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Referat

Die auf verspannten Diinnschichten basierende ,rolled-up nanotechnologie® ist eine
leistungsfahige Methode um dreidimensionale hohle Strukturen (Mikroréhrchen) aus nahezu jeder
Art von Material auf einer groRen Vielfalt von Substraten herzustellen.

Ausgehend von der Mdéglichkeit der Skalierung des Rohrchendurchmessers und der Modifikation
der Funktionalitit des Rohrchens durch Einsatz verschiedener Materialien und
Oberflachenfunktionalisierungen kann eine grofle Anzahl an verschiedenen Anwendungen
ermdglicht werden. Eine Anwendung behandelt unter anderem on-chip Studien einzelner Zellen
wobei die Mikroréhrchen, an die GroRe der Zelle angepasste, Reaktionscontainer darstellen. Eine
weitere Modifikation der Funktionalitdt der Mikroréhrchen kann durch das Aufbringen einer
katalytischen Schicht realisiert werden, wodurch das Mikroréhrchen zu einem selbstangetriebenen
katalytischen Mikro-Motor wird.

Hauptziel dieser Arbeit ist es Mikrometer grofle optisch aktive Glasréhrchen herzustellen, diese
mikrofluidisch zu kontaktieren und als Sensoren in Lab-on-a-Chip Systeme zu integrieren. Die
integrierten Glasrohrchen arbeiten als optofluidische Ringresonatoren, welche die Verédnderungen
des Brechungsindex von Fluiden im inneren des R6hrchens durch Anderungen im Evaneszenzfeld
detektieren konnen. Die Funktionsfahigkeit eines Demonstrators wird mit verschiedenen
Flissigkeiten gezeigt, dabei kommt ein Fotolumineszenz Spektrometer zum Anregen des
Evaneszenzfeldes und Auslesen des Signals zum Einsatz. Die entwickelte Integrationsmethode ist
eine Basis flr ein kostenglinstiges, zuverlassiges und reproduzierbares Herstellungsverfahren von

optofluidischen Mikrochips basierend auf optisch aktiven Mikroréhrchen.

Keywords: rolled-up nanotechnology, strain-engineering, microtube, on-chip integration,
lab-on-a-chip, microfluidic, optofluidic, optical ring resonator, photoluminescence

spectroscopy, refractrometric sensing






Abstract

Rolled-up nanotechnology based on strain-engineering is a powerful tool to manufacture three-
dimensional hollow structures made of virtually any kind of material on a large variety of
substrates. The aim of this thesis is to address the key features of different on- and off-chip

applications of rolled-up microtubes through modification of their basic framework.

The modification of the framework pertains to the tubular structure, in particular the diameter of
the microtube, and the material which it is made of, hence achieving different functionalities of
the final rolled-up structure. The tuning of the microtube diameter which is adjusted to the
individual size of an object allows on-chip studies of single cells in artificial narrow cavities, for
example. Another modification of the framework is the addition of a catalytic layer which turns
the microtube into a self-propelled catalytic micro-engine. Furthermore, the tuneability of the
diameter can have applications ranging from nanotools for drilling into cells, to cargo transporters
in microfluidic channels. Especially rolled-up microtubes based on low-cost and easy to deposit
materials, such as silicon oxides, can enable the exploration of novel systems for several scientific

topics.

The main objective of this thesis is to combine microfluidic features of rolled-up structures with
optical sensor capabilities of silicon oxide microtubes acting as optical ring resonators, and to
integrate these into a Lab-on-a-Chip system. Therefore, a new concept of microfluidic integration
is developed in order to establish an inexpensive, reliable and reproducible fabrication process
which also sustains the optical capabilities of the microtubes. These integrated microtubes act as
optofluidic refractrometric sensors which detect changes in the refractive index of analytes using
photoluminescence spectroscopy. The thesis concludes with a demonstration of a functional

portable sensor device with several integrated optofluidic sensors.
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1 General introduction

1.1 Motivation

The area of biochemical analysis in medical applications is probably one of the fastest growing
markets. In the next decades the average age of western people is expected to increase
significantly. This demographic development may raise new difficulties in hospitals and
laboratories due entirely to the large number of patients. Hence, to relieve these facilities and to
speed up the diagnosis process, it will become increasingly important to transfer the process of
diagnosis to the location of the patient. This hospital and laboratory free analysis is called point-
of-care diagnosis and contains clear benefits: it can significantly reduce the diagnosis time since
the analysis will be performed at the location of the patient which avoids the transport of samples
to the laboratories. Furthermore, point-of-care diagnostic devices are portable and operational at

locations where no hospitals or laboratories are available for analysis.

A point-of-care device has to fulfill certain requirements such as portability, low production and
sales costs, reliability and construction for mass fabrication. The scientific community has named
this device a micro total analysis system (u-TAS). Such systems combine all analytical processes
performed in a laboratory including sample pre-preparation, analyte separation and purification,
analyte detection and data analysis, on a small and portable unit. Devices which are able to realize
parts of the functions of a u-TAS are called Lab-on-a-Chip (LoC) devices. LoC devices usually
involve sensors and actuators at the micrometer scale whereas the readout and processing of the
collected information is mainly performed by external devices. Components such as micro pumps,
micro valves and micro mixers act as actuators to manipulate and move the analyte on the chip.
Sensors in LoC devices are most commonly based on optical, electrical, magnetically or chemical

sensing mechanisms.

Nowadays, the manipulation of fluids, addressed by the field of microfluidics, already reached a
state of development where complex fluid handling is possible. However, the detection of
analytes and their contents using scaled down and integrated sensors is still a challenging issue for
the scientific community. The sensing mechanisms for optical detection of analytes cover a broad
field of labeled and label-free working sensors. Especially the label-free sensors are of great
interest for the point-of-care concept since this detection mechanism avoids additional steps for
sample preparation and additional reagents, which consequently leads to a faster and direct
analysis of the sample. There are a variety of methods available to fabricate optical label-free
sensors. Among these, a particular method based on rolled-up nanotech has been recently

developed in the IIN institute. With this method it is possible to fabricate tubular structures with
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sizes that enable the integration into Lab-on-a-Chip devices and with intrinsic properties that can
be utilized for label-free optical detection. The next section gives an insight into the aim of this
work utilizing the rolled-up nanotech in combination with the LoC approach and a short overview

on the structure of this thesis.

1.2 Aim and structure of this thesis

The rolled-up nanotech enables the fabrication of tubular structures with sensing capabilities on
virtually any kind of substrate. Two objectives of this thesis are to investigate a reliable
fabrication process of tubular structures yielding large quantities of tubes, and the ability to tune
the dimension of the microtubes in length and diameter. Aside from the given overview on a large
variety of applications for such microtubes, the main focus of this work relies on the microfluidic
on-chip integration of optical active microtubes as refractrometric sensors. This challenging
engineering task involves the development of a novel chip structure design with well-established
fabrication steps and parameters in order to maintain the optical capabilities of the microtubes
during the integration process. While keeping the goal of a reliable and a low-cost fabrication
process in mind, all materials utilized in this work are selected carefully and the chip design is

carried out to be suitable for the fabrication of larger quantities of devices at the wafer level.

In chapter two (Background) a brief introduction to the rolled-up nanotech is presented, followed
by an overview of the characteristics of fluids at the microscale. Because the utilized microtubes
in this work combine inherent fluidic functionality and optical capabilities, the background
chapter closes with an introduction to optofluidic sensors at the microscale with emphasis on

optical ring resonators.

Chapter three (Methods and protocols) describes in the first subsection the material deposition
methods utilized to fabricate and modify the tubular structure. The second subsection discusses
two main characterization methods employed in this thesis, which are in particular scanning
electron microscopy (SEM) and photoluminescence (PL) spectroscopy. The third subsection

contains protocols enabling the reader to repeat all established processes from this thesis.

Chapter four (Scaling of SiOx microtubes and potential applications) discusses the method of
fabricating large numbers of well aligned microtubes with different diameters made of SiOy
material. An implemented macroscopic continuum mechanical model shows good agreement with
the collected data of the modified microtubes. This chapter finishes with a selection of possible

off- and on-chip applications of SiO, microtubes.

Chapter five (SiO2 microtubes as optofluidic sensors integrated on-chip) starts with an

introduction and a detailed description of the integration process of SiO, microtubes into an on-
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chip microfluidic structure. The following subsections discuss the methods of controlling fluids
on the chip and its limitations followed by the characterization of the integrated microtubes
according to their sensing capabilities. The last subsection presents the results and gives a

conclusion on the integration process with an outlook toward further applications.

Chapters six (Conclusion and Outlook) summarizes the thesis and discusses possible applications
of integrated microtubes as well as other applications of the newly developed integration method

for microtubes containing different functionalities.

Chapter seven (Theses) summarizes and recapitulates the main aspects of this work in several
theses.






2 Background

2.1 Rolled-up nanotech - deterministic fabrication of self-assembled

microchannels

Rolled-up nanotech is a technological concept introduced about a decade ago by Schmidt and
Eberl in the Journal Nature [1] and is based on scrolled heterostructures.’? The concept enables
the fabrication of tubular structures formed by thin films consisting of virtually any kind of
material on many different substrates. The underlying principle involves the release of a thin solid
film with an internal strain gradient from a substrate by a selective etching procedure. An example

is given in Figure 2.1.

mm material 2
material 1

a,, a, lattice constants

selective
a>a,

etching . __________ ____

-, — 4— §
_____ compressive strain

Figure 2.1: General method to create a nanotube. The layer sequence consists of an etchant-sensitive material,

Iexpansion

followed by a bilayer of two different materials (materials 1 and 2) with corresponding lattice constants a; and a,
(a;>a,). Once the bilayer is released by selective etching, the bilayer bends upwards and forms a nanotube. (Adapted
from Ref. [1])

A bilayer consisting of two crystalline materials with different lattice constants a; and a, (a;:>ay) is
released from the substrate by selectively etching of the etchant sensitive material, the so-called
sacrificial layer. All layers are grown in single-crystal quality by molecular beam epitaxy (MBE)
to achieve an internal strain gradient in the bilayer. The heteroepitaxial growth lead to a
pseudomorphical rearrangement of the lattices of the two top materials influenced by the lattice of
the sacrificial layer with the consequence that the first grown material layer (yellow) contains
compressive strain and the second layer (blue) has inherent tensile strain. Selective etching of the
sacrificial layer releases the bilayer and leads to lattice rearrangements. The compressed lower
layer extents whereas the lattice of the top layer shrinks. By controlling the etching depth and the
specific lattice parameters of the deposited materials the bilayer can roll-up into a tubular
structure. The number of revolutions as well as the position of the tube on the substrate is

determined by the starting point of the etching process and the etching distance.
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al bl

bent/rolled film

wrinkled film

Figure 2.2: Schematics of bending behavior. (a) Bent film with inner radius R, and (b) wrinkled structure with
deflection profile {(x,y), amplitude A, and wavelength A (Taken from Ref. [3]).

A more general and analytical description of the bending behavior of strained bilayers is given by
Cendula et al. [3]. The bilayer, also called nanomembrane, containing two different build-in
biaxial strains B; (bottom layer) and B, (top layer), can either wrinkle or bend after release,
depending on the strain gradient AR = B, - B in the nanomembrane. If the gradient is small
(Ap < 0.5 %) the nanomembrane prefers to wrinkle, but it will roll-up if the gradient is larger
than 0.5 %. Figure 2.2 illustrates the two different bending behaviors: (a) bending or respectively
rolling-up with a certain radius R and (b) wrinkling with a wrinkle wavelength A and amplitude A.
The etching distance is given by h.

Figure 2.3: SEM images of wrinkled nanomembranes. The dependence of the wrinkling behavior of
nanomembranes on the shape of the strained layer. (a) Stripes form mainly parallel wrinkles. (b) Circular shaped
membranes form different channel structures such as straight, three-way or even four way channels (left to right). (c)
Tilted view on a square shaped wrinkle structure preferably forming a straight channel. Scale bars are 2 um (Taken
from [4])

The pattern of the wrinkles depends also on the shape of the nanomembrane. Some examples are
illustrated in Figure 2.3. Stripe like (a), square like (b) and circular like shapes (c) result in a
variety of different wrinkling types with heights of about 100 nm and widths of less than 400 hm
which could act as nanochannels for fluidic applications. In this particular case the wrinkled

nanomembrane consists of a 20 nm thick InGaAs/GaAs bilayer grown by MBE on an 80 nm thick
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AlAs sacrificial layer. The patterning and release of the nanomembrane is performed by

photolithography and wet chemical etching.*

The fluidic capabilities and the fluidic integration in on-chip devices of such wrinkled channels is
provent®® and wrinkles can be created at almost any scale.!"® However, one limitation of these
wrinkled nanomembranes is that wrinkled membranes so far cannot be detached from the
substrate deterministically. Furthermore, the required complex and expensive MBE layer growth
to fabricate the nanomembranes makes the wrinkles unattractive for Lab-on-a-Chip applications.
In general, the wrinkling and rolling of nanomembranes grown by MBE has foreseen the potential
of deterministically fabricated hollow cavities acting as fluidic channels. It was just the beginning
of a rewarding journey of exploring the possibilities of rolled-up nanotech.

An improved roll-up technique, invented just a few years ago, solved the problem of expensive
fabrication: the strain engineering of nanomembranes on polymers from Mei et al. [9]. This
technique replaces the epitaxial growth of the sacrificial layer and the pre-stressed nanomembrane
by deposition methods which are easier to handle and less expensive. The deposition of the
nanomembrane is performed by electron beam (e-beam) evaporation at different deposition rates,
where a higher rate will lead to a higher build-in strain. Alternatively, the deposition at constant
rates but at different temperatures can also lead to a strain gradient within the nanomembrane.
However, the most important modification of the roll-up technique is the use of a modified

sacrificial layer. This sacrificial layer is a photo active polymer called photoresist which can be

L)
1

easily created on a substrate by spin coating.

E\JI
5 um 7

Pre-stressed
nanomembrane

m ”

[h)
Photoresist layer 3 ’
110.um

Figure 2.4: Rolled-up nanotech on polymers. (a) Schematic diagram illustrating the roll-up process of a

Substrate

nanomembrane into a tube on photoresist; optical images of rolled-up nanomembranes made out of (b) Pt, (c) Pd/Fe/Pd,
(d) TiO,, (&) ZnO, (f) Al,Os, (9) SixN,, (h) SixN,/Ag, and (i) diamond like carbon (DLC) (Taken from Ref. [9]).

The schematic in Figure 2.4.a illustrates the rolling-up principle. After structuring the photoresist
by photolithography, a substrate can contain an enormous number of rolled-up microtubes.™® In
order to pin the rolled-up microtubes to the substrate the material is deposited at a certain angle on

the polymer pattern. This creates an anchor at the close end of the pattern (compared to the
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material source of the e-beam) and fixes the nanomembrane to the substrate. Due to ballistic
shadow effects at the far end of the polymer pattern, this part of the pattern is not covered by the
nanomembrane and a selectively working etchant can reach the sacrificial layer through this
window. The optical images in Figure 2.4.b-i show microtubes rolled-up on photoresist consisting

of different materials after etching the sacrificial layer.

SiOy is of particular interest in this thesis for rolling-up microtubes because it has been shown that
this material can roll-up utilizing the rolled-up nanotech on polymers.™! Furthermore, SiO, shows
biocompatibility, is transparent in the visible spectrum, compatible with semiconductor transistor
technology and is also optically active.'”*?™ In conclusion, this material is very attractive to be
utilized as a LoC component because a microtube made of SiO, combines inherently fluidic
functionality, biocompatibility and optical properties. The behavior of fluids in channels at the
microscale with dimensions in the lower micrometer regime, comparable to the diameter of rolled-

up SiO, microtubes, is discussed in the next section.

2.2 Liquids at the microscale

Liquids at the microscale behave differently compared to the macroscopic world. Some of the
well-known characteristics of liquids at the microscale are laminar flow and capillary forces
which have influences on the way how the manipulation of liquids at this dimension is affected.
Laminar flow means no turbulences in the flowing liquid and hence, the mixing of two different
liquids is mainly driven by diffusion. The type of flow in a system (laminar or turbulent) can be
determined by the Reynolds number. The Reynolds number Re depends on the characteristics of
the utilized liquid and the dimension of the channel. This dimensionless value and can be
calculated by,

_ pdv
Bl
where p is the density of the liquid, d is the length of the channel, v corresponds to the velocity of

Re (2.1)

the moving liquid and # is its viscosity. Values above 2300 indicate turbulent flow; below 2300
the flow is laminar.* If the liquid is driven by external pressure through a tube, the stream lines
(velocity vectors) of the liquid form a parabolic shape, where the highest velocity is present in the

center of the cross-section area of the channel.

