected and transmitted light signals. For
practical applications, lower concentrations of dissolved molecules might
be of more interest than higher quantities. Therefore, table 6.4 gives ob-
tained values and the observational errors for the device with an incident
angle of 60◦, having the lowest working range (0 - 2mol/L). The resolution
amounts to approximately 40mmol/L. The other devices give similar re-
Table 6.4: Measurement results of the CaCl2 concentration determination experi-
ments obtained with the 60◦ device

Reference value Determined concentration Observational error
1.05mol/L 1.04mol/L 0.01mol/L
0.70mol/L 0.68mol/L 0.02mol/L
0.35mol/L 0.31mol/L 0.04mol/L
DI water -0.04mol/L 0.04mol/L

sults within their working ranges. For CaCl2 concentrations approaching
5mol/L, fluctuations in the signal start to occur. These fluctuations can be
attributed to scattering/diffusion effects within the sample solutions due to
their increasing colloidal behavior.
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6.4.3 Phosphate study

Two monophosphates, NaH2PO4 and KH2PO4, dissolved in DI water are
used as the sample solutions. To evaluate the performance of the device
(incident angle of 60◦), aliquots of the samples at different phosphate con-
centrations (0mol/L up to 1mol/L) are taken and analyzed. As for the CaCl2
experiment both signals, reflected and transmitted, are recorded and the ratio
is calculated for each concentration. Fig. 6.11 depicts the obtained results.
As can be seen, both phosphates show similar characteristics. With increas-
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Figure 6.11: Absolute ratio of reflected and transmitted light signal printed against
the phosphate concentration. Both phosphates, NaH2PO4 and KH2PO4, show a
similar influence on the measurement results. Imperfections in sample preparation
leading to concentration errors explain the small deviations from the fitted curve.
ing concentration, the refractive index of the sample solution increases and
results in a reduction of the reflected light signal and a concurrent increase
in the transmitted one. The obtained data points are fitted on an asymptotic
exponential curve. Deviations from the curve can be explained by imper-
fections in sample preparation resulting in small concentration errors. For
lowest concentrations, the magnitude of the sensitivity is 0.41 (mol/L)−1.
Following the typical convention, the resolution is defined as three times
the standard deviation of the noise in the system. Given that the mean stan-
dard deviation of the obtained ratios (reflected to transmitted light signal)
for both phosphate experiments is 5.3 · 10−3, a resolution of 16 · 10−3 can
be approximated. Using those two values the limit of detection can be cal-
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culated to

Limit of Detection =
Resolution

Sensitivity
= 39mmol/L .

6.5 Detection of dissolved lactose
The design of the device used for the lactose study is principally identical
to the devices used for the CaCl2 and phosphate studies. As the following
experiments are performed on a PDMS device, the center incident angle is
adjusted according to the refractive index of the device material. The first
experiments on the device are performed using DI water as the buffer solu-
tion for the samples. In a final evaluation, commercially available lactose-
free milk is taken for the analyses. Fig. 6.12 shows an image of a final
PDMS device bonded on a glass microscope slide.

Figure 6.12: Photograph of the device for the analysis of dissolved lactose. The
PDMS device is bonded to a glass microscope slide.

6.5.1 First characterization
The first investigated device is designed with a center incident angle of
72.5◦. The divergence of the laser beam is set to ±3◦. To characterize
the performance of the device, lactose is dissolved in DI water at concen-
trations between 0mol/L and 0.5mol/L. Those solutions are then analyzed
in the optofluidic chip one after another. Fig. 6.13 illustrates the obtained
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ratios of reflected to transmitted light plotted over the concentration. A lin-
ear working range of the fitted sigmoid function over a defined region is
evident. The gradient of the curve represents the sensitivity of the device at
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Figure 6.13: Ratio of reflected to transmitted light signal for the device with an
incident angle of 72.5◦. Highest sensitivity is obtained between 0.2mol/L and
0.4mol/L and defines the optimal working range.
the given lactose concentration. Highest sensitivity is obtained in the linear
region between 0.2mol/l and 0.4mol/L. At lower concentrations the curve
saturates. At those values, the amount of reflected and transmitted light does
not change significantly anymore. Nearly all of the incident light rays are
totally reflected. At higher concentrations, almost no light ray experiences
total internal reflection. There still is a change in the reflected and trans-
mitted signal according to the Fresnel equations. Anyway, the impact of
changes in the refractive index on the output decreases, which degrades the
performance of the device. To obtain higher sensitivity for other concentra-
tion regions, the center incident angle of the light beam has to be adjusted.