Capillary forces, which are another important characteristic in channels at the microfluidic scale,
can contribute to the filling of microchannels. In general, the cohesion forces, the gravity and the
adhesion forces at the triple point (where wall, liquid and gas are in contact) accumulate in a
force, whose force-vector can point towards the solid wall or the liquid. In the case when a

capillary with an appropriate small dimension is immersed into a liquid and depending on the
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material characteristics of the wall and the liquid, the resulting force can elevate the level of the
liquid inside the capillary above the liquid level around the capillary or below. The angle between
the tangent on the surface of the liquid and the solid surface is called the contact angel 0. If this
angle is smaller than 90°, a liquid enters the capillary to a certain height h above zero level. This

height can be calculated by,™

20 cos @

o 2.2)

hcap =
where ¢ is the surface tension of the liquid at the liquid-air interface, p the density of the liquid, g
the gravitational acceleration and R the radius of the capillary. For example: a glass capillary with
a radius of 5 pm is immersed into water the height reaches 2.8 m and the so-called capillary

pressure pesp is 280 mbar calculated by,

20 cos@
Pcap = hcap P9 = (2.3)

R
In common LoC devices the value of the capillary pressure is important if the microchannels
should be emptied. In this specific case a negative pressure of at least 280 mbar has to be applied

to the liquid by some actuator to overcome the capillary forces and to empty the microchannel.

But not only capillary forces and the laminar flow have an influence on the manipulation of
liquids at the microscale. The velocity of the flux I, of a liquid strongly depends on the shape
and the dimension of the microchannel. The flux for a tubular channel structure can be calculated

by an adapted Hagen-Poiseuille-law equation,™

o TR*Ap
tube — 8T]L
where L is the length of the channel, 4p the pressure gradient within the tube, R the diameter and

(2.4)

n the viscosity of the liquid. The flow resistance defined by Rype = Ap/Iiybe Can be calculated by,

8nL
Riype = W

(2.5)
The strong dependence on the diameter of the flow resistance makes it very difficult to move
liquids in channels with diameters smaller than 1 um while applying mechanical pressure by
external forces. A technical solution to achieve high pressure in such small cavities could be
provided by electroosmotic (EO) forces where liquids can be forced to move by an external
electrical field."™™ As an example for an electroosmotic pump, the achieved pressure to move a

liquid in a 1.1 um cavity is about 24 bar at an applied voltage of 2 kV.1**!
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Figure 2.5: Schematic of the structure of the electric double layer. Glass acquires a negative surface charge upon
contact with an aqueous solution. The surface charge attracts dissolved counter-ions and repels co-ions, resulting in a
charge separation. The zeta potential () is the potential at the shear plane and the Debye length (Ap) is the characteristic
thickness of the double layer. A layer of immobile positive ions immediately adjacent to the wall is called the Stern
layer. [Text and image taken from Ref. [15]]

The required conditions for EO flow are depicted in Figure 2.5. lons with opposite charges
compared to the surface, will concentrate near the wall. This layer in the electrolyte is called
electrical double layer (EDL). The layer where only the counter ions are located is called shear
plane with a certain potential {. In this layer, the ions can be forced to be moved by external
electrical fields because the electrical neutrality is not given.''® The so-called Debye length
defines the overall thickness of the electrical double layer (EDL) which can range from lower than
1 nm up to about 100 nm in thickness depending on the concentration of ions in the liquid.!®
However, EO pumps are only suitable if the volume of liquid in the channel is small enough to be

dragged off by shear forces of the moving liquid in the EDL.

The advantage of EO pumping in LoC devices is that the electroosmotic pressure occurs only
where the electrical field is applied and not everywhere in the microchip structure. This is
important since many LoC devices in the scientific community have comparatively low pressure
limits of some Bar before damage, because of the use of poly-dimethylsiloxane (PDMS) for
fabrication,*"*® as the review from Sollier et al. [19] summarizes. However, PDMS allows a fast,
low-cost and reproducible fabrication of microfluidic chips and as long the pressure limits are not

exceeded the microchips work reliable.

To conclude, it is important for the fabrication of a Lab-on-a-Chip device to evaluate device
specific parameters such as applied flow speed, flow resistance, required pressures and channel
dimensions, before the design and fabrication of such a device starts. If the estimated values are
taken in account in the chip design, possible system failures such as delamination, disassembly,
too high flow resistance and turbulences in the flow during the operation of the device can be

reduced.
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Figure 2.6: Example a complex on-chip microfluidic structure. The glass microfluidic device designed to make
double emulsions where each droplet contains two inner cores A and B. The schematic within the dashed boundary
shows the flow process of the emulsions through the pair of nozzles, and the dashed arrows on the schematic show the
flow directions of the different phases. (Taken from [20])

The microfluidic chip depicted in Figure 2.8 fabricated by Chen et al. [20] is a “droplet in droplet”
generator and demonstrates state-of-the-art possibilities of engineering and controlling liquids at
the microscale. Here, it is crucial to have laminar flow at defined and well controllable velocities
in order to generate such a complex droplet emulsion. Furthermore, the dimensions of the
channels in the injection tube have to have a suitable diameter which is an agreement between a
small as possible diameter to generate micrometer sized droplets and a large enough diameter to
allow a high throughput with low as possible flow resistance.
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2.3 Optofluidic Lab-on-a-Chip devices — label-free detection

Optofluidics at the microscale is a relative young field of research that emerged during the past six
to seven years®?!combining microfluidics for sample delivery and optics for sensing™ in LoC
devices. In general, one can distinguish between labeled and label-free optical detection whereas
label-free sensing has the advantage that there is no need for a pre-treatment of the sample prior
the detection step. Labeled detection relies mainly on fluorescence microscopy on dye labeled
objects or molecules; label-free detection is served by a broad field of optical detection
mechanisms such as refractive index (RI) detection, optical absorption and detection by Raman
spectroscopy. In this thesis the focus is on RI-based detection, in particular on the kind of RI
detection which technically could detect both, the refractive index of a bulk solution and the
molecule concentration near the sensor surface. The detection principle of label-free RI based

sensor is depicted in Figure 2.7.
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Figure 2.7: General schematic of the detection principle of label-free refractive index based sensors. (a) Unspecific
physical adsorption and (b) specific bonding of target molecules. Light is guided through the substrate forming an
evanescent field which penetrates the bulk solution. (Adapted from Ref. [23]).

In general, for label-free RI sensors light is traveling through the sensor material and forms an
evanescent field at the fluid-sensor interface with a certain penetration depth into the bulk solution
of a few tens to several of hundreds of nanometers.!*! Either there is a bare surface on the
substrate or the surface is functionalized with for instance immobilized biorecognition molecules
such as antibodies, aptamers or phages.'”! Both together, the bulk solution and the sensor surface,
have a certain RI. If light is traveling thought the sensor substrate according to the boundary
conditions given by the system, the formed evanescence field can sense these conditions. The
evaluation of the readout signal will give a specific blank value. Once the target molecules are
introduced into the bulk solution they can concentrate near the surface of the sensor due to
unspecific physical adsorption (Figure 2.7.a) or specific binding with the recognition molecules
(Figure 2.7.b). This concentration change will change the RI near the sensor surface which
eventually changes the conditions for the evanescence field. Consequently, the sensor can be
calibrated by a correlation between the detected change in the light propagation and the introduced

target molecules. In case of a sensor for detection of the RI change of an analyte, the mechanism
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is comparable but with the difference that the change of the RI is homogeneous in the entire

solution.

The sensing mechanism described above is common for a variety of label-free optical sensors.
Among them are surface plasmon resonance (SPR) based sensors; interferometer-based sensors;
optical waveguide based sensors; photonic crystal based sensors; optical fiber based sensors and
optical ring resonator based sensors.?’!

The structure of an optical ring resonator (RR) can be made of different shapes and if combined
with fluidics they are called optofluidic ring resonator (OFRR). Such shapes can be for instance,
microspheres, planar RRs, micro disc RRs and tubular shaped RRs as depicted in Figure
2.8.2.1122%2 The focus in this thesis is on tubular RRs because they inherently combine fluidic
functionality and optical capabilities in a simple tubular structure. The light in tubular OFRRs
propagate in the form of whispering gallery modes (WGMs) resulting of total internal reflection
and constructive interference of light along the curved boundary between the high and low
refractive index media.® WGM in the recorded light spectrum can be identified by their higher
intensity originating from the superposition of frequencies matching the resonance conditions. The

schematic cross-section in Figure 2.8.b illustrates the working principle of an OFRR.
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Figure 2.8: Schematics of ring resonators and working principle. (2) WGM resonator geometries. The WGM is
highlighted in red, blue indicates microfluidic flow. (Taken from [26]) (b) Cross section of a tubular ring resonator
(blue) which is filled with an analyte and surrounded by a different medium. The surrounding medium as well as the
ring resonator and the analyte have their specific refractive indices ny, n, and ns;.The light is confined in the ring

resonator and has an evanescent field penetrating the interior and exterior medium. (Adapted from Ref. [27])

The WGMs have an evanescent field that penetrates the interior and exterior medium and respond

to the changes of the refractive index inside and outside according to their resonant conditions.

The position of a resonant wavelength A, in the spectrum can be calculated by:%?"?®!

ZﬂRneff

m

(2.6)
m
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where m is an integer number of the resonant mode, R the radius of the ring resonator and
Ness = F(N1,N2,N3) the effective refractive index of the surrounding medium (n,), ring resonator (n,)
and analyte (n3). The mode number m can be estimated by subtracting A, from Anm.; USING €q. (2.6)
and changing the equation for m resulting in:
Am

m= m -1 2.7)
The calculated value must be round up to the nearest integer number. The sensitivity S of a ring
resonator to the change of the refractive index is defined by the response of the WGMs to
differences in the refractive index, resulting in a shift of A, to larger or smaller wavelengths. A

larger shift of the mode position is associated with a higher sensitivity. The sensitivity is defined
by,

P AL

T An

Where AL = A -An, i the shift of the mode m in the PL spectrum and An = n’;-n; the change of

(2.8)

the refractive index inside the microtube. The value is given in nm/RIU (nm per refractive index
unit) units. The response of the circulating light to changes in the refractive index is higher the
stronger the interaction between the evanescent field and the fluid is. As long as the light can be
confined in a suitable way a thinner wall and having a low refractive index medium outside the
microtube leads to a stronger interaction of the evanescent field with the analyte,” consequently
the sensitivity increases. Another possibility to increase the sensitivity of a ring resonator is to
increase the quality factor (Q) of the WGMs. The Q value is defined by the linewidth of the
resonant modes and is an indicator of the quality of the fabricated optical device. With increasing
the Q value the light can perform more revolutions around the tubular structure without
remarkable intensity losses resulting in a longer effective light path on which the light can interact

with the fluid. The effective light path, L can be calculated by, !

Qm
2mn,

An example calculation demonstrate the effective light path to be Ly = 7.7 cm if Q = 10°%, n, =
1.45 RIU and A, = 700 nm.

The sensitivity of a sensor is one important characteristic parameter; the detection limit (DL) is
another one. The definition of the detection limit is given by:
_ 30—d

DL=—"= 2.10
S (2.10)

where gy is the standard deviation of the peak position of this WGM in the recorded spectrum. In

general, the value of oy is a sum of all individual noise variances,% including amplitude noise,
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temperature fluctuation and the detector’s spectral resolution. High Q RR sensors are typically
limited by the thermal noise whereas low Q RR sensors are limited by sensor resolution and
amplitude noise. Eventually, the value of the DL is an indicator of the total resolution of the RR

sensor/spectrum detector system.

The main aim of this work is to integrate rolled-up microtubes as optical sensors into an on-chip
microfluidic structure. Hence, it is important to be aware of influences on the optical properties of
the rolled-up optofluidic ring resonators (RU-OFRRs) arising from the integration procedure.
Especially influences that decrease the Q values of integrated microtubes have to be avoided.






3 Methods and materials

3.1 Deposition methods

3.1.1 Lithography

Lithography is a method that enables the transfer of a structure from a patterned photomask to a
photoactive material on a substrate by light exposure. With further processing of the photoactive
layer and the substrate the structure can be transferred to the substrate. Commonly UV-light
exposure is used to transfer the structure of the mask to the photoactive layer, but also x-ray and
electron beam lithography is available.**? The photoactive layer usually consists of polymers
which are sensitive to UV-light exposure and is called photoresists. The UV-light exposure of the
photoresist modifies its chemical solubility. In general, it can be distinguished between two
different types of available photoresists: positive and negative photoresists. Photoresists are
positive when the exposed area can be removed by a chemical developer solution and resists are

negative when the exposed area is not soluble.

Due to the small wavelength of the UV-light the minimum feature size is small enough to address
all requirements on the resist structures necessary in this work. Each photoresist has its own
specific parameters for treatment. Usually, four main steps of treatment are always present: (i)
deposition of the photoresist film on the substrate by spin-coating, where the spin-speed adjusts
the film thickness; (ii) baking of the photoresist to remove the solvent and harden the film; (iii)
transfer of the structure usually by a photomask consisting of silica as supporting bulk material
and a chrome layer on top as the structure and finally (iv) removal of the soluble part of the

photoresist by a developer solution.

Depending on the aimed application, different resists with specific properties are employed. In
this work four different resists are utilized: (1) AR-P 3510 is a positive resist. This polymer is
applied as a sacrificial layer for the rolled-up nanotech. (2) AZ-5214E is a positive photoresist
with image reversal character, which means that with an additional backing and exposure step a
thermochemical modification is applied resulting in an inversed solubility. With this inversed
character this resist behaves like a high resolution negative resist containing a strong undercut.*?
This photoresist is usually utilized for lift-off techniques which is important for patterned material
deposition on a substrate. (3) AZ-2070 nlof is a special negative lift-off resist suitable for thick
layers and multi-layer coating. (4) SU-8 10, which is a negative resist. This resist has
extraordinary properties regarding thermal stability, mechanical stability and biocompatibility and

is widely utilized in fabrication methods for microelectromechanical systems (MEMS). 123343536371
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3.1.2 Electron beam evaporation

This deposition method is a physical vapor deposition (PVD) to create thin films by anisotropic
condensation of material on the surface of the sample. The target material is vaporized by heating
of a solid source by electron bombardment at high vacuum pressures.®® Advantages are nearly
anisotropic deposition and the comfortable handling of the device.

A scheme of the employed e-beam device is depicted in Figure 3.1. The target material (Figure
3.1.a) is placed into a crucible which can be mounted into a water-cooled hearth. A thermionic
filament is used as source of electrons which are accelerated at 5 kV high voltages by the anode
and focused on the target by magnetic fields. The target material is heated up by the transfer of
the kinetic energy of the high energetic electrons striking the target material. After reaching the

material’s melting point it evaporates with its specific vapor pressures and evaporation rates.
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Figure 3.1: Overview over the BOC Edwards FL400 electron beam evaporation device. (a) Principle of
evaporation of a targeted material by melting through electron bombardment. (b) Arrangement of the device

components.

An overview of the design of the deposition machine is given in Figure 3.1.b. The vacuum
chamber contains the evaporation unit at the bottom, a shield with a window facing the thickness
monitor, an oxygen gas pipeline, a shutter and the substrate holder. The shield protects the
machine and slightly collimates the evaporated material. The thickness monitor is a quartz crystal
microbalance (QCM) measurement device and can detect the current deposition rate for all used
materials. The thickness monitor has not the same orientation and distance to the material source
as the substrate and therefore, a so called tooling factor for each material has to be calculated in
order to adjust the displayed thickness on the QCM monitor to display an accurate value of the
deposited thickness. The equation for the tooling factor F. is F=Fy-Tp/Ty where the film

thickness Ty, is measured by the thickness monitor in the e-beam device and the real thickness Tp
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of the material on the substrate is measured by a film thickness profiler (Dektak 8 Profilometer,
Veeco). Fq is the initial tooling factor usually set to the value F, = 1. The oxygen gas pipeline in
Figure 3.1.b is used to apply an O, background pressure to the vacuum chamber. This additional
oxygen is applied during the deposition of SiO, to ensure the deposition of almost pure SiO,. The
shutter protects the substrate during the tuning of the deposition rate and can be opened when the
target rate is reached. The substrate holder can be mounted at different angles in order to adjust
the glancing angle « of the substrate to values from 30° to 90°. For instance, the rolling-up
process in this thesis requires a glancing angle of 30°.

3.1.3 Atomic layer deposition

Atomic layer deposition (ALD) is a chemical vapor deposition (CVD) technique for isotropic
material coating of polycrystalline or amorphous structures with monolayer accuracy. The
principle is described in detail in Puurunen’s review of surface chemistry of atomic layer
deposition.® The deposition process can be described as a sequence of at least four characteristic
cycles to coat the substrate material layer by layer. During the ALD coating process the
precursors are successively introduced into the deposition chamber as a pulsed gas flux, just
separated by a purging step to empty and clean the reaction chamber from the previous introduced

precursor.
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Figure 3.2: ALD deposition cycle. Schematic illustration of a four step water based ALD reaction cycle with the
precursor TMA for Al,O3 layers (Adapted from Ref. [40]).

A water based ALD process to deposit an Al,O; layer is depicted in Figure 3.2. This simple cycle
sequence can be used to coat a surface with Al,Os. Originating from the air humidity the silicon
substrate has already some chemical active hydroxide groups on the surface. During the first cycle
a reactant (H,0) is introduced into the reaction chamber. The reactant interacts with the sample
surface and covers it with OH groups. After that, the chamber is purged with an inert gas (e.g. N,)
to clean the chamber and remove all residue reactants. The second reactant (Trimethylaluminium,

TMA) is then introduced into the chamber and reacts with previously created OH-groups and
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forming the first layer of the Al,Os; material. Finally, the chamber is purged again with N, to
remove the reactants. With this deposition method the final thickness of the deposited layer

depends only on the number of complete cycles.

3.2 Characterization methods

3.2.1 Scanning electron microscopy

The scanning electron microscope (SEM) enables the investigation of details on a sample that are
not visible with other methods like optical microscopy. The working principle for such
microscopes is well known since a long time and therefore the method can be studied in detail
elsewhere."*l The SEM focuses an electron beam on the sample surface and raster sequentially
over a rectangular area. At every point on the raster area the electron beam penetrate the
investigated material to a certain depth. Depending on the material the interaction of electrons and
substrate leads to the emission of electrons which are primarily back scattered electrons (BSE)
and the secondary electrons (SE). An intensity count (number of electrons) at each raster point
can be measured and converted into an intensity map. BSE are useful to investigate the present
elements on the sample, because BSE are created by inelastic scattering at the atoms and their
deflection energy is proportional to the mass number of the element. Secondary electrons have
lower energy than BSE and are emitted from the substrate near the sample surface as a side effect
when the electron beam strikes the surface. The SE are very useful to study the morphology of a

sample.

All samples in this work are build-up from insulator materials, causing a negative surface charge
during rastering with an electron beam. Hence, the samples have to be coated additionally with a

conductive layer which could be for example gold, platinum or carbon.

In this work a Zeiss NVision40 workstation is employed for the SEM studies. Prior the SEM
examination, all samples are coated with 5 nm of Pt by magnetron sputtering (DCA Instruments)
to enhance the surface conductivity. For a more detailed investigation on the three dimensional
objects, the sample stage is rotated between 0° and 90° along the tilt-axis and freely in the x-y-
plane. For investigation on the intrinsic properties of the samples, focused ion beam (FIB) cutting

is utilized.
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3.2.2 Photoluminescence spectroscopy

By using photoluminescence (PL) spectroscopy the energy level of electrons within the
investigated material will be excited to a higher energy level by light absorption. After relaxation
to the lowest energy value at this level the spontaneously recombination from this relaxed level to
lower energy levels is then probable with emission of photons at material specific energies. The
emitted light can be detected and contains information about the electrical structure of the

investigated material.**!

During this thesis the PL spectroscopy is utilized in a slightly modified way. The PL system is
used to excite optical active defects in a tubular wall. These defects are random distributed and
random in their optical characteristics, which consequences in an emission of photons whose
frequencies cover the wavelength range of the white light spectrum. Depending on the
geometrical properties of the microtube this emitted light propagates by total internal reflection
along the circular tubular wall and certain frequencies can superpose by constructive interference.
The out scattered light can be detected by the PL system and due to a higher intensity of the light
at the superposing frequencies theses specific wavelengths can be distinguished from the
background and identified as resonant modes. These resonant modes correspond to the whispering
gallery modes discussed in the Background chapter. In order to achieve a high intensity of the
WGMs compared to the background signal the microtube is initially pumped with the excitation
laser light at 442 nm for at least 3 seconds before the measurement starts. The PL system
(Renishaw™) has a build in camera with a charge coupled device (CCD) sensor for light

detection and achieves a spectral resolution of 0.02 nm.

3.2.3 Optofluidic setup and analytes
This subsection is divided in two parts: the first part concerns the fluids utilized to investigate the
fluidic capabilities of the microtubes and the second part focuses on the optofluidic setup for

microtubes working as refractrometric sensors.
Part 1: dye and particle solutions

The dye solution contains 0.1 mg mL™ Rhodamine 6G (Sigma Aldrich) dissolved in DI water.
Furthermore, the solution contains 5% (v/v) isopropyl alcohol for a better solvability of the
Rhodamine molecules in water. Passive filling by capillary forces is achieved by a simple self-
made droplet dispenser™™ moved to an opening of the microtube and dispensing the dye solution.
The active controlled fluid experiments with particles flowing through microfluidic structures are
performed with a syringe pump system (neMESYS, Cetoni GmbH). During fluorescent
measurements, all equipment parameter such as camera capturing time, excitation light intensity

on the sample and external light are retained constant. Spherical fluorescent polymer particles
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with diameters of 1.9 um and 0.5 um (Duke Scientific Corp.) are utilized as particles in the

suspensions.
Part 2: setup for microtubes as refractrometric sensors

The setup consisted of the prepared chip device, a pulsation free syringe pump system
(neMESYS, Cetoni GmbH, Germany) and a PL system from Renishaw™. The micro syringe
system is employed to pump the liquids in the device through the microfluidic structure. The
syringes (Hamilton, 250 pl) are connected to the chip via polytetrafluoroethylene (PTFE) tubing
with an outer diameter of 0.9 mm simply plugged into the corresponding inlet pin holes of the
PDMS. The pumping velocity can be tuned from 0 to 2 pl/min by software (neMESYS v2.50).
The utilized PL system is setup with a continuous wave (CW) laser of 442 nm wavelength (He-
Cd) and a standard optical microscope with long distance objectives. The chip device is plugged
into a matching stage on the microscope. The whole PL system is suspended with air pressure
based shock absorbers. Once the PTFE tube is sequentially filled with 2 pl of different analytes in
reverse sensing order, the tubing is plugged into the pin holes of the chip. Each segment of

analyte has an air gap of 2 pl in-between.

For this work fluids with slightly different refractive index values are chosen. The fluids are listed
in Table 3.1. Deionized water is the bulk material modified by adding different components at
different concentrations such as glucose or phosphate buffered saline (PBS). The refractive index

of the liquids is determined by an Abbe Refractometer (Mdller, Germany).

Table 3.1 : Utilized analytes sorted by their refractive indices.

No. Liquid Refractive index [RIU]
1 DI water 1.3330
2 PBS 1.3345
3 PBS + 100 mM glucose 1.3369
4 PBS + 200 mM glucose 1.3394
5 PBS + 500 mM glucose 1.3472
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3.3 Fabrication methods

This subsection contains detailed protocols with specific parameters for the fabrication,
integration and use of microtubes to enable the reader to repeat all procedures mentioned in
chapters four and five.

3.3.1 Fabrication of SiO, microtubes
Photolithography

Glass substrates with lateral lengths of 22 mm and thicknesses of 160 um are utilized for the
microtube fabrication. Prior to the spin coating process, a substrate cleaning procedure is
performed in a sonication bath for 1 minute containing acetone. The acetone is removed by
pouring the substrate with isopropyl alcohol. A final baking step at 120 °C for 2 minutes ends the
cleaning step. A positive photoresist (AR-P 3510, Allresist GmbH) is utilized as a sacrificial
layer. This resist is spin-coated on the substrate at a spin speed of vg, = 3500 rpm for 35 seconds
to achieve a film thickness of 2.4 um, followed by a baking step at 90 °C for one minute on a
hotplate. The photoresist pattern is transferred to the glass substrate by photolithography utilizing
a mask aligner (MA56, SUSS MicroTec AG) in contact mode. The UV-light exposure of the
resist is performed for 7 seconds. The development of the exposed areas is carried out by soaking
the substrate in a 1:2 (v/v) solution of the developer (AR-300 35, Allresist GmbH) and DI water
for 75 seconds. The development is then stopped in DI water and finally the sample is dried by
blowing the water off the sample using a nitrogen gun.

Deposition of nanomembranes

The nanomembranes (SiO, SiO, and Au) are deposited by electron beam evaporation (BOC
Edwards FL400, Germany) on the previously prepared substrates. The material deposition rates
are 5.0 A/s for SiO and 0.5 A/s for SiO, and Au. An oxygen background pressure of about
5.8-:10 ° mbar is applied in the deposition chamber during the SiO, coating. The substrates are

loaded into the chamber with a glancing angle of 30°.
Rolling-up and critical point drying

The rolling-up of nanomembranes is performed in pure acetone where they have to be soaked for
several seconds in acetone to remove the sacrificial polymer layer completely. To avoid the
collapse of the microtubes caused by surface tension forces during solvent evaporation, the
samples are dried in a super critical point dryer (CPD). The acetone in the CPD chamber is
replaced by liquid CO, at 10 °C until the chamber pressure reached 50 bar. Once the pressure is

stable and no acetone is left in the chamber, the CPD chamber is heated up to 42 °C to turn the



24 Methods and materials

phase of the CO, beyond the supercritical point. Once the temperature is constant and the
chamber pressure is stable at about 90 Bar, the CO, is gassed out while maintaining the

temperature at 42 °C.

3.3.2 On-Chip integration of SiO, microtubes

Step 1: substrate preparation

Transparent D263T 4 inch glass wafers (Siegert Consulting e.K., Germany) with a thickness of
500 pum are cut into square pieces with a lateral length of 22 mm to fabricate a base substrate. The
alignment structures which are necessary for many device fabrication steps are created onto the
substrate by a lift-off technique. Prior to the photoresist processing step the substrate is baked at
120 °C for 5 minutes on a hotplate to remove the surface humidity. After cooling down, the
photoresist AZ-5214E (Microchemicals GmbH, Germany) is to spin-coat at 6000 rpm for 35
seconds onto the substrate with a following baking step over 4 minutes at 90 °C on a hotplate. The
photomask with the alignment structures is then brought into line witch the edges of the substrate
by using the mask aligner MA 56 (SUSS MicroTec AG, Germany) working in contact mode. The
transfer of the structures to the photoresist is performed by exposing the resist with UV-light for 2
seconds followed by a reversal baking step on a hotplate at 120 °C for 2 minutes. A second flood
exposure with UV-light for 30 seconds establishes the transferred structure in the photoresist. The
development of the structure is done in pure AZ 726 MIF developer (Microchemicals GmbH,
Germany) for 20 seconds, the development reaction is stopped afterwards in a DI water bath. The

substrate is dried under a gaseous nitrogen flux.

The substrate and a chrome material target are loaded into an electron beam evaporator (BOC
Edwards FL400, Germany). The face of the substrate with the photoresist pattern is orientated
directly towards the material source. After the vacuum in the deposition chamber reached 1-10°
mBar the deposition of 10 nm Cr is done at 1 A/s. Once the substrate is unloaded the lift-off
process is completed in an ultra-sonic bath for one minute with acetone as resist etchant. The

acetone is washed off the sample with isopropyl alcohol and then dried with a nitrogen gun.

The so-called socket structures are then fabricated on the substrate at a defined position in the
center of the sample by a two-step photolithography process utilizing the negative photoresist SU-
8 10 (MicroChem, MA, USA). Prior to the first lithography step a dehydration baking step at
120 °C for 5 minutes on a hotplate is performed. Then, the first layer of the resist is spin-coated at
5000 rpm to produce a 5 um thick layer onto the substrate. The baking process for SU-8 closely
followed the company’s recommendations. Therefore, a ramp baking step is established starting
with heating up from 50 °C to 90 °C at 3°C per minute on a hotplate. This temperature is held for

15 minutes followed by slowly cooling down to 50 °C at about 3 °C per minute. The first part of
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the socket structure is transferred by a 30 second UV-light exposure at 365 nm from a photomask
to the photoresist using the mask aligner MA 56. A second baking step, similar to the one before,
finished the cross-linking within the photoresist. The development of the structure is done in pure
mr-DEV 600 developer for 180 seconds and is stopped in isopropyl alcohol. Afterwards the
substrate is dried under a gaseous nitrogen flux. The second SU-8 10 layer is spin-coated at 2000
rpm to fabricate a 15 pm thick layer onto the first processed SU-8 structure. The transfer of the
second part of the socket structure, the development and the baking times are performed with
similar parameters as for the first SU-8 layer, but with another photomask structure. An additional
thermal cross-linking step following a temperature ramp is performed on each SU-8 layer
separately. The ramp started at 50 °C on a hotplate, then the temperature is set to 180 °C with a
heating up speed of 3 °C per minute. Once it reached 180 °C, this temperature is maintained for
10 minutes. The cooling down to 50 °C is achieved at a rate of 3 °C per minute as well.

Step 2: fabrication of the free-standing SiO, microtubes

A clean square Si-wafer with lateral dimensions of 10 mm is utilized as a substrate for the
microtube fabrication. This substrate is cut out of a 4 inch Si-wafer. After a dry baking step at
120 °C for 10 minutes on a hotplate the photoresist ARP-3510 (Allresist GmbH, Germany) is
spin-coated on the substrate at 3500 rpm to establish a 2.4 um thick resist layer. After that, a
baking step at 90 °C for 5 minutes is performed on a hotplate to remove the solvents of the resist.
The patterning with the roll-up structure is achieved with a matching chrome photomask and the
mask aligner MA 56. After patterning the photoresist the structures are developed ina 1 to 1 (v/v)
mixture of DI water and AR-300 35 developer solution for about 45 seconds. The development is
stopped in pure DI water. After drying the sample under a gaseous nitrogen stream, the sample is
loaded into an e-beam evaporator (BOC Edwards FL400, Germany) at a glancing angle a of 30°
with the material target SiO,. Once the vacuum of the chamber reached 1-10° mBar the
deposition of the bi-membrane is started with 10 nm SiO, at 15 A/s and 60 nm SiO, at 0.5 A/s.
After cooling down and unloading the e-beam evaporator the rolling-up of the deposited
membranes is performed in a beaker with pure acetone which selectively etched the photoresist
and released the bilayer. The microtube fabrication procedure finishes with a critical point drying
step. Therefore the substrate quickly is moved from the beaker to the CPD chamber filled with
fresh acetone. The acetone is replaced by liquid CO, at 10 °C and 50 Bar. After heating up to
42 °C and above the critical point at 90 Bar the supercritical CO, is gassed out slowly. The dried
Si-substrate then contains free-standing rolled-up microtubes which are characterized and

transferred during the next step.
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Step 3: microtube characterization and transfer

The free-standing microtubes are characterized with a photoluminescence spectroscopy system
(Renishaw™) according their resonant spectrum properties and optical quality in a wavelength
range from 400 to 800 nm. A sample map is prepared to visualize the properties of all microtubes
in one view. The transfer of the microtubes is carried out with a pulled glass capillary mounted on
a three-dimensional (3D) micromanipulator utilizing a standard optical microscope. After pulling
the glass capillary under heat, the tip achieved a diameter of about 5 um. The tip is moved close
to a microtube selected for transfer and with gently applied mechanical forces the microtube could
be detached and moved to a socket on the target substrate prepared in step 1. Each pair of sockets
has trenches in which a microtube can be placed and wiped off.