6.5.2 Optimization for low lactose concentrations

To optimize the performance of the sensor system for lowest lactose con-
centrations and to obtain the smallest value for the detection limit, a design
with a reduced incident angle is developed. At reduced incident angle, the
working range and with that the region of highest sensitivity will be shifted
to smaller values. The optimized device is designed with an incident angle
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of 70.0◦. Fig. 6.14 depicts the ratio of reflected to transmitted light signal
for this design.
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Figure 6.14: Ratio of reflected to transmitted light signal for the device with an
incident angle of 70.0◦. Compared to the device with an incident angle of 72.5 ◦,
the working range is shifted to lower lactose concentrations. The optimal working
range is defined between 0mol/L and 0.150mol/L.
Compared to the first device, a clear shift of the working range towards

lower lactose concentrations is evident. The gradient of the curve is high-
est around 0mol/L, meaning pure DI water. For concentrations exceeding
0.15mol/L, the sensitivity decreases rapidly, which indicates the end of the
optimal working range. In addition to changing the center incident angle to
70.0◦, the light coupling region is also optimized. By fine tuning the external
fiber coupling, an increased coupling coefficient and with that higher opti-
cal power on-chip is achieved while using the same light source. Consid-
ering the standard deviation obtained for the device with an incident angle
of 70.0◦, a smallest detectable change of below 10mmol/L lactose is antic-
ipated. To demonstrate this capability, lactose concentrations of 0mol/L up
to 100mmol/L with a step size of 10mmol/L are analyzed in the device.
The obtained results are shown in Fig. 6.15.
For this analysis, four series of measurements are performed on differ-

ent samples containing the same amounts of dissolved lactose. The variation
in the sensor output for a given analyte is in the noise level of the optical
setup and hence not detectable. With the optimized device, a discrimina-
tion of samples containing different lactose concentrations in a step size
of 10mmol/L is achieved over the entire working range. This step size is
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Figure 6.15: Response of the sensor device to dissolved lactose in DI water in the
range from 0 to 100mmol/L. Samples with different lactose concentrations in a
step size of 10mmol/L can clearly be discriminated. Concentration errors and laser
power stability issues explain the small deviations from the fitted linear curve.

equivalent to a difference in refractive index of two consecutive samples of
5 ×10−4. Imperfections in sample preparation (i.e., concentration errors)
and instable laser conditions are responsible for the small deviations from
the fitted linear curve.

6.5.3 Experiments on off-the-shelf lactose-free milk

For a final evaluation of the performance of the system on a complex mix-
ture, untreated lactose-free milk is taken as the buffer solution. Without any
cleaning or washing steps, the lactose-free milk is spiked with known con-
centrations of lactose. Aliquots are then analyzed in two different devices.
Fig. 6.16 depicts the obtained results. Again, four series of measurements
are performed on both devices. In the diagrams, an overall increase of the
standard deviations is evident. The main reason is the reduced transparency
of milk compared to DI water at the employed wavelength (531 nm). The
transmitted light signal experiences high absorbance and its impact on the
ratio of the reflected-to-transmitted light signal decreases. Reducing the
width of the analysis channel would minimize this effect. Furthermore,
ingredients of the lactose-free milk (e.g., different types of sugar, salts)
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Figure 6.16: Sensor output of two different devices for complex analytes. Known
concentrations of lactose are added to untreated lactose-free milk. The high optical
absorbance of milk explains the increased standard deviations. (a) The device with
an incident angle of 70.0◦ is operating outside the linear region. (b) The device
with an incident angle of 72.5◦ allows operation in the linear range. An univocal
discrimination of samples in a step size of below 25mmol/L is feasible.

increase the overall refractive index of the buffer solution. At increased
refractive indices, the device with an incident angle of 70.0◦ (Fig. 6.16a)
is working outside the linear region. Using a device optimized for higher



6.6 Determination of ethanol contents 93

refractive indices (incident angle of 72.5◦, Fig. 6.16b) allows operation in
the linear region again. Samples containing different concentrations of dis-
solved lactose in a step size of below 25mmol/L can clearly be distinguished
in the range of 0 to 100mmol/L.

6.6 Determination of ethanol contents

As another application, a sensor optimized for the determination of ethanol
contents is investigated [90,91]. The design of the device is followed by the
results section proving the functionality of the system.