Step 4: microtube fixing and preparation

The transferred microtube is bonded to the sockets and stabilized mechanically by atomic layer
deposition of 10 nm Al,Oz. The deposition chamber of the ALD machine (SavannahTM 100,
CambridgeNanoTech Inc.) is set to 80 °C prior loading the substrate with the transferred
microtubes. After loading the substrate into the deposition chamber the temperature is set to 150
°C with a heating up rate of about 1°C per minute. Once the temperature is stabilized an isotropic
deposition of Al,O3 is performed. The number of cycles is 110 and the utilized precursors are
trimethylaluminium (TMA, Sigma Aldrich) and DI water. Pulse duration and waiting times
between the pulses are set according to the recommendations for this material, which are pulses
over 0.015 second for each precursor and waiting times of 20 seconds between each pulse. When
the coating is finished, the deposition chamber is cooled down to 80 °C with less than 1 °C per

minute.

The next part of step 4 involved the deposition of UV-light protector caps on top of the
microtubes. This processing step requires a thick lift-off resist (AZ-2070 nlof) layer due to the
size of the microtubes. The following coating procedure is repeated three times to achieve an
appropriate layer thickness of 24 um. First the resist is spin-coated at two velocities: (i) at 3000
rpm for 35 seconds and (ii) at 5000 rpm for 2 seconds. A soft bake step at 60 °C for 60 seconds is
required to harden the resist slightly. The second and the third layer are coated with the same
temperature settings and baking times. Another soft bake after the third coating step at 110 °C for
30 seconds completes the resist coating procedure. An intermediate step is performed to remove
the borders of the resist and to gain a flat surface. To remove the border of the resist the sample is
rotated at 1000 rpm in the spin-coater for about 10 minutes. A syringe filled with 10 ml of
developer AZ 836 MIF is utilized to pour the developer gradually on the outer part of the sample

until the resist on the boarder is dissolved completely. The drying of the sample is achieved by
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spinning it for 30 seconds at a speed of 5000 rpm. A final soft bake step at 110 °C for 30 seconds
on a hotplate is required to evaporate residues of the developer and to harden the resist. The
photomask structure containing the protector caps is aligned to the markers on the glass substrate
by using the Mask Aligner MA6 (SUSS MicroTec AG, Germany). The exposure time is 50
seconds with UV-light (365 nm). The post exposure bake (PEB) for cross-linking the exposed
resist is performed on a hotplate at 110 °C for 1 minute. The development is performed in pure
AZ 826 MIF developer for 300 seconds at room temperature. The development is stopped in a DI
water bath followed by a drying step of the substrate with gaseous nitrogen.

Prior to depositing the material for the protector caps an additional shadow mask (aluminum foil)
is mounted on the substrate. This shadow mask covers and protects the entire sample except a
small area where the material for the caps is supposed to be deposited. The deposition of the
protector caps is performed using an e-beam evaporator. The substrate and the target materials Cr,
Au and SiO, are loaded into the machine. The surface of the substrate is facing directly the
material source. After the vacuum in the deposition chamber reached 1.10° mbar the target
materials are deposited in the following order and thickness: Cr, Au, Cr and SiO, (5/50/5/10 nm)
at 0.5 A/s each. The substrate is unloaded after cooling down. Once the additional aluminum foil
shadow mask is removed, the lift-off process is completed in dimethylsulfoxid (DMSO) at 60 °C

over 5 minutes. Finally, the sample is cleaned in a DI water bath and dried using a N, gun.
Step 5: fabrication of the microchannel system

The microfluidic channel system is fabricated using the negative photoresist SU-8 10. Prior
coating the photoresist SU-8 10 the substrate is pre-baked on a hotplate at 120 °C for 5 minutes.
Once the substrate is cooled down to room temperature, the resist is spin coated at 1500 rpm for
35 seconds onto the substrate to fabricate a channel height of about 20 um. A ramp baking step,
starting with heating up from 50 °C to 90 °C at 3°C/min on a hotplate, removes the solvent and
hardens the coated resist. The temperature of 90 °C is maintained for 15 minutes followed by a
slow cooling down to 50 °C at about 3 °C/min. Once the photomask is aligned to the substrate
utilizing the MA 56 aligner, the microchannel structure is transferred to the photoresist by UV-
light exposure at 365 nm for 40 seconds. A second baking step, similar to the one before, finishes
the polymerization of the photoresist. The development of the structure is done in pure mr-DEV
600 developer for 180 seconds. The development reaction is stopped in isopropyl alcohol. Finally,
the substrate is dried under a gaseous nitrogen stream. After a thermal cross linking step at 180 °C
(as described in step 1), the photoresist is very stable and showes no remarkable swelling behavior

when in contact with liquids.
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Step 6: final chip assembly

The substrate containing the microfluidic SU-8 structure on top is loaded into an electron beam
evaporator together with the material target SiO,. The substrates’ loading angle a is 90°, so that
the SU-8 structure faces the material source directly. After reaching the working pressure of about
1-10°° mBar in the deposition chamber, the deposition of 5 nm SiO, at 0.5 A/s is completed. After
unloading the substrate, it is prepared for O, plasma bonding. The system-closing lid preparation
is achieved by utilizing a fresh polydimethylsiloxan (PDMS, Sylgard 184 Silicone Elastomer KIT,
Dow Corning, MI, USA) mixture (1:10) poured into an square shaped aluminum frame of 15 mm
side length and 5 mm height placed on a blank Si wafer. The PDMS mixture is cured for 20
minutes at 100 °C. Once the frame with the PDMS is cooled down, the PDMS is peeled off the Si
wafer, the in- and outlet channels in the PDMS are defined by drilling pin holes with a cutting
needle (Harris, Uni-Core, 0.75 mm inner diameter) matching the position of the inlets of the
microchannel system on the substrate. The final assembly to activate the surfaces of the substrate
and the PDMS is performed with an oxygen plasma treatment for 30 seconds at 30 watt and an O,
flux of 15 sccm. Once the surfaces are activated, the holes in the PDMS lid are well aligned to the
inlets on the substrate and then the lid is gently pressed on the substrate to establish the permanent

bonding.



4 Scaling of SiO, microtubes and potential applications

This chapter is based on the publication Harazim et al. [10] in the Journal of Materials Chemistry.

Expressions and segments taken from this reference are not cited separately.

In this section of the thesis the fabrication of large arrays of multifunctional biocompatible
SiO/SiO, (general SiO,, x = 1...2) microtubes by utilizing the rolled-up nanotech will be
discussed. The outer tubular diameter as a function of the thicknesses of SiO and SiO, are
systematically studied and the roll-up parameters are optimized to deterministically achieve a
yield of nearly 100%. A macroscopic continuum mechanical model is in good agreement with the
experimental data. The relative ease in functionalization of the ‘‘glass’” microtubes with different
biomaterials renders rolled-up nanotech an excellent option for various on- and off-chip
applications, including microfluidic integration, micro-engines and pre-patterned 3D scaffolds for

cell culturing.

4.1 Introduction

The deterministic fabrication of a large number of uniform tubular structures is of interest in
fields such as materials science, chemistry, bio- and nanotechnology. Recently, the fabrication of
tubular microstructures is successfully exploited in optofluidics,*?! (bio)-sensing,***" catalytic
microjet engines,®**! magnetic sensors®™! and 3D cell microreactors,™*">* to name a few. It has
been demonstrated that nanomembranes composed of various materials and material
combinations, such as semiconductors,*? metals,' oxides'® and magnetic materials,**” can be
efficiently rolled-up into tubular structures. Despite the variety of works found in the literature, a
systematic study of the parameters defining the diameter of the microtubes is only carried out for

semiconductor tubes®®™ and Si,N, and Ti tubes on polymers.®!

However, for rolled-up glass microtubes, diameter scalability, hybrid functionalization and long-
term biocompatibility have not been investigated in detail yet. By controlling the thicknesses of
the deposited layers and therefore exerting precise control over the diameter of the tubes, plenty
of applications are demonstrated and envisioned, which rely on an extremely high yield
fabrication process. In this chapter the fabrication of transparent SiO/SiO, rolled-up microtubes is
presented, with a yield close to 100% and with a deterministic control of the tubular diameter by
modifying the bi-layer arrangement and thickness. The fabricated microtubes have diameters
ranging from 1 to 12 um. The experimental data are well consistent with a semi-empirical theory
and can be fitted for all layer compositions. The SiO and SiO, microtubes offer several interesting

features such as optical sensor capabilities, biocompatibility and low-cost production.****!
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Therefore a range of different applications can be foreseen including the integration in micro-

fluidic devices,'® self-propelled microengines and cell biophysics in tubular confinements.

4.2 Microtube fabrication

This section discusses the concept of fabricating numerous rolled-up SiO, microtubes on a single
substrate. The substrate is a glass slide with a size matching in standard sockets of inverse and
upright optical microscopes. In general, the substrate can consist of many materials such as

silicon, polymers or ceramics.

On this glass substrate the sacrificial layer (photoresist) for rolling-up is spin coated. This resist
should provide certain requirements such as a suitable adhesion to the substrate material and a
smooth surface with a low as possible roughness. Before measuring the characteristics of the
photoresist, it is patterned into squares with side lengths of 50 um. The photoresist structure

shown in the left SEM image of Figure 4.1 depicts a structure of the sacrificial layer after the

development typical for positive photoresists when they are in contact to a photomask during UV
[32]

light exposure.
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Figure 4.1: The roll-up pattern. The SEM image on the left site depicts a characteristic roll-up AR-P 3510

structure before the deposition of SiO and SiO,. The inset on the up-right site depicts a zoomed and tilted view on one
of the corners of the photoresist. The associated cross-section depicts a typical profile at the corner of the resist. The red
dashed circle highlights the so called break off area. The AFM scan in the lower right inset depicts a scanned area 10 by
5 um on top of the resist, marked by the black square in the left SEM image. The surface roughness of the resist is
calculated to R;=0.2 nm (Taken from Ref. [10]).

The upper right inset of Figure 4.1 depicts a zoomed SEM view to one corner of the pattern
including a cross section to highlight the slope of the wall of the resist. The two SEM images of
Figure 4.1 are taken by using the secondary electrons. This scanning mode is utilized to scan the
surface morphology of a sample, whereby thin structures or edges, such as the small overhang in
the break off area (red dashed circle), shine brighter compared to planar surfaces. The bright
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frame around the resist structure indicates the presence of this overhang. The mask aligner works
in contact mode and therefore, light scattering at the edge of the mask guides light in low doses
underneath the mask. Consequently, the overhang is more pronounced at longer exposure times.
The shape of the resist in the break off area has a major influence on the rolling-up process and

the adhesion of the microtube to the substrate after the roll-up process.

Electron beam evaporation cannot provide a perfectly collimated material beam. This and due to
ballistic scattering of the evaporated material the shadow in the break off area is diffuse. With a
very short exposure time the overhang does not create a shadow and the deposited membrane is
not interrupted. Consequently the membrane is fixed to the substrate at three sides. A strong
pronounced overhang (after a long exposure time) leads to a membrane with a loose adhesion to
the substrate on all four sides of the square pattern. The membrane will roll-up but the resulting
microtube will be washed away by the etchant of the sacrificial layer. Consequently, an optimum
exposure time seems to be mandatory for the roll-up process in order to create large arrays of
rolled-up microtubes sticking to the substrate. Different exposure times can be utilized to target
different requests such as applications where immobile tubes are required (shorter exposure time)

or off-chip applications like microjets (longer exposure time).*"!

The fabrication of SiO, microtubes relies on the deposition of strained nanomembranes whose
deposited thicknesses are in the lower nanometer regime. These nanomembranes require a smooth
as possible sacrificial layer in order to minimize the effect of transferring the topology of the
surface to the deposited membrane. Small defects of too rough surfaces can destroy the directed
stress relaxation leading to an uncontrollable roll-up process, with chances of not rolling at all.
Therefore, several polymers are investigated regarding their surface properties and the AR-P 3510
resist is found to be the most suitable one for the roll-up process. The surface roughness of this
photoresist is depicted in Figure 4.1 and is Rq=0.2 nm (root mean square roughness) measured by

atomic force microscopy (AFM).

Once suitable parameters for the substrate and the sacrificial layer are worked out, the substrate
with the patterned surface is loaded at a glancing angle of o = 30° into the electron beam
evaporator. This loading angle and the height of the sacrificial layer of about 2.4 um lead to an
uncoated window at the far end of the photoresist compared to the material source as indicated in
Figure 4.2. The angle of 30° is optimized for SiO, microtubes on polymers. Nanomembranes

based on other materials can also be deposited at different angles.[*®>
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Figure 4.2: Schematic view on the sample holder in the electron beam evaporation device.The tilting angle o can
be changed between 0° and 90°, whereby 90° means that the resist on the substrate faces the material beam directly.
The evaporation shadow of the sacrificial layer (AR-P 3510) is at the far end compared to the material target.

SiO, 25 nm
SiO 5 nm

Figure 4.3: Arrays of rolled-up microtubes. Optical images of three different arrays containing rolled-up SiO/SiO,
microtubes with different outer diameters corresponding to the different mono-Ilayer thickness compositions of SiO and
SiO,: (a) the diameter is 2 pm for 5/5 nm (SiO/SiO,); (b) 5 um for 5/25 nm and (c) 9 um for 5/45 nm. The insets depict

a close view to one of the microtubes on the corresponding sample (Taken from Ref. [10]).

The optical images in Figure 4.3 depict several arrays of rolled-up SiO/SiO, microtubes on a glass
substrate fabricated by the deterministic rolled-up nanotech. The fabrication parameters are
carefully adjusted to gain a rolling-up yield of well aligned microtubes of almost 100 % for all bi-
layer compositions of SiO and SiO,. The tuning of the diameter is achieved simply by changing
the thickness of the SiO, layer while maintaining the thickness of the SiO layer at a specific value.
The insets depicted in Figure 4.3 show zoomed views on a single microtube from the
corresponding array. These three array-examples are characteristic for all investigated bi-layer
compositions and contain about 200 microtubes, well aligned (Figure 4.3.a-c) and with diameters
of 2, 5and 9 um, respectively.

The examples shown in Figure 4.3 illustrate how the diameter tuning is carried out: the SiO layer
is the ground layer which provides the strain for rolling-up while the SiO, layer acts as the
moderator of the diameter. A thicker layer of SiO, has a higher resistance against the strain
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relaxation of the SiO layer than a thinner SiO, layer and therefore, the diameter increase with a
thicker SiO, nanomembrane. In order to fabricate microtubes with a diameter of 2 um, a bilayer
composition of 5 nm SiO and 5 nm SiO, is required. By increasing the thickness of the SiO,
membrane to 25 nm the outer diameter of the rolled-up tube increases to 5 um (Figure 4.3.b). If
the thickness of the SiO, membrane is set to 45 nm, the tubular diameter increases to 9 um. A
detailed look on the rolled-up microtubes, an investigation on a lager set of bi-layer compositions
and their capabilities for fluidic investigations will be discussed in the following chapter.

4.3 Characterization of rolled-up microtubes

The fabrication process described in the previous section enables the tuning of the diameter of a
SiO, microtube by modifying the composition of the SiO/SiO; bi-layer membrane. An example of
a microtube with the smallest achieved diameter is given in the SEM image of Figure 4.4. The
entire microtube is depicted in Figure 4.4.a whose outer diameter is about 1.2 um. The zoomed
view to the end of this microtube shows that this rolled-up microtube has a compact rolled wall
with just a small mismatch between the single windings. The wall (marked by yellow arrows) is
made of SiO, and follows the former shape of the sacrificial layer. The position of the microtube
after rolling-up shown in Figure 4.4 is typical for many microtubes. For larger tubes (e.g.

diameter larger than 10 um) microtubes can roll over the wall and lay on the substrate.

| — 5um 4nmsio/2nm SiO, |

former
wal
1um

| 2 nm Si0/ 2 nm SiO,

Figure 4.4: SEM images of a rolled-up microtube. (a) Overview on a 50 um long SiO/SiO, microtube with a
diameter of about 1 um. The bi-layer composition is 4/2 nm (SiO/SiO,). (b) Close view with a cross-section of the end
of this rolled-up microtube (Taken from Ref. [10]). The arrows point on the overhang (red) and the former photoresist

walls (yellow). (c) SEM image of a very thin bi-layer 2/2 nm (SiO/SiO,) after the roll-up procedure.