6.6.1 Device design

Fig. 6.17 illustrates the working principle of the device. Using a glass fiber
Integrated

waveguide

Ray-tracing-

pool

Air

micro-prism

Integrated

fiber groove

Fluidic

in- and outlets

Deflection

zone

Microfluidic

channel #1

Microfluidic

channel #2

Figure 6.17: Schematic of the working principle for the determination of ethanol
contents. Laser light (green) is expanded by an air micro-prism. Depending on
the analytes light is partly transmitted through and partly reflected by the microflu-
idic channels. A ray-tracing pool is used for visualization of the exiting light rays
(orange).
clamped into an integrated fiber groove, light is guided from the external
light source onto the chip. An integrated waveguide ensures defined light
conditions (light alignment and divergence) on-chip. The most essential
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parts of the device are the air micro-prism and the two microfluidic chan-
nels. Defined by the shape of the prism, the two microfluidic channels are
hit by light rays with different incident angles. Depending on the refractive
indices of the analytes in the channels, and hence on their ethanol contents,
at these solid-liquid interfaces incident light rays above the critical angle ex-
perience total internal reflection while the rest is partially transmitted. Both,
the reflected as well as the transmitted light rays are visualized in a ray-
tracing-pool (filled with a fluorophore). Digital image processing is then
applied to calculate a ratio of reflected and transmitted light at the microflu-
idic channel #1, giving a measure for the ethanol content. The microfluidic
channel #2 filled with DI water provides a reference value to minimize any
errors in the measurements caused by, e.g., variations in laser light intensity.
The devices are fabricated in PDMS and bonded to a glass microscope slide
(Fig. 6.18).

Figure 6.18: Photograph of the device for the analysis of the ethanol level in liq-
uids. The PDMS device is bonded to a glass microscope slide.

6.6.2 Ethanol measurements

For the determination of the reflected and the transmitted light signals, the
excited fluorescence in the ray-tracing pool is detected by an optical long-
pass filter and a CCD camera. The captured images are segmented into
4 x 6 elements (Fig. 6.19). After gray-scale converting, segments 2/2 and
2/3 are integrated to obtain a value representing the transmitted light signal
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of microfluidic channel #1. For the reflected light signal segments 3/3 and
3/4 are integrated. At the microfluidic channel #2 an analogous procedure
is applied.

3/3

2/32/2

4/3

5/35/2

3/4

4/4

Channel #1

Sample

Channel #2

Reference

Figure 6.19: Fluorescence image taken during the analysis. Raster segments 2/2
and 2/3 are integrated for the transmitted signal of channel #1. Segments 3/3 and
3/4 represent the reflected signal of channel #1. Segments 5/2 and 5/3 as well as
4/3 and 4/4 are integrated in the same manner for channel #2. The blue lines in the
figure illustrate the two microfluidic channels.
The results of ray tracing simulations and experimentally obtained val-

ues are illustrated in Fig. 6.20a and Fig. 6.20b, respectively. An increase in
the ratio of reflected and transmitted light signal with decreasing ethanol
concentration is evident in both diagrams.
In contrast to the experiments, the simulation results exponentially in-

crease towards very high values for lower concentrations. This trend is sup-
pressed in reality by an offset of the transmitted light signal. The working
range can be defined by adapting the air micro-prism. The transitional phase
of the fitted sigmoid curve (Device 84◦ and 90◦) defines the lower end of the
working range. At these points, the transmitted signals converge to the off-
set value and no significant change occurs anymore.