The minimum diameter is so far limited by the ability to build-in strain by electron beam
evaporation. It is observed that for thinner membranes than for the microtube depicted in Figure
4.4.a the rolling-up process loses its directionality and defects in the membrane can destroy the
membrane as depicted in Figure 4.4.c for a membrane made of 2 nm SiO and 2 nm SiO,. A larger
diameter can be achieved by increasing the bi-layer thickness. The maximum diameter is limited

by the size of the used pattern which is in particular 50 pm in side length. The maximum diameter
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which can be provided by this structure is calculated to 15.9 um by dividing the side length by =
according to the relationship between diameter and circumference of a circular structure. In
general, larger diameters are possible with longer distances along the rolling-up direction. These
large microtubes are topic of current research of our group at the IIN. An example of an
application of utilizing these large microtubes as artificial cavities for single cell studies will be
given in the chapter of the applications of SiO, microtubes on page 37. The tuning of the diameter
is investigated for six different thick SiO membrane thicknesses with a set of different SiO, layer
thicknesses for each of these SiO membranes. The summary on this investigation including a
theoretical fit is plotted in Figure 4.5.
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Figure 4.5: Diameter of microtubes at different bilayer compositions. Dependence of the diameter of SiO/SiO,
microtubes on the SiO, monolayer thickness for six different thicknesses of SiO. The monolayer thickness of SiO
ranges between 4 and 10 nm. The colors of the data-points are correlated to discrete monolayer thickness ratios between
the SiO and SiO, mono-layer. The ratio ranges from 1:0.5 to 1:9. A theoretical fit (red line) is plotted for each set of
monolayers (Taken from Ref. [10]).

Based on a macroscopic continuum mechanical model suitable for a bilayer system where the two

layers have almost the same Young modules, the following equation can be used to calculate the

diameter of the rolled-up tubes:[®*%4
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_ di +4jd,d} + 6jdid; + 4jd,d3 + d3j?
B 3ej(1 +v)d,dy(d; + dy)

where D is the outer tubular diameter, d; = SiO and d, = SiO, are layer thicknesses, v is the

(4.1)

Poisson ratio of SiO, (v=0.2),! the Young’s modulus ratio is expressed by j=Y /Y, and ¢ is the
in plane biaxial strain of the bi-membrane. By assuming that the Young’s moduli of SiO and SiO,

are almost equal, equation (4.1) can be shortened to:

D= 1 (dy +d;)?
C3s(1+v)  did,

To simplify the mathematical calculation d; is set as a constant. Figure 4.5 shows the diameter of

(4.2)

the microtube as a function of the SiO, layer thickness for different SiO monolayer thicknesses
varying from 4 to 10 nm. Each set of data-points with the same color code denotes a fixed SiO :
SiO, nanomembrane thickness ratio ranging from 1 : 0.5 to 1 : 9. The measured diameters are
collected by optical microscopy at 100x magnification and the error bars are estimated by
performing a statistical calculation (standard deviation, 95% confidence) for n = 50. The
theoretical fits in Figure 4.5 are obtained by using Equation (4.2) and fitted to the data
distribution.

Studies on the rolled-up microtubes with different diameters about their fluidic capabilities can
show that SiO, microtubes could be employed as capillaries to move fluids on-chip as already
demonstrated for other more expensive and toxic material systems.[**®” In order to prove the
fluidic capabilities of these SiO/SiO, microtubes two different fluids are employed. There is first a
simple dye solution containing Rhodamin 6G and second a suspension of fluorescent polymer
particles. Each column in Figure 4.6 depicts a selected microtube with diameters of 1.8 um, 3.6

pm and 6.5 um, respectively.

al tube diameter: 1.8 u b| tube diameter 3.6 um |c|  tube diameter 6.5 pm
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Figure 4.6: Investigation on the fluidic capabilities of microtubes. The optical images show bright field (i) and
fluorescence (ii—iv) pictures of microtubes with different diameters (a—c). The utilized dye solution contains Rhodamine
6G while the suspension contain fluorescent spherical polymer particles with diameters of 0.5 pmin (a) and 1.9 pm in
(b) and (c) as well. Three different fluorescent conditions are displayed: (ii) negative control before liquid filling; (iii)
filled with dye solution; and (iv) confinement of fluorescent microparticles (Taken from Ref. [10]).
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The images are taken in the bright field and fluorescence setting of the microscope. The fabricated
SiO/Si0, microtubes show a slight fluorescent signal as it can be seen in row (ii) of Figure 4.6
which might be originated from Si-clusters embedded in the SiO layer.®®*® After dispensing the
Rhodamine 6G dye solution with a micropipette onto the samples, all microtubes are easily filled

with the fluid by capillary forces.(Figure 4.6, row iii).

The confinement of fluorescent polymeric microparticles with diameters of 1.9 pm for the larger
microtubes and 0.5 um for the small microtubes is also demonstrated in Figure 4.6 (iv). Prior to
dispensing the suspension on the microtubes they are washed in isopropyl alcohol several times to
remove the residual dye as much as possible. Depending on the tubular diameter, single or
multiple particles (Figure 4.6.a-c row iv) are observed within the microtubes. The results
demonstrate that the fabricated SiO/SiO, microtubes can easily be filled with fluids or even
particles.
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Figure 4.7: In-flow studies with integrated microtubes. (a) SEM of a microtube array integrated into a
photolithography defined SU-8 10 microfluidic structure. The branch channels connect the microtubes and are
supported by the main channel. (b) Merged fluorescence image sequence of a particle transfer between the branch
channels through a microtube. (c) Different particle transition times depending on relative difference of the liquid

velocity Av in the connected branched channels (Taken from Ref. [10]).

The integration of the microtubes into a microfluidic structure as shown in Figure 4.7 extends the
applicability of these microtubes to a more controllable way of handling fluids. The SEM image
in Figure 4.7.a depicts several SiO/SiO, microtubes integrated into a microfluidic chip fabricated
by photolithographic structuring of the SU-8 polymer. The main channel on the left side connects
to the branched channels, which are bridged by the integrated microtubes. Though this channel
system fluids can be pumped though. The visualization of the fluid flow is carried out with
fluorescent particles. This suspension of spherical polymer particles is pumped through the
system by an external syringe pumping system. The fluorescence image depicted in Figure 4.7.b

shows a sequence of fluorescence images merged into one frame of one particle with a diameter
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of about 1.9 um which is passing the microtube from the right branched channel to the left one.

The microtube position is highlighted by the grey dashed rectangular frame in Figure 4.7.b.

The required pressure gradient between the bridged channels can be achieved by alternating the
liquid velocity by pumping at the inlet (overpressure, v;,) and extracting at the outlet (negative
pressure, Vo). Therefore it is possible to tune the speed of the transfer of the particle through the
integrated microtube as shown in Figure 4.7.c. The relative fluid velocity Av is calculated by the
difference of the fluid speed in the branched channels: Av = |vi, - Vou|. The transition time of the
particle through the tube is calculated by using the image capture time of the camera (80 ms) and
the length of the trace of the particle in the microtube on a captured image. Thus, the detection
limit is limited by the capture time of the CCD camera, which enables the quantification of speeds
from 200 up to 1800 mm s™.

This integration foresees that new fabrication techniques towards Lab-on-Chip applications of
optically active rolled-up microtubes for label-free sensing are possible. The discussion in the
next chapter picks up the results from the diameter tuneability of the microtube, their fluidic
capabilities and the integration progress and discusses possible applications of these microtubes

for a variety of research fields.
4.4 Field of application of SiO, microtubes — a perspective

4.4.1 Microtubes as artificial cavities for cells

Collaborations are established to push forward the new approach of combining cell engineering
with artificial tubular structures. Cells, especially the utilized HeLa (from Henrietta Lacks, cancer
patient) cells have diameters above 10 pum. The confinement of individual cells in rolled-up
microtubes is achieved by adjusting the diameter of the microtube to the size of the cell. Particles
are only driven by external forces such as the Brownian motion or other forces like convection of
the medium where the particles are suspended in. Living cells are able to move by themselves.
Therefore, by functionalizing the inner surface of the microtubes with specific proteins from the
extracellular matrix (ECM) makes the microtubes attractive to for cells™™”. Another possibility to
get cells into a microtube is either to force them by pumping with a negative pressure as Smith et.

al [45] demonstrated or to move them in by using optical tweezers.

The collaboration for the cell investigation is mainly performed with Dr. Wang Xi, who is also
co-authoring the publication Harazim et al. [10] of fabrication and applications of SiOy

microtubes.
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2D cell confinements

It is well known that submicron-level discrepancy on the substrate can cause abrupt changes in
cellular behavior due to the high sensitivity of the cells to their micro-environment.[’"? Cells
react sensitively to cues in their local microenvironment including gradients of cytokines and
secreted proteins from neighboring cells, the exposure to soluble signals and the texture of the
substrates.!*® To date, most cellular activity studies are performed on conventional planar two-
dimensional (2D) substrates,’®™ even though cellular signaling and responses in tissues in vivo
occur in a highly complex 3D system, named the extracellular matrix. This 3D environment
confines cell shape and regulates cellular behaviors. It is thus expected that cells behave

significantly different in 2D and 3D environments.®2 As a result, a 3D scaffold which can
[83,84]

mimic the in vivo environment for cell culture is highly sought-after.

Figure 4.8: Biofunctionalized array of rolled-up microtubes. (a) Fluorescent image of HeLa Kyoto cells, stably
expressing a fluorescently tagged core histone, H2B-mcherry (red), and mEGFP-a-tubulin (green), cultured on a
SiO/SiO, microtube array. The microtubes are functionalized with fibronectin and then tagged with a primary mouse
antibody against fibronectin, followed by fluorescent anti-mouse 1gG-FITC secondary antibody staining. The green
fluorescence of the tubes confirms the conjugation of fibronectin to the surface; the cells grow well both on the surface
of the microarray and inside the tubes. (b) Merged optical and fluorescent images of two HeLa Kyoto cells inside a
microtube (Taken from Ref. [10]).

During this project, the SiO/SiO, microtubes are chemically functionalized with fibronectin, an
ECM glycoprotein that binds to membrane-spanning receptor proteins named integrins. Since
cells usually have a size of above 10 um, a microtube diameter larger than 10 um is required for
3D cell culture studies. The platform’s viability for in vitro cell culture has been tested using
HelLa Kyoto cell lines. Fluorescent imaging of live samples shows that the HelLa cells proliferate
on the platform during extended periods of time. The cells showed normal morphology (Figure
4.8.a) and survived and proliferated inside the tubes for similar periods as in 2D culture. Figure

4.8.b depicts a zoomed-in view on a single functionalized microtube confining two cells.
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The tubular structure allows only one-dimensional free motion of the cells; thus one can expect
important cellular processes such as cell migration or cell division and mitosis to be affected.
Different from conventional microfluidic channels, where the walls are usually perpendicular to
the substrate, the microtubes with their smooth curved surface inside could mimic the in vivo
environment of a blood vessel, for instance. Furthermore, the production of large arrays of
transparent and biocompatible microtubes allows researchers to speed up the investigation and
scrutinize isolated cells one by one in a novel 3D platform for studies such as cell migration and
proliferation.

4.4.2 Catalytic microtubes as versatile tools

Just recently several publications demonstrated that with the rolled-up nanotech it is easily
possible to create catalytic microtubes which are mainly based on materials such as Ti, Cr, Fe, Co,
Ni and Ag. °4#%*858 The catalytic microtubes have in common that they have a catalytic layer on
the inner tubular wall to decompose hydrogen peroxide into water and oxygen gas. Platinum is a
common catalyst but also biological enzymes such as catalase are employed.® The development
of catalytic microtubes reached a technological level where a remote control in microfluidic
channels is already realized. The remote control is rather simple: the microtube has a
ferromagnetic layer (Fe) incorporated which can be affected by an external magnetic field.
Hence, the microtube aligns itself with the magnetic field B and since the propulsion is
unidirectional and continuous, the catalytic microtube can be guided through a microchannel
network as depicted in Figure 4.9.1.(A-C). The entire microfluidic chip design with the
microchannel system and the reservoir for the catalytic microtubes (microbots) is schematically
depicted in Figure 4.9.1.D.
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Figure 4.9: Catalytic microtubes in a microfluidic system. (1) (A-C). Optical sequence of a microbot “swimming”
into the microchannels of a PDMS chip. The blue arrow represents the direction of the magnetic field. (D) Schematic of
the fabricated microchip used for the transport of microparticles. (Taken from Ref. [48]) (2) Optical images of a
microbot assembling four nanoplates in different configurations (a—f) Fuel solution used: hydrogen peroxide (5 wt %),
0.005% surfactant, and 1 vol % isopropanol. (Taken from Ref. [50])
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These microbots are not only suitable to be guided through a complex channel network, but they
can also be utilized as cargo-transporters, which has been demonstrated by Solovev et al. [50]
recently. The sequence of optical images shown in Figure 4.9.2.(a-f) visualizes that one single
microbot can be guided though a bulk solution to collect several microplates and transport them to
a desired destination. Transporting nanoplates from one location to another seems not spectacular.
However, thinking a step further that these microtubes could transport drugs without harming
healthy cells through the blood vessel system directly to cancer cells, this tool gains a lot of
attraction.

By shrinking the diameter of the catalytic metallic microtubes down to the sub-micrometer regime
which is remarkably smaller than the diameter of a cell, a new functionality arises: a self-
propelled nanotool.®! Due to asymmetric rolling-up the tubular openings have a “sharp tip” like
structure. This structure has two functionalities: (i) the asymmetric opening forces the nanotube
into a corkscrew like motion (Figure 4.10.a) useful for drilling and (ii) the tip of the microtube is
sharp enough to break bio-membranes and enter cells (e.g. HeLa cells) as depicted in the optical
image of Figure 4.10.b and the SEM image in Figure 4.10.c. This is the consequent improvement
of the previously described remotely controllable microbot. These two examples of
multifunctional micro and nanotubes with an incorporated catalytic layer demonstrate the high

potential of the rolled-up nanotech in biosciences.

Whereas the above described catalytic microtubes consist partially of toxic, expensive materials
and sometimes consider extravagant deposition techniques such as molecular beam epitaxy
(MBE), the simple addition of a thin (2 nm) layer of gold by e-beam evaporation transforms a
SiO, microtube into a powerful tool with a high potential to beat the previously presented

catalytic engines regarding the easiness of fabrication, their costs and biocompatibility.

v

200 ms

Figure 4.10: Self-propelled nanotool. (a) Autonomous corkscrew-like motion of a single InGaAs/GaAs/Cr/Pt
(3/3/1/1 nm) rolled-up nanojet. Arrows indicate relative motion of the nanojet between panels, and the schematic inset
shows the type of motion. (b) Optical microscopy image of an active nanotool drilling into a cross-linked biomaterial; a
paraformaldehyde-fixed HeLa cell. Scale bar = 10 um. (c) Representative secondary electron SEM images of tubular
nanotools which are autonomously embedded into a biomaterial (fixed HeLa cells). (Text and images taken from
Ref. [87])
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Here, the SiO/SiO, microtubes serve as a template for the modification with self-assembled
monolayers (SAMs). Before rolling-up, the strained SiO/SiO, bi-layer membrane is supplemented
with the coating of a 2 nm thin Au layer. Instead of a two layer system a three layer SiO/SiO,/Au
system rolls-up into a microtube. Similar to the metal based catalytic micro-engines demonstrated
by Sanchez et al. [51] catalase enzymes can now be coupled to the inside of the microtube
creating a hybrid, semi-transparent and low-cost microjet.®™™ Figure 4.11.a depicts the general
principle of utilizing an organic catalyst to decompose H,O, into water and O, gas.

.
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Figure 4.11: Microtubes with bio-functionalized surfaces. (a) Schematic example of a hybrid biocatalytic

O
~

microengine. The inner tubular surface is functionalized with self-assembled monolayers (SAM) and the protein
catalase as catalyst to reduce H,0, into water and O, gas. (Taken from Ref. [51]) (b) An optical sequence shows the
trajectories of a SiO/SiO,/Au-catalase microjet engine in a 2.0% (v/v) H,0O, solution. The arrows point on the 50 um
long microjet (Taken from Ref. [10]).

SiO4 microtubes modified this way are the first catalytic microjets containing oxide layers which
are suitable for investigations ranging from fundamental studies to biosensing applications. The
inner and outer walls of the microjets can be selectively biofunctionalized just by adding a gold
layer inside or outside. The oxide layer can be modified with different functionalities such as
deoxyribonucleic acid (DNA) or antibodies to capture different targets or for sorting of
biomolecules in a similar, yet inexpensive manner compared with reported microjets containing

Au layers outside.>**"]

The hybrid microjets of about 5 pum in diameter and 50 um in length acquire speeds of about
150 pum/s when they are immersed in a fuel solution containing 2% H,0, and 0.05% sodium
dodecyl sulfate (SDS) which reduces the surface tension. Figure 4.11.b depicts three different
types of motion of catalytic SiO/SiO, microjets in a hydrogen peroxide solution. A video
corresponding to the sequence shown in Figure 4.11.b is available in the supplementary
information of Ref. [10].
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With this new design of the microjets the material’s toxicity is in principle reduced, the use of
biocompatible fuel is imaginable and the utilized materials are cheap and easier to deposit, all this
without compromising the form and functionality of the catalytic microtubes. Furthermore, with
the ability of tuning the diameter of the rolled-up tubes it is possible to adjust the size of the
catalytic microtubes to specific applications, such as drilling tools with thin microtubes or high
throughput pumps with larger catalytic microtubes. All this shows that SiOy, tubes have a high
potential to be the leading type of catalytic rolled-up structures especially in research fields where
non-harmful materials are required. The transparency of the microtubes enables studies on

fundamental hydrodynamics and modeling in narrow cavities.

4.4.3 On-chip components: pumps, valves and sensors

The integration of sensors and actuators into a single portable LoC system is crucial for reaching
the aim of fabricating an analytic device based on the point-of-care concept.®® In particular,
actuators involve pumps and valves to move and control the fluids on-chip whereas sensors cover
a large range of different sensing mechanisms. The next paragraphs give an insight on the

potential of microtubes working as sensors and actuators in LoC devices.
Driving fluids with microtubes

Solovev et. al. [67] recently presented a novel approach for on-chip micropumps which is based
on the catalytic reaction on the inner tubular wall. The huge advantage of this method is the
pumping of liquids and even particles through the microtube without the use of any mechanical
components as illustrated in the image sequence in Figure 4.12. Furthermore, the low amount of
toxic fuel necessary to move fluids enable applications where biocompatible components are
mandatory like the sensing of cells.l™ The ability of tuning the diameter of the SiO, microtubes to
values from 1 to more than 12 pum provide access to pumping applications adjustable to many

different sized objects for optimal pumping performance.

Another elegant way to pump liquids though micrometer sized channels is by the electro osmotic
effect. Since this effect takes place on non-conductive surfaces (see Figure 2.5) the SiOy
microtubes are predestinated to act as small cavities for EO effect based pumps.'”! Technically, it
should be possible to fabricate one, two or even more microtubes in parallel to each other on a
substrate between two electrodes in order to force the fluid in the microtubes to move along the

electrical field.
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20 pm

t =580 ms

Figure 4.12: A catalytic micropump. Sequence of optical images of a tubular micropump which moves
microparticles through its hollow body. Arrows show a tracked individual polystyrene microparticle with a diameter of
1 pm. At the time t = 0 ms (A), the particle comes into close proximity of the micropump mouth, at 135 ms approaches

entrance (B), at t = 170 ms is sucked inside (C) and after 580 ms is pumped out (D). Large black spheres exiting the
micropump are oxygen microbubbles. (Text and image taken from Ref. [67]).

Microtubes as valves

The schematic diagram of a micro-valve as depicted in Figure 4.13 point out the potential of
rolled-up microtubes working as important parts of actuators in LoC devices. The theoretical
work from Daghighi et al. [89] on a powerful and new kind of valve employs cylindrical channels

as in- and outlets to the valve chamber (Figure 4.13.a).

Figure 4.13: Principle of a microvalve. (a) Schematic diagram of a micro-valve with three microchannels and one
suspended Janus particle in it. E; and E, represent external electric field directions. (b) Theoretical model and cross
section of the valve containing: stream lines (red), arrows indicating the flow direction (small and black) and a Janus
particle with conducting “C” and non-conducting “N/C” material. Vectors E; and E, indicate the direction and the

strength of the applied electrical field. (Text and images taken from Ref. [89])

The valve chamber has three inlets (outlets, depending on the flow direction) of cylindrical shape.
The valve chamber contains a spherical Janus particle with a conductive and a non-conductive
face, whereas the diameter of this particle is at least as large as the diameter of the channels
connected to the chamber. The Janus particle can be moved by applied external electric fields to
each of the three channels just by tuning the strength and direction of the applied electric field (E;

and E; in Figure 4.13.a-b). Hence, it could be possible to close one of the channels with the Janus
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particle as the simulation in Figure 4.13.b indicates. E; is strong enough to push the Janus particle
to the right side and close the channel. If E; instead of E; would be present, the upper channel

could be closed by the Janus particle.

Opening and closing of channels utilizing a spherical Janus particle requires a cylindrical shape of
the channel. Using the rolled-up nanotech is a suitable way to solve the technical realization of
fabricating cylindrical channels since it is very difficult to fabricate microchannels with a circular
cross-section® with standard microchip fabrication techniques.

Microtubes as optical sensors

One of the most important applications of microtubes, on which this thesis focuses on, is the
application of optical active microtubes as on-chip sensors to analyze fluids. In recent years some
promising approaches in the fabrication of such microtubes have been developed,™**3?! but the
optical quality could not compete with similar optical sensors®?%*! and the microfluidic
integration is not carried out yet.
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Figure 4.14: SiO, microtubes as optical sensors. (a) PL spectrum from the middle of a microtube rolled up from a
circular nanomembrane. Intensities of the mode (M=30) and the broad emission band are defined as I, and Iy,
respectively. The triangles indicate the mode positions obtained from a finite-difference time-domain simulation. (b)
Optical microscope image of ordered microtube arrays from nanomembranes of different shapes: circles (left panel) and
squares (right panel). The inset shows an SEM image of a microtube from a circular nanomembrane. ((a and b) text and
image adapted from Ref. [12]). (b) Spectrum shift produced by the presence of an aqueous sugar solution inside the
tube. The spectra with the resonant modes in presence of the solution (red) or of a bubble of air trapped in the tube
(blue). The black spectrum refers to a region at the interface between liquid and air inside the tube. (Text and image
adapted from Ref. [25])

The PL spectra and microtubes in Figure 4.14.a-c show the state of the art rolled-up microtubes
suitable for optical detection prior to this thesis. The diameter of a SiO/SiO, with optical
properties is still quite large (80 um, Figure 4.14.a) but shows already optical resonant modes.
One of the mode numbers is marked with a red triangle (m = 30). The optical images (and the

SEM inset) in Figure 4.14.b prove that the microtube can roll-up on different patterned sacrificial
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layers. A detailed investigation on the tuning of the diameter is missing so far, but performed
during this thesis. The PL spectrum in Figure 4.14.c proves that optical active rolled-up
microtubes in principle can be utilized as refractrometric sensors by monitoring the mode shift.
Here for example mode number 14 is observed to be at different wavelength when the content of
the microtube has a different refractive index. In this particular case the content could not be
exchanged on demand and the quality factor of the microtube is also not good enough to be

suitable for high resolution refractrometric measurements.

4.5 Conclusion

In this chapter is has been demonstrated that conventional lithography combined with electron
beam evaporation is a productive and an easy way to fabricate rolled-up SiO/SiO, microtubes
well aligned and in a large quantity on a substrate. The diameter of the microtubes can be tuned
over on order of magnitude from 1 to 12 um simply by modifying the composition of the bi-layer
thickness ratios. It has been confirmed that these microtubes can easily be filled with liquids of
different contents such as fluorescence dye or microparticles. It has been demonstrated that this
kind of microtubes enable a wide range of applications with key features of which can be
accessed by the diameter. SiO, microtubes above 10 um in diameter are suitable for single cell
studies in narrow 3D scaffolds mimicking the in vivo environment of cells. A small microtube
combined with a microfluidic channel system could be suitable as minimal invasive injection
needles to deliver drugs into cells similar to the work just recently described by Boukany et al.
[91]. Microjet engines based on cheap and biocompatible materials have been proved for their
functionality with the result that they provide a high potential to replace the conventional metallic
based micro jet engines in research fields where non-harmful materials are required. Microtubes
with about 5 um and smaller in diameter have some possible applications: they could be utilized
as fluid micropumps in Lab-on-Chip devices by employing the electro-osmotic flow when also
electrodes are incorporated into the structure and they could act as a part of a new innovative
valve where the theoretical calculation is just recently presented by Daghighi et al. [89].
Furthermore, the demonstration of their integration into microfluidic channel systems as bridges
between microfluidic channels could open up many possibilities for further research on optical
label-free sensors in Lab-on-a-Chip devices.™. All these applications confirm the high potential
of SiO, based rolled-up microtubes in chemical/ biochemical analysis and as components in Lab-

on-a-Chip devices.

From all these possible applications one specific has been selected for a deeper investigation. The
concern is to push forward the concept of a Lab-in-a-Tube!* to a new level of integration towards
Lab-on-Chip devices with several integrated optofluidic sensors. The development and

characterization of such a powerful system is presented in the next chapter.
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This chapter is based on the publication Harazim et al. [92] in the Journal Lab on a Chip.

Expressions and segments taken from this publication are not cited separately.

This part of the thesis introduces a new methodology of fabrication of tubular rolled-up
optofluidic ring resonators (RU-OFRRS) based on glass (SiO,) material with high optical quality
factors. Combining lab-on-a-chip fabrication methods and rolled-up nanotech allows the
fabrication of fully integrated tubular optofluidic sensors. The microfluidic integration of several
RU-OFRRs on one chip is solved by enclosing the microtubes with a patterned and robust SU-8
polymeric matrix. A viewport on each microtube enables exact excitation and monitoring of
whispering gallery modes with a photoluminescence spectroscopy system under constant ambient
conditions while exchanging the content of the RU-OFRR with liquids of different refractive
indices. The refractrometric sensor capabilities are investigated regarding signal stability,
sensitivity and reliability. The sensitivity of the integrated RU-OFRR, which is the response of the
modes to the change of the refractive index of the liquid, is up to 880 nm/refractive index units
(RIV).

5.1 Introduction

Label-free optofluidic sensor technology is a topic of great interest ranging from analytical
science to pharmaceutical industry with a variety of applications implemented as Lab-on-a-Chip
(LoC) devices.®?"%%! Ag already mentioned in background chapter 2.2, part of optofluidics
merges microfluidics with optical sensing capabilities into a single device. Refractive index based
sensors are realized by different approaches such as interferometer,!% %! surface plasmon
resonance®®%*! optical waveguides,®** photonic crystals,**** optical fibers'®* and ring
resonators. Optical ring resonators come in different shapes such as planar ring resonators, %"
spheres™™® and disks,™®! and if combined with fluidics they are called optofluidic ring resonator
(OFRR). Only in tubular geometry they do inherently combine compact and most practical fluidic
functionality with optical sensitivity. According to the resonant conditions, circulating light can
interfere constructively at certain frequencies called whispering gallery modes (WGM) whose
evanescent field decays exponentially outside the tubular wall. The sensing mechanism of tubular
OFRRs is the response of the evanescent field to changes in the RI near the surface of the tubular
wall. The quality-factor (Q) of such ring resonators, related to the linewidth of WGMs in the
detected light spectrum, is an indicator of the quality of the fabricated optical device. High quality
factors are preferable in order to work efficiently as label-free bio-sensors for cells, ™! bio-

analytes*?*“®! and vapours.?"%
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Liquid core optical ring resonators (LCORRs) are part of the OFRR family and often rely on the
fabrication of narrow circular channels by glass capillary pulling."***?1 Although this kind of
OFRR provides very high quality factors (e.g. 10°, it is not suited for parallel microfluidic on-
chip integration due to its fabrication technique, big dimension and fragility. Other members of
the OFRR family are liquid-core microtube optical ring resonators (LCMORS)®?* and rolled-up
micro cavity ring resonators (RU-UCRRs)"®!  which are based on rolled-up
nanotechnology,™*3#*3! byt which up to now showed relatively low Q values only in the range
of several hundreds.*%“3! However, by this technology, large arrays of tubular fluidic channels
with well-defined shape and size can be fabricated on virtually any kind of substrate, 1041349
Due to their easy size tuneability!™" both in length and diameter they perfectly match to the typical
dimensions of microfluidic channels and thus are good candidates to be included in compact LoC
systems. First steps towards integration of rolled-up microtubes into microfluidic systems have
been reported previously,'*¢* put their optofluidic functionality after microfluidic integration

remains unexplored.

In this part of the thesis the fabrication and characterization of high Q rolled-up optofluidic ring
resonators fully integrated into Lab-on-a-Chip devices is presented. The ring resonators are
fabricated on a mother substrate and consist of rolled-up glass (SiO,) microtubes with diameters
close to 10 um. Selected microtubes can be picked up from the mother substrate and transferred to
a target microchip for further assembly. Optical characterization by photoluminescence (PL)
spectroscopy reveals high Q values of up to 2900. A technology platform is described ranging
from the fabrication of RU-OFRRs over the integration process to the final device. The stability
of the response signal and the reproducibility are evaluated by flowing different analytes through
the devices for defined periods of time. A minimum detection limit of 3.4-10™ per refractive index
unit (RIV) is obtained and a maximum sensitivity of 880 nm/RIU, which is the highest value
measured for any RU-OFRR to date.

5.2 Microchip fabrication

This chapter presents in detail the fabrication process of the chip device. Specific fabrication
parameters can be found in chapter 3.3.2. (On-Chip integration of SiO2 microtubes). The flow
chart in Figure 5.1 depict the six main steps of the fabrication process which are in particular: (1)
selection of the substrate”s material and preparation; (2) the fabrication of microtube with a high
optical quality; (3) transfer of the microtubes to the prepared substrate; (4) further preparation of
the microtubes for the last two integration steps; (5) the integration of the microtubes into a

microfluidic channel system and (6) the final assembly of the microchip device.
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Figure 5.1: Fabrication flow chart for the integration of high quality rolled-up optofluidic resonators. (a)
Photograph of a fabricated optofluidic sensing chip device. (b) Optical microscope image of three microtubes integrated
into a microchannel system. (c) Background subtracted PL spectrum measured on a microtube integrated into the
optofluidic chip sensor.

The final chip device pictured in Figure 5.1.a consists of a microfluidic channel system (Figure
5.1.b) where the in- and outlets are bridged by integrated rolled-up microtubes. The optical
quality of the RU-OFFRs is evaluated by PL spectroscopy in a wavelength range from visible to
near infrared (Figure 5.1.c).

The manufacturing of this complex device involves different material deposition methods and
clean room processing steps. Each of the fabrication steps will be described in detail below,

starting with the selection of the material of the substrate.
Step 1.1: material of the substrate

The D263T 4 inch glass wafers are cut into pieces to match with the dimension of a stage for
standard glass slides in an ordinary invers microscope. The thickness of the glass is 500 pum, this
value of the thickness is a compromise between the fragility of the glass (a larger value increases
the stability) and maintaining the option of using short distance objectives such as immersion oil
lenses requiring thin as possible substrates. Besides the high transparency of more than 90 % of
the glass in the wavelength range of 400 to 800 nm, an important property of the glass is its

thermal expansion coefficient . The utilized materials have different inherent expansion
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coefficients and due to the layered stack design of the final device some of the materials will have
a large contact area among them. In particular, the interface between the glass substrate and an
Al,O3 layer as well as the interface between the Al,O; layer and the SU-8 channel structure, both
are applied during a later fabrication step. Hence, the thermal expansion coefficients should be
comparable in their values in order to avoid strong strain gradients caused by thermal treatment of
the substrate. In particular, the expansion coefficient of the glass substrate is 7.2:10° K™ %3]
which is already close to the value of Al,O; of about 7-10°K™ I Fyrthermore, the o of both
materials should be as close as possible to the expansion coefficient of SU-8 (52-10°K™)M]
employed later in the chip fabrication process. Minimizing the difference of the expansion
coefficients of Al,Os, glass substrate and SU-8 reduces the number of possible system failures
such as detachment due to interlayer stress. The choice to harmonize the expansion coefficients
between D263T glass and the Al,O; layer is justified by the inherent Young modulus of the
utilized materials and their chronological order of application in the system. A lower value
indicates a more flexible material. The Young modulus of PDMS (360 to 870 kPa)® (also
utilized later) is very low and can be neglect compared to the martials SU-8 (2 GPa)™*"!, D263T
(72.9 GPa)™*! and Al,0; (69 GPa)™. The Young modulus of SU-8 is low enough that it can
compensate forces at the contact area originating from different thermal expansion coefficients in
the temperature range of 20 to 180 °C. This and the fact that Al,O5 is mainly between the D263T
glass and the SU-8, it is appropriate to equalize the expansion coefficients between the substrate
and the Al,O; layer. After assembly, the stress in the system occurs mainly between the flexible
SU-8 and the Al,O; layer.