6.7 Characterization of micro-droplets

As another application, the sensor is optimized for the characterization and
identification of micro-droplets. Implementing a similar sensor design as for
the investigation of liquid concentrations, this device has proven suitable for
counting, sizing, and identifying droplets in a flow-through manner.
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Figure 6.20: (a) Simulation results (ZEMAX, USA) for different ethanol concen-
trations. The ratio of reflected and transmitted light signals increases with decreas-
ing alcohol content. Changing the angle of the incident light (by adapting the air
micro-prism) results in different characteristics. Working ranges: Device 77◦ be-
low 10%; Device 84◦ between 10 and 50%; Device 90◦ between 40 and 80%. (b)
Experimentally obtained ratios of reflected and transmitted light signals measured
on three different devices. The working ranges agree with those of the simulations.
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6.7.1 Motivation
In the last decades, microfluidics has shown its capability of manipulating
liquids on the microscale for various applications. Especially biological and
medical analysis systems benefit from its novel possibilities [19, 92]. One
limitation for applications in these disciplines often is the available sample
volume. Small amounts should be sufficient for the analysis. As a new
subfield of microfluidics, micro-droplets enable the formation of encapsu-
lated environments with volumes in the range of pico-liters [93, 94]. Two
or more immiscible fluids [95] are brought into the same channel and al-
low the controlled appearance of emulsions on-chip. Recent works have
demonstrated manipulation of micro-droplets through microfluidic channel
systems [96–99]. Zagnoni et al. [25] have shown coalescence of distinct
droplets which facilitates fully controlled reactions on-chip. Investigated
applications of micro-droplets include chemical and biochemical screening
[100,101], enzymatic assays [102], and single cell encapsulation [103,104].
The monitoring of micro-droplets is as important as their generation and

manipulation. Information about the volume and the content of the droplets
allow one to accurately observe and detect changes during the performed
experiments, such as cell growth or chemical reactions. Therefore, reliable
and fast in-line characterization methods are required. For the analysis of
particles and cells micro-flow cytometry is a promising approach for high-
throughput screening [11, 105]. Fattaccioli et al. [106] utilized a bench-top
flow cytometer which also allows the analysis of micro-droplets. Neverthe-
less, for systems dealing with micro-droplets, the monitoring is mostly per-
formed using conventional light microscopes requiring bulky and expensive
equipment. Different approaches have already been followed to realize inte-
grated read-out systems. One approach employs a capacity sensor allowing
on-chip detection and control of droplets [107]. Srisa-Art et al. [108] used
an external optical setup for the detection of single DNA molecules based
on fluorescent labeling. In other works, an optical interrogation point has
been directly integrated on-chip [109–111]. In those works, the optical path
is arranged perpendicular to the microfluidic channel. If droplets are passing
this channel, the curvatures on both sides of the droplets result in light de-
flections which are detected in the signal recorded by an external avalanche
photodiode. Droplets were analyzed with a throughput of 2.5Hz. In that
setup, there is no information gathered while the body of elongated droplets
is passing the interrogation point. The height of the peaks in the signal is
solely dependent on the radii of the droplet curvatures which, on the other
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hand, is dependent on the contact angles of the employed liquids and the
device material. Contact angles close to 90◦ could be critical for that princi-
ple. On the device presented by Shen et al. [112] a collimated light beam is
directed towards a microfluidic channel. The reflected light signal is subse-
quently detected and used to derive information about the droplet size and
content. In the following sections, an optofluidic sensor device is presented
which exploits total internal reflection phenomena at the solid-liquid inter-
face to characterize droplets in a microchannel.

6.7.2 Device design

The devices are fabricated in dry resist laminated on a polyester foil bonded
to a PMMA microscope slide. The fluidic connections are managed by
PTFE tubings glued to the microscope slide (Fig. 6.21).

Figure 6.21: Photograph of the device for the analysis of micro-droplets. The
dry resist devices on a polyester foil are bonded to a PMMA microscope slide.
PTFE tubings are glued to the microscope slide to provide fluidic connections to
the channels on the chip.
Fig. 6.22 depicts a schematic of the device design. Compared to the

analysis of liquid concentration the liquid input region is adapted. A second
fluidic inlet is placed on the device. A simple T-junction on-chip allows a
stable formation of micro-droplets. The optical part of the device is identical
to the one used for the study of liquid concentrations.
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Figure 6.22: Illustrative schematic of the sensing principle; droplets having (a) a
low refractive index result in a high signal in output 1 and a small signal in output
2; (b) a high refractive index result in a small signal in output 1 and a high signal
in output 2.

6.7.3 Detection of micro-droplets

Droplets passing the interrogation point result in changes in both the re-
flected and the transmitted light signals. Due to the low refractive index
of the droplet, the reflected light signal increases while the transmitted
decreases simultaneously. Applying a peak-detection algorithm at either
of those two signals allows the detection of single droplets. This peak-
detection can be used to count droplets. In Fig. 6.23 signals recorded at the
reflected output for two different droplet generation frequencies are shown.
Applying this procedure, droplets are successfully counted up to 320



100 6 Liquid concentration sensor

20.0 20.2 20.4 20.6 20.8 21.0

-0.06

-0.04

-0.02

0.00

0.02

20 droplets per secondR
e
fl
e
c
te

d
 l
ig

h
t 
s
ig

n
a
l 
[a

rb
. 
u
n
it
]

Time [s]

20.0 20.2 20.4 20.6 20.8 21.0
0.05

0.10

0.15

0.20

0.25

R
e
fl
e
c
te

d
 l
ig

h
t 
s
ig

n
a
l 
[a

rb
. 
u
n
it
]

Time [s]

5 droplets per second

Figure 6.23: Signals recorded at the reflected output for two different droplet gen-
eration frequencies. Each peak in the signals represents a single droplet passing the
interrogation point.

droplets per second. Above a droplet generation frequency of 320 droplets
per second, the T-junction does not allow a stable formation of droplets
anymore. At higher frequencies two streams of liquid, DI water next to oil,
are achieved rather than a break-up into individual droplets. Implementation
of other droplet generation units (e.g. cross-junction) would solve this issue.
The proposed analysis principle itself is not limited here and can be applied
for higher droplet generation frequencies as well.
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6.7.4 Sizing of micro-droplets
Droplets of different shape generate different peaks in the reflected and the
transmitted signals. In Fig. 6.24 elongated droplets, squeezed inside the
channel as well as small spherical droplets are depicted. The droplet shape
is defined by alternating the flow velocities of droplet and continuous phase.
The total flow rate is kept at 6μL/min.

I

II

III

IV

V

Figure 6.24: Micrographs of five droplet shapes. Elongated (I+II+III), as well as
spherical droplets (IV+V) are shown. Depending on the droplet shape different
peaks in the signals are obtained. The width of the microfluidic channel is 100μm.
Both signals are examined separately. Each individual peak generated

in the reflected signal by a passing droplet is integrated over time. The ob-
tained values for all investigated droplet shapes are given in Fig. 6.25. For
elongated droplets (shapes I, II, and III), the reflected signal can be used for
sizing. The obtained values are clearly separated. With decreasing droplet
size, the peaks in the reflected signal decrease proportionally. Once the
droplet shape changes from elongated to spherical, an univocal discrimi-
nation of the droplets cannot be provided anymore. The obtained values



102 6 Liquid concentration sensor

clearly overlap (shapes IV and V).
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Figure 6.25: Peak integration applied on the reflected light signal for different
droplet shapes. Elongated droplets (I, II, and III) can be discriminated. Spherical
droplets not or hardly touching the channel walls result in a poor separation based
on the reflected light signal (IV and V).
For the transmitted signal, the same procedure is applied. Each indi-

vidual peak generated by a single droplet is integrated over time and plot-
ted in Fig. 6.26. The behavior is the contrary compared to the analysis of
the reflected signal. For elongated droplets (I, II, and III), no separation is
possible. With decreasing droplet size the peaks in the transmitted signal
increase. For spherical droplets (IV and V), a well-defined separation based
on the droplet size is achieved. Exploiting the information obtained from
both signals, droplets can be sized over a huge range of dimensions. Elon-
gated as well as spherical droplets can be examined on one and the same
device.

6.7.5 Identification of micro-droplets
The height of the reflected and the transmitted signals depends on the re-
fractive index of the droplet phase. This circumstance can be exploited for
the identification of the droplet content. Fig. 6.27 illustrates an univocal dis-
crimination of 5M CaCl2 and DI water droplets. For both kind of droplets,
the peaks in the reflected and transmitted signals are again integrated indi-
vidually. The corresponding values of reflected and transmitted peak inte-
gration are then subtracted for each droplet and printed in the histogram.
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Figure 6.26: Peak integration applied on the transmitted light signal for different
droplet shapes. Elongated droplets (I, II, and III) cannot be discriminated. Spherical
droplets not or hardly touching the channel walls result in an excellent separation
based on the transmitted light signal (IV and V).

To investigate the capability of the device to identify smallest changes in
the droplet content, CaCl2 solutions at different concentrations are sequen-
tially used as droplet phase. The obtained results are given in Fig. 6.28. In
this experiment, the total flow rate is set to 1.5μL/min (continuous phase:
0.5μL/min; droplet phase: 1μL/min). The resulting droplet generation fre-
quency is approx. 4.5 droplets per second. For each CaCl2 concentration
about 100 micro-droplets are analyzed.