Step 1.2: alignment structures

The alignment structures simplify the handling and increase dramatically the accuracy of
alignment. These four components are depicted in Figure 5.2 and can be also seen as four white
squares in the microscope image in Figure 5.1.b. The macroscopic marks 1, 2 and 3 in Figure 5.2
(highlighted in orange) support the manual alignment and mark 4 (highlighted in blue) supports
the precise alignment with a mask aligner during the photolithography processes.



Microchip fabrication 51

mark 1 mark 2
k.
o o 0
0 o 30
ol
o 0 o |-
mark 3

Figure 5.2: Sketch of the alignment structures. (a) Total overview on the alignment structure. Markers for manual
macroscopic alignment are highlighted in orange; markers for precise alignment are highlighted in blue. (b) Close view
to the central part. The green highlighted dashed ovals indicate the position of the sockets introduced in the next

fabrication step.

The chiral character of mark 1 assists the positioning of the substrate during orientation sensitive
processing steps. Mark 2 and 3 support the alignment of the PDMS lid in a next fabrication step
and mark 4 is used during all alignment steps where the mask aligners MA 56 and MA 6 are
employed. The next part of the substrate preparation involves the introduction and fabrication of
the so-called socket system.

Step 1.3: fabrication of the socket system

As already discussed in chapter 4 (Scaling of SiOx microtubes and potential applications), arrays
of rolled-up microtubes can be integrated into a microfluidic structure by photolithography
processing. Unfortunately, it is very difficult to manufacture another set of microtubes with
similar or different functionality on the same substrate without harming the fabricated microtubes.
Different kind of microtubes are for example optical microcavities for enhanced liquid sensing,**!
flexible split-wall microtube resonators for mouse cell analysis*! and rolled-up magnetic sensors
for in-flow detection of magnetic particles®™. The invented socket system eliminates these
difficulties and raises the possibility of combining many different microtubes with different
functionalities on one substrate. In case of utilizing optical active microtubes, the sockets allow
the precise positioning and elevation of selected microtubes on a target substrate for further

integration.

The requirements on the sockets are as following: (i) the microtubes can be elevated above the
substrate to a fixed and reproducible distance; (ii) the dimension of the sockets is adaptable to the
dimension of the microtubes; (iii) microtubes can be placed in any orientation and at any location
on the substrate utilizing the sockets; (iv) suitable for mass production and (v) long term stability.
With an appropriate design, all these requirements can be fulfilled by the negative photoresist SU-

8. This epoxy based photoresist has excellent chemical and temperature resistance, a large range
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of layer thicknesses from 1 up to 200 um, a high aspect ratio and is already widely utilized in
micro electromechanical systems (MEMS).3%12 The sketches depicted in Figure 5.3 show the
design of a socket. One socket (Figure 5.3.a) consists of (1) the clamp, which will fix the
microtube into the predefined lateral position and (2) the supporting platform to elevate the
microtube above substrate. The width b as well as the heights h; and h, can be adapted to the size
of the microtube. The heights are tunable by the spin-coating parameters and the viscosity of the
utilized resist, because the structuring of the SU-8 resist relies on photolithographic processing.
The position and orientation of the socket as well as the width b can be adjusted to the required
parameters simply by another photomask with suitable structures. The planar elevation of one
microtube can be achieved by two aligned sockets with a distance d to each other. A typical
arrangement is given in Figure 5.3.b showing a microtube with a free-standing part in the middle.
The distance d between two sockets utilized in this thesis is set to 140 um, appropriate to the
length of 200 um of the microtubes. As indicated in Figure 5.3.b the height h; should be at least as
high as the microtube providing a planar surface after spin coating photoresists on the substrate

(required later during the chip fabrication).

a top view side view

N

b top view side view
I_ H | front view 3

Figure 5.3 Sketch of a socket structure. (a) One socket structure consist of two components: (1) The clamp to fix

the microtube into the requested position and (2) the supporting platform to elevate the microtube from the substrate.
The distance b and the heights h; and h, are tunable to match the size of the microtube. (b) Example arrangement of two
sockets with a distance d to each other as supporting structures to elevate the microtube permanently to a fixed distance

to the substrate.

The designed shape of a socket take in account recommendations for contact-area stress

reduction®="! of the processed photoresist because a socket consists of two layers of SU-8. In
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particular, structures with a small surface contact-area and round shapes are designed showing
less interlayer stress and a longer lifetime. The process parameters for the baking times and
temperatures as well as the final thermal cross-linking step are selected carefully in order to
increase the interlayer bonding strength between the two resist layers and the stiffness of the SU-8

photoresist.

With an appropriate design of the photomask a large number of sockets can be fabricated on a
single substrate. In this thesis the final device will contain three pairs of sockets, located between
the central alignment structures as depicted in Figure 5.2 (socket position is highlighted by green
ovals). A close view on one pair of sockets is shown in the optical image in Figure 5.4. The
dashed line indicates the trenches in the sockets where the transferred microtube will be placed.

pair of SU-8 sockets

trenches for
microtube alignment

.
100 um

Figure 5.4: Optical image of a pair of sockets consisting of the SU-8 photoresist. Both sockets are aligned in
parallel to allow the placing of a tubular structure along the trenches indicated by the dashed line.

The number of three pairs of sockets, respectively three microtubes on the chip device, is
reasoned by the compromise between an appropriate chip fabrication time and the task of
integrating multiple sensors. The principle of elevating and positioning a microtube on a target

substrate is part of a submitted patent (January 2012).
Step 2: microtube fabrication

The integrated glass microtubes act as microfluidic channels and as optofluidic components,
constituting the sensor of the chip. Compared to the square shape pattern for rolling-up
microtubes as described in chapter 3.2.3, the shape of the roll-up pattern is now more complex in
order to establish an optimal light confinement along the tubular axis. One mother substrate
contains about 400 optical active microtubes. In order to allow optical PL measurements on each
microtube a certain distance of the optical active part of the microtube to the substrate is required
to avoid light leakage to the substrate.'? This requirement is fulfilled by a U-shape roll-up pattern

producing a free-standing microtube with an elevated center part of the microtube.
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Figure 5.5: SEM images and zooms of a free-standing microtube. (a) Scanning electron image (SEM) image
shows a U-shape pattern and a RU-OFRR. The pattern is separated into three segments (i to iii) by the white dashed
line. The inset shows a magnification of the center of the free-standing part of the microtube with an outer diameter of
13 pm. (b) Side view SEM image of a free-standing elevated rolled-up microtube. (c) Close-up of a microtube end
where the compact rolling is clearly seen.

The basic fabrication method for this advanced microtube is similar to the previously described
technique for rolling-up microtubes, > but instead of a SiO/SiO, bi-layer combination a single-
material bi-layer of SiO,/SiO, is employed to roll-up the microtubes. With this material
combination of the bilayer higher quality factors in the PL resonance spectrum could be achieved.
The new U-shape pattern for rolling-up is depicted in Figure 5.5.a. The shape is adapted from
microtube resonators described by Kipp!™! and Strehlow™?. The U-shape pattern is separated in
three segments by a white dashed line: (i) the first segment defines the tubular body and has a
length of 75 pm and a width of 200 um, segment number two (ii) is a spatially shaped on the
outer wall of the microtube flanked by two segments of type three (iii) with a length of 160 um.
The lobe in segment two induce a better light confinement within the tubular wall by turning it
into a so called bottle resonator.?* Segment three contributes to the mechanical integrity at the
ends of the microtube due to a higher number of revolutions, and consequently a thicker wall. The
rolling starts at the lower end of segment one and finishes in the upper position of the segments
three. A rolled-up microtube in the final position and an inset with a zoomed-in view to the center

of the microtube can be seen in the SEM images in Figure 5.5.a.

The central part of the microtube remains free-standing as it can be seen in Figure 5.5.b. The
distance of the microtube to the substrate has a value of about 2.5 um. The total distance from the
substrate to the microtube is calculated by the thickness of the sacrificial layer and the bilayer
thickness contributed to the wall from segment number three. The first three windings and the
compact rolling-up of the SiO, bilayer can be clearly seen in Figure 5.5.c depicting one end of a
microtube.
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The mother substrate, on which the microtubes are fabricated, is a square silicon wafer with
lateral lengths of 10 mm (Figure 5.6.a). The U-shape roll-up pattern is arranged in a way that
about 400 microtubes can fit on the Si substrate. During the deposition of the SiO, bi-layer, the
sample is always mounted centered and in the same orientation on the substrate holder in order to

maintain similar deposition conditions for every sample.

Si wafer E

microtubes

Figure 5.6: Fabrication of free-standing microtubes. (a) Photo of a silicon substrate which contains about 400
rolled-up free-standing microtubes. (b) Optical microscope image of four rolled-up free-standing microtubes. One
remarkable misaligned microtube is highlighted by a red dashed circle.

A non-uniform coated sacrificial layer as well as differences in the bi-layer properties can lead to
a slightly different rolling behavior as depicted in Figure 5.6.b. One of the four microtubes
(highlighted by a red dashed circle) appears misaligned. This misalignment might not affect the
mechanical properties of the tube regarding their usage as microfluidic channels, but differences
in the optical properties can occur. Thus, all microtubes have to be analyzed for their optical
properties by photoluminescence spectroscopy.

Step 3.1: optical characterizations of microtubes

The PL spectrum of each microtube is recorded and the results are summarized in a PL-
characteristic map of the substrate as depicted in Figure 5.7. The measurements on the sample
were performed by Jens Trommer during his diploma thesis at the IIN. Each position on the map
corresponds to a specific microtube, whereas the colors indicate the rolling status of the
microtube. In particular: green means that the microtube rolled until the end of the U-pattern (28
%); blue marked fields indicate that the microtube is still free-standing but did not roll until the
end of the structure (13 %); orange colored fields indicate that the microtube start to roll, but is
not free-standing (48 %); the microtube in the last two cases cannot used for integration because
they are either damaged (black, 7 %) or not rolling at all (red, 3 %).
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Figure 5.7: PL-characteristic map of a Si substrate with free-standing rolled-up microtubes. The map colors
consider the rolling status of the microtubes: red: not rolling at all; grey: damaged; orange: start to roll-up; blue: the
microtube is free-standing; green: the microtube rolled till the end. Fields marked with an x-symbol contain microtubes
with a Q of more than 2000; fields marked with an 0-symbol contain microtubes with a Q between 1000 and 2000. The
SEM images on the right show an example of different roll-up states.

The quality factors of the resonance frequencies in the PL spectrum are calculated by using the
full width at half maximum (FWHM) method. Certain microtubes show Q values between 1000
and 2000 which are marked with an “o” and some microtubes have Q values above 2000 which

are marked with an “x” symbol.

Figure 5.8 shows a background subtracted PL data acquired from the center position of a RU-
OFRR with Q above 2000. The spectrum reveals eight groups of modes, each of them
corresponding to an azimuthal resonant condition.!?? The series of closely spaced modes at the
short wavelength side of each azimuthal mode are higher order axial modes (see inset of Figure

5.8) and originate from the axial confinement™™* in the middle of the microtube.
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Figure 5.8: Optical characterization of a rolled-up microtube by photoluminescence spectroscopy. PL spectrum at
the center part of a free-standing microtube. Inset illustrates one resonant azimuthal mode with an associated series of

axial modes.

The mode with highest intensity for each group of modes reaches an average Q value of 2900.
This value is derived from the peak linewidth after fitting the modes with Lorentzian curves, and
represents the highest value reported for RU-OFRRs to date.

Step 3.2: Transfer of the microtubes

The integration of optically active microtubes working as sensors requires a transfer to a socket
structure prepared on the glass substrate in step 1, which can elevate the microtube to a certain
height. Briefly, the transfer is carried out with a micro needle mounted on a 3D micro manipulator
stage and a conventional microscope. The micro needle is a glass capillary pulled under heat until
the tapered part reached a diameter of about 5 um. The transfer is performed by Vladimir Bolafios
(member of the IIN, IFW Dresden). The 3D sketch in Figure 5.9 depicts how microtubes are
placed onto the sockets. The trenches in the sockets help to wipe off the microtube from the micro
needle and align it easily. With this method three microtubes are transferred to the prepared target

glass substrate.
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SU-8 sockets

transferred
microtube

Figure 5.9: Sketch of a transferred microtube. The microtube is placed along the trenches of two SU-8 sockets.

As mentioned in the materials and methods section the transfer involves mechanical forces to the
microtubes. It is known from Smith et. al. [45] that rolled-up microtubes can contain nano sized
gaps between the rolled-up layers. Therefore, it is to consider that mechanical forces applied to
the microtubes can change the configuration and size of these gaps by rearranging the bilayer
windings if the interlayer friction is overcome by the mechanical forces. This rearrangement could
lead to changes in the optical properties of the microtubes. Therefore, a PL measurement is
performed on the transferred microtubes to track the evolution of the optical properties during the
microchip assembly process. A summarized overview on the Q evolution can be found in chapter

5.4 on page 67.

After transfer, the microtubes simply lay on the sockets and the physical adhesion is too weak to
hold the microtubes on the surface. In the next step of the chip fabrication the microtubes will be
pinned to the substrate and stabilized mechanically in order to maintain their structural integrity

and position on the substrate during the integration.
Step 4.1: mechanical stabilization and fixing of the microtubes

The structural integrity of SiO, microtubes is too fragile to stand against forces arising from
surface tension during drying-out of liquids, which leads ultimately to a collapse of the microtube.
After the transfer some steps involve the handling with liquids, which are mainly solvents and
developer solutions during photolithography processing. Therefore, a stabilization step of coating
a 10 nm thick Al,O3 layer by ALD on the inner and outer microtube wall is required. This value is
optimized in order to achieve appropriate mechanical stabilization with a thin as possible layer
thickness in order to avoid a strong impact on the optical properties. Additionally, the isotropic

coating of material helps to pin the microtubes to the sockets on the sample.[#!
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Figure 5.10: Principle of fixation and stabilization of microtubes by ALD. (a) An isotropic coating of Al,O;
(bright blue) will fix the microtube to the substrate and stabilize mechanically. (b) SEM image depicts a broken Al,03
layer (marked by a blue dashed oval) deposited by ALD. The green dashed frame highlights the former position of a
fixed microtube.

Figure 5.10.a illustrates the mechanism of the fixation and stabilization by isotropic coating. The
rolled-up microtube is coated both inside and outside with an Al,Os layer (bright blue) fixing it to
the substrate. The SEM image in Figure 5.10.b depicts an area on a SU-8 structure after an
already fixed microtube (former position highlighted by the green frame) is removed by
mechanical forces. The now visible broken Al,Os layer (bright blue dashed oval) marks the area
where the microtube is in contact and pinned to the SU-8. Besides the mechanical capabilities of
the ALD coating it offers another positive effect which could be interesting for other applications:
the electrical isolation. This can be useful if electrodes in combination with the microtubes are
designed to work as actuators such as electroosmotic pumps or valves (see chapter 4.4.3) where
only the electrical potential is required.

Step 4.2: deposition of UV-light protectors

Thurmer et. al. [66] demonstrated that the integration of rolled-up microtubes into a polymer
matrix patterned by UV-light lithography is feasible without UV-light protectors for non-
transparent microtubes. However, the microtubes in this work are constructed from SiO, and

transparent to the UV-light.