With increasing CaCl2 concentration, the refractive index of the droplet
increases [83]. At higher refractive indices, the amount of transmitted light
increases while the reflected signal decreases simultaneously. The results
indicate highest sensitivity of the device at a CaCl2 concentration of 5M. In
that region, changes in the concentration of approx. 70mM can be detected.
The range of sensitivity can be optimized for other refractive indices by
redesigning the optical elements.
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Figure 6.27: Difference in peak area of reflected and transmitted light signal of DI
and 5mol/L CaCl2 droplets printed in a histogram. DI droplets, having a low refrac-
tive index (n of 1.33) result in more reflected and less transmitted light. Droplets
containing 5mol/L CaCl2 (n of 1.44) result in a lower reflected and a higher trans-
mitted signal. A full baseline resolved separation of the two clusters is achieved.

6.8 Conclusion
The presented sensor principle proved suitable for the detection of liquid
concentrations in the range of a few tens of mmol/L to 5mol/L. The typical
resolution amounts to approx. 10 to 40mmol/L depending on the investi-
gated sample. The large working range provides high flexibility in appli-
cation of the device. The simultaneous detection of two signals, reflected
and transmitted, gives a permanent verification of the results. In addition,
the use of the signal ratio for the sample analysis compensates for fluctua-
tions in the light intensity due to laser instabilities which would destroy any
validity in single signal approaches. The characterization of micro-droplets
is another application of this device. In a simple and fast way, droplets are
characterized based on different properties and provide valuable informa-
tion for further analyses.
Especially the robustness, its simplicity and hence the ease in fabrica-

tion, and the tunability of the characteristics of the presented optofluidic
analysis chip allow for sensitive, cost effective, flow-through, and non-
invasive sensor implementations.
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Figure 6.28: Difference in peak area of reflected and transmitted light signal for
different CaCl2 content in the droplets. The difference decreases with increas-
ing refractive index meaning increasing CaCl2 concentration. At approx. 5M the
device shows highest sensitivity. This range of sensitivity can be shifted by re-
dimensioning of the optical elements on-chip.
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Chapter 7
Conclusions and future
perspectives

The dedicated goal of this thesis is the design and fabrication of applicable
optofluidic sensing units for medical or biological purposes. Here the focus
is to demonstrate optofluidics as a powerful tool providing extended func-
tionality to the operator. The set objectives were achieved by the sensing
system for liquid concentrations. Next to the development of this sensor
device, an optofluidic actuator was realized and the new field of thermo-
optofluidics was introduced for the first time. In the following sections, the
major achievements of this thesis are shortly summarized and future per-
spectives are given.

Optofluidic light modulation

An optofluidic principle was exploited to design a fully functional on-chip
light modulation unit. The focus was on operation without any mechanically
moving elements. Furthermore, a minimum of peripheral equipment should
be attached to end up with a compact overall system. The designed system
features two microfluidic channels and micro-air lenses at the light in- and
output region. Depending on the solutions in the two channels, the inci-
dent light is either fully transmitted or totally reflected at the solid-liquid
interface. As required, the design has no mechanically moving elements
integrated which ensures stable operation. Three possible light exiting posi-
tions can be randomly selected. The design is built such that further light ex-
iting positions can easily be implemented. Besides the external light source
no further peripheral instruments are needed. Since no restricted inflow
conditions are required, the solutions can be filled in the channels in any
way even by means of manual injection. In an experimental evaluation, the
system has proven its functionality. The output was recorded by externally
attached photodetectors and a clear on-off switching was demonstrated. In

107
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future, this optofluidic light modulator can be integrated for on-chip fluo-
rescence applications where the exposure time as well as the excited region
has to be well confined. Providing multiple light exiting positions different
parts of the analytes can be exposed one after each other in a well defined
sequence.

Thermo-optofluidics
Thermo-optofluidics is a new subfield of optofluidics and was introduced in
the course of this thesis for the very first time. It exploits the exceptional
circumstance that with changing temperature the refractive index of solids
and liquids change in opposite directions. This effect can be utilized to sub-
stantially increase the effective thermo-optic coefficient of optical elements
implementing both liquids and solids. Using this concept, a light modu-
lation unit was designed based on a liquid core solid cladding waveguide.
At room temperature, this assembly provides the necessary difference in
refractive index of core and cladding to allow wave guiding by total inter-
nal reflection. At altered temperature the refractive index of the liquid core
decreases whereas the refractive index of the solid cladding increases. In
that sense, light confinement inside the core of the waveguide is reversibly
turned off. The practical experiments proved the functionality of the devel-
oped design. The output of the core of the waveguide was recorded by an
external photodetector. The pulsed temperature profile triggered a shortly
delayed on-off signal. For this evaluation, the temperature changes were
introduced into the device by an underlying Peltier element. The integration
of a thermo-element directly on-chip would drastically shorten the reaction
time and allow higher modulation rates. This concept is unique and com-
pared to thermo-optic devices solely based on solids, the effective thermo-
optic coefficient is more than doubled allowing on-off modulations to be
performed at less than half the temperature change. Assuming a linear heat-
ing rate of the assembly more than twice the modulation frequency can be
achieved at the same input power.