During the chip fabrication process different kind of photoresists are utilized. Figure 5.11.a
depicts that after the spin-coating of photoresist, it can enter the microtube and fills the tube at
some extend. However, during the next fabrication step, a negative resist is utilized in order to
stay permanently and forming the microchannel structure. Negative resists polymerize and loose
solubility by exposure to UV-light. Hence, UV-light protectors are required during the integration
process to shield the content of the microtubes from UV-light exposure and avoiding
polymerization of SU-8 photoresist inside the microtubes. Otherwise this would lead ultimately to

a closed channel by the remaining resist.
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Figure 5.11: Photolithography on microtubes. (a) Microscope image of a microtube after spin-coating. The tube is
partially filled with photoresist. The resist encloses an air bubble in the center of the microtube. (b) Optical image of a

microtube with two deposited UV-light protector caps on top.

The UV-light protectors are based on an Au layer sandwiched between Cr deposited onto the
microtube (Figure 5.11.b). Chromium improves the adhesion of the Au layer to metal oxides such
as Al,Oz and SiO,. An additional thin SiO, layer on top of the UV-light protectors is required as
adhesion agent to the SU-8 polymer layer applied in step 5.1

Step 5.1: fabrication of the microfluidic channel system

The fabrication of the microfluidic system employs the photoresist SU-8 10, which is well
employed in MEMS and other micro fabricated devices®*" offering a promising approach to
integrate the rolled-up microtubes into microfluidic structures. Several parameters are considered
when designing the chip structure, such as the controllable exchange of the microtube’s content
and constant ambient conditions with a low refractive index medium around the microtube as
mentioned in chapter 2.2.

E‘ cross section C1 cross section C2
/

channel C /
//

channel A -'/} bt ) channel B

/ Is \éz /
/ /)

Figure 5.12: Sketch of the principle of the microfluidic integration of a microtube. (a) The microtube bridges the

channels A and B. Channel C crosses the microtube perpendicular. The channels are defined by a solid material (shaded
area). The two dashed circles indicate the position of the cross section C1 and C2 depicted in (b): C1 illustrates that the
microtube (circular area) is totally enclosed by the material of the channel wall and the cross section C2 shows that the

central part of the microtube is completely enclosed by the material of channel C, which is usually air.
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The sketch in Figure 5.12.a illustrates the general design: the microtube bridges two microfluidic
channels named A and B. These channels are the in- and outlets for the microtube. Channel C is
supposed to contain always air which refractive index is about n,;; = 1 RIU in order to support the

light confinement in the tubular wall by total internal reflection.

The final design of the target substrate is depicted in Figure 5.13 and the photograph in Figure
5.13.a is showing an overview on the microchip structure. The glass substrate contains a
microchannel system with three integrated microtubes on top. Each microtube has its own in- and
outlet connections for independent filling and sensor characterization studies. There are three
pairs of coupling links (CL) highlighted with the colors blue, green and red. The CLs are located
where the pinholes of the PDMS lid are. Each CL pair is directly connected to one integrated
microtube in the center of the microchip structure. A zoomed-in view to the central part is
depicted in the microscope image in Figure 5.13.b. For clarification, the colors of the
microchannels correspond to the same color of the CLs in Figure 5.13.a indicating that each of the
three integrated microtubes (#1, #2 and #3) can be connected and operated independently. The red
dashed circle in Figure 5.13.b highlights one of the four alignment structures visible in this image
that remain after the fabrication process and having no further function once the microchip is

finally assembled.

coupling link (CL)

-channel

Figure 5.13: Overview on the microfluidic structure of the chip. (a) Photograph of the glass substrate with a lateral
length of 22 mm. The substrate contains three pairs of coupling links (CL) highlighted with colored circles and a
microchannel system connecting these CLs. (b) This optical image is a zoomed view to the center of the microchip
structure. The colors of the microchannels correspond to the colors of the CLs in (a). The channel color indicates that
the rolled-up OFRRs No. 1, 2 and 3 can be accessed separately. The four large structures (lower left one is highlighted
with a red dashed circle) are residues of the alignment structures. (c) dark field image of the central RU-OFRR to
highlight the position of the sockets elevating the microtube.
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By means of dark field imaging (Figure 5.13.c) a better visualization of the position of each
fabricated component such as the microtube, the UV-light protectors and the sockets is possible.
The horizontal microchannels bridged by the microtube correspond to the channels A and B from

Figure 5.12.a. The vertical microchannel is related to channel C in Figure 5.12.a.
Step 5.2: final assembly preparations

The chip prepared in the previous steps contains all components of the final device. The final
layer is a PDMS lid bonded on top of the previously prepared chip structure. The permanent
bonding is realized by surface activation utilizing an oxygen plasma as known from fabrication
techniques of microfluidic systems.”*®! During O, plasma treatment OH groups are formed on
the surface of the PDMS whereas a plasma treatment on a SiO, surface can break the molecular
bonds. When both surfaces get into contact after activation interlayer molecular bonds are formed
creating a permanent and strong adhesion between the two materials. However, the bonding
strength between PDMS and SU-8 is very low after plasma treatment. Hence, an additional layer
of 5 nm of SiO, is added to the SU-8 as adhesion agent to enable the permanent bonding between
the substrate and the PDMS. The value of the thickness is optimized in order to use the thinnest
working SiO, layer while maintaining the impact of this additional SiO, layer on the optical

properties of the microtube minimal. The SiO, is deposited by electron beam evaporation.
Step 6: final chip

The prepared substrate from Step 5.2 and the PDMS lid (fabrication see chapter 3.3.2) with drilled
pin holes at the correct position are loaded at the same time into an oxygen plasma chamber to
activate the surface as McDonald et. al.*"*® explained for the fabrication of MEMS devices
utilizing PDMS material. The activation process relies on breaking the atomic bonds on the glass
surface and oxidation of the methyl groups on the PDMS surface. After the surface activation
both surfaces are brought into contact, the molecules on each surface can recombine with each
other to establish a permanent bond. Prior pushing both surfaces gently on each other, the pin
holes in the PDMS have to be aligned perfectly to the coupling links on the chip, otherwise the
chip is lost since there is no second chance to drill pinholes into the PDMS without harming the

substrate.
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Figure 5.14: Overview on the final device structure. (a) Cross section along the microtube connecting the attached
fluidic channels. The left channel is the input/liquid-in channel while the right one is set to the output/liquid-out
channel. The central part of the microtube is free-standing and has a distance of d to the substrate. The viewport around
the central part of the microtube is separated from the in- and outlet channels by a SU-8 wall. This microchannel layer
is enclosed by the glass substrate and the system closing PDMS lid. (b) Detailed cross section of the part of the device
where the microtube is enclosed by the SU-8 layer. The left legend shows all utilized materials during the device
fabrication with their final location in the device. (c) Detailed cross section of the part of the device where the
microtube is free-standing and totally enclosed with environmental air. The right legend shows all material to be found
in this part of the device.

A full overview on the final sensor structure is given in the sketches of Figure 5.14. The volume
surrounding the centered part of the integrated microtube is called view-port and is confined by
the bottom glass and the top PDMS lid as depicted in Figure 5.14.a. The in- and outlets of the
microtube are marked with labeled arrows. Cross section 1 and 2 (Figure 5.14.b and Figure
5.14.c) show a detailed view to all the utilized materials during the device fabrication and their

location within the device structure.

Cross section 1 depicts an insight into the layered structure of the microfluidic device. The SU-8
layer (brown color) encloses the microtube (SiO, = blue and AL,0; = bright blue ring) and seals it
completely. The UV-light protector cap consists of Au (yellow), whereas the Cr and SiO,
materials are the interlayer adhesion agents between the material of the microtube and the SU-8
from the microchannel structure. In this sketch one can see a thin SiO, layer on top of the
microtube. This layer originates from the electron beam evaporation of SiO, during the final
assembly preparation step (5.2). The second cross-section represents the center of the viewport
(area with optical sensing properties) showing the free-standing character of the integrated RU-

OFRRs. As mentioned above, the Q values of the microtubes are monitored after each integration
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step to compare the Q value evolution. The impact of the SiO, on top of the microtube and from

all previous preparation steps on the Q factor will be shown in chapter 5.4.

5.3 Controlling liquids within the microchip

The ability of a precise fluid control at the microscale is a key issue for the development of a
microfluidic chip. For this device a pressure based method is developed consisting of two
syringes connected to the microchip via flexible and inert polytetrafluoroethylene (PTFE) tubing
to drive and control the motion of liquids (Figure 5.15.a). Between working medium, the first
analyte segment and all following analyte segments a spacer volume of air is incorporated to
avoid mixing of the liquids. In Figure 5.15.b a microscope image depicts a close view to the
integrated microtube. The utilized syringes filled with the liquid working medium, in combination
with the air gap in the tubing, provide the advantages of pneumatic and hydraulic control and
allow a very precise manual control of the fluid in the lower-femto liter range. The air gap
between two liquids works as a translator of the applied pressure to lower pressure values. In fact,
a larger air gap results in a higher translation due to the compressibility of gas if the same volume

is pumped by the syringe.
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Figure 5.15: Integrated microtube. (a) Schematic drawing of the fluidic setup to control liquids in the microchip.
An input syringe (analyte dispenser) pushes the fluid (blue) through a microchannels system (green) which guides the
fluid to the integrated microtube. At the outlet the fluid will be collected in a tube connected to an outtake syringe
(analyte collector). The fluid and the working medium in the syringes are separated by an air gap. (b) Optical image of
an integrated microtube. The in- and outlets are indicated by arrows. The viewport surrounds the central part of the
microtube.
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The image sequence depicted in Figure 5.16 shows the filling (Figure 5.16.a) and emptying
(Figure 5.16.b) of a microtube with a liquid. The liquid (DI water, highlighted in blue) is pumped
slowly to the microtube and once the liquid contacted the microtube, the microtube is
immediately filled. The contact angle between wall and the fluid at the end of the microtube
forces the liquid to stop instantly (right end of the microtube in Figure 5.16.a (ii)) since the end is
completely suspended in air and no wetting of the outer side of the tube is possible. If an
additional pressure is applied to the channels (left side: positive pressure or right side: negative
pressure) the right microchannel can be filled. Emptying the microtube required an applied
negative pressure of about 100 mBar below ambient conditions.
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Figure 5.16: Sequence of optical images showing filling and emptying of a microtube. The fluid (DI water) is
highlighted in blue. (a) Filling of the microtube by capillary forces. The microtube is empty in image (i) and filled in
image (ii). (b) Emptying of a microtube by applying negative pressure (iii to viii). (c) Time evolution of the filling level
of the microtube. The values of the data points are extracted from the video and correspond to the images in (a) and (b).
The schematic inset depicts the time depending filling level r (interface between air and fluid).

Once the pressure is achieved the fluid/air interface slowly moved backwards through the
microtube (Figure 5.16.b (iii) to (vi)). The plot in Figure 5.16.c depicts the entire cycle of the
movement of the interface over time from the beginning of the filling until the microtube is
emptied. The data is extracted from the recorded video and important points of the filling status of
the microtube are highlighted by a dashed circle. The data points correspond to the images
depicted in Figure 5.16.a-b and show the position r of the interface related to the zero point which
is the left end of the microtube. The jump from (i) to (ii) indicated the rapid filling by capillary
forces. After a certain threshold during emptying the flow resistance in the channel is too weak

and so the microtube is emptied almost immediately (jump from vi to vii).

The liquid control can be performed manually or with an automatic control by PC whereas each
method has its specific advantages. A remarkable advantage of controlling the liquid manual via a
microscope is the available feedback system, only limited by the response time of the controlling
person. The controlling person can almost instantly apply positive or negative pressures to the
liquid and modify the flow direction in order to pass the sensor part of the microtube several times

with the same segment of analyte or object suspended in the liquid. Such an object could be any
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kind of particles or even living cells. Figure 5.17 shows an image from a video sequence of
controlling the movement of two yeast cells in the microtube by precise manual control. The
arrows at the in- and outlets indicate the back and forth movement of the medium. The yeast cells
are suspended in a yeast medium in order to maintain them living during the experiment. A video
of the accurate control of the yeast medium containing two yeast cells is provided for another
publication and can be looked up in the supplementary information of the Lab Chip review on
lab-in-a-tube components from Smith et al.[124]. There is no short term influence observed
during the work with the cell medium. The successive emptying and filling worked out well.
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Figure 5.17: Moving cells in a microtube. The arrows indicate the back and forth movement of the yeast cell

medium containing two yeast.

The automatic control of the fluid is achieved with a syringe pump system connected to a PC with
installed controller software. The tracking of the liquid is carried out by utilizing spherical
fluorescent polymer particles with a diameter of 1.9 um. By setting constant flow rates (of up to 2
pL/min), liquids can be pumped easily through the microtube over a longer time with the same
velocity. The initial particle concentration is about 1-10° particles per uL. With a flow velocity of
2 pL/min 2-10° particles per minute can pass the microtube. A visualization of the flow in a

meander like structure is depicted in Figure 5.18.a (green arrows indicate the direction).
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Figure 5.18: PC controlled particle movement. (a) Fluorescence image of a section of the microchannel system
with a flowing suspension of particles (white dots) whose direction is indicated by the green arrows. (b) Two zoomed-in
fluorescence images of the middle part of the microtube (red dashed line indicates the position of microtube). In (i)
there is no particle in the microtube and in (ii) there are at least two particles moving through the microtube. The flow

direction is indicated by the green arrow.
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The two fluorescence images in Figure 5.18.b depict a zoomed-in view on the microtube with no
particle (i) and multiple particles (ii) passing the microtube. The red dashed lines in each image

highlight the position of the microtube, whereas the green arrow indicates the flow direction.

In conclusion, the microfluidic performance of the developed device has a high potential to work
as a screening device for individual objects. The next step is to evaluate the optical properties of

the microtubes for sensing applications.

5.4 Sensor Characterization

5.4.1 Quality factor (Q) evolution

With finishing the device assembly the collected data of the Q evolution can now be summarized.
The plot in Figure 5.19 shows the Q value evolution of three integrated microtubes. The
microtubes are on the same chip and consequently they went through exactly the same process
conditions. The axis of abscissas show only fabrication steps where microtubes are involved
starting with the value 2 (numbers related to the fabrication steps in chapter 5.2), in particular
after the microtube fabrication. The initial Q value of each microtube ranges from 450 to 2900.
The transfer (step 3.2) mainly involves mechanical forces which lead to stretch, compression and
torque forces on the microtube. These forces probably slightly rearrange the rolled-up layers
leading to changes in the optical properties. During the microtube fixation (step 4.1) an additional
Al,Os layer is deposited inside and outside on the tubular wall changing the optical properties.
Furthermore, temperatures of up to 150°C are applied to the microtube during this step. When the
UV-light protectors are applied (step 4.2), different organic solvents, the utilized photoresist,
developers and temperatures of up to 110 °C could influence the optical properties. After
finishing this step, some residues of the resist might remain on the optical active part of the
microtube having a size in the nanometer regime. Concerning the utilized materials and applied
temperatures, the microchannel fabrication step 5.1 is similar to the one before and leads to minor
changes of the Q value for all three microtubes. The additional SiO, layer on top of the
microtubes (step 5.2) creates also small changes of the Q value. The oxygen plasma treatment
during the final assembly step 6 probably removed some polymer residues from the microtube,
since this method also can be used for cleaning surfaces. Finally, each microtube has a different Q
value compared to the initial value after the fabrication. The relative numbers given on the right
site in Figure 5.19 show the change of Q of each microtube compared to the first value.
Remarkably, the Q values can also be significantly improved by the integration process as the
trend of microtube two (red data points) shows. The Q of this particular microtube enhanced up to

325 % after final assembly.
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Figure 5.19: Quality factor evolution of three integrated rolled-up tubular ring-resonators. The scale depicts main-
and sub-steps of the process in which an impact on the optical properties of the microtube is expected. The relative
numbers on the right side shows the comparative change of the quality factor related to the first value after the
fabrication of the microtube step 2.

The change of the Q value of the microtubes during the integration process is probably referred to
nano-gaps in the rolled-up membrane mentioned above. The dispersion in the tubular wall, their
size and their behavior during the fabrication process is not controllable and lead to random
changes in the optical quality. Even the equal deposition of material, such as the Al,Os, on all
microtubes has different impact on the optical quality. The conclusion on this result is that the
integration process maintains the good optical properties of the microtubes. Hence, with this

procedure the integration of microtubes for refractrometric sensing applications is possible.

5.4.2 Response of the PL spectrum - from air to water

The fluidic connection to the microchip is solved by utilizing a micro pump system with two
mounted syringes as the schematic drawing in Figure