Optofluidic sensing system
The main goal of this thesis was the design and development of an optoflu-
idic sensing unit for biological/medical purposes. The developed device for
the determination of liquid concentrations fully satisfies this objective. The
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system is based on partial total internal reflection at the solid/liquid inter-
face. The analyte is passed through the device in a straight microfluidic
channel. This channel is hit by a slightly diverging light beam. Depending
on the constitution of the analyte and hence its refractive index, a certain
amount of the incident rays is totally reflected whereas the other part is
transmitted as well. Both signals, the reflected as well as the transmitted
one, are recorded. A ratio of those two signals is then used as a measure of
the concentrations of certain molecules in the sample. The unique benefits
of this system are the diverging light beam resulting in a span of incident
angles and the recording of two read-out signals. Compared to analysis sys-
tems based on collimated beams, the diverging beam provides a linear rela-
tion between refractive index and reflected light intensity. This allows the
optimal operation of the system over an increased working range. The use
of the signal’s ratio drastically improves the stability of the results. The out-
come is not influenced by external parameters such as variations in the input
power of the incident light beam. Furthermore, the system consists of just a
few peripheral instruments allowing a space optimized measurement setup.
Since the developed analysis principle doesn’t need any visual inspection,
all the experiments can be performed without an optical microscope which
is one of the major space requiring factors in standard measurement systems
for this application. Another feature of the designed analysis setup is its ver-
satility. The system can be applied for the determination of any dissolved
molecules as long as they have an adequate impact on the refractive index.
In summary, a stable, compact, and versatile easy-to-use tool has been real-
ized which is well suited for the field of biological sample analyses as well
as for medical diagnosis applications.

Future perspectives
For each of the elaborated designs, a demonstrator was built up to prove
its functionality. Although the sensing part of the systems, the optofluidic
devices, were fully integrated on-chip not much attention was paid to the
miniaturization of the peripheral setup. In future, the integration of all the
system components should be tackled to develop the system towards hand-
held point of care analysis devices. Especially the integration of the light
source, e.g. a diode or a laser diode, could be a big step towards applica-
ble and user friendly devices. This would mean microfluidic elements and
conventional semi-conductor technologies on one and the same chip.
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Besides the pursuit for miniaturization of the overall systems, further
research could be conducted to exploit the potential of optofluidics to a big-
ger extend. The developed sensing device was optimized for the analysis
of concentrations of molecules of the same type. Here an excellent limit
of detection could be achieved. Nevertheless, the device is not capable of
distinguishing more than one type of dissolved molecule. One attempt to op-
timize the system in this direction could be a finger-print screening. Instead
of using a monochromatic light source, multiple characteristic wavelengths
can be used for the analysis. Each single wavelength could be chosen care-
fully to match the behavior of the refractive index change of the individ-
ual molecules. In such a way information about more than one dissolved
molecule can be gathered.
The field of thermo-optofluidics was introduced and as a proof of con-

cept an on-chip light modulator was built up. This was the very first step
to demonstrate the functionality. Besides this application, one could also
think of thermo-optofluidic sensing units. Exploiting the proposed princi-
ple in the reverse direction, highly accurate on-chip temperature sensors can
be realized. The combination of the optical properties of solids and liquids
allows the drastic improvement in performance of several thermo-optic sys-
tems solely based on solids and should be considered as a novel powerful
tool.
Within the last years, optofluidics has evolved from just an idea to a

powerful tool for on-chip analysis systems. Novel phenomena arise and can
be exploited for different applications. The results of this thesis demonstrate
the applicability of such systems in practical applications. It should provide
a link between laboratory based and application oriented research. The work
should serve as a reference and inspire future research in optofluidics since
its limits are still far from being reached.
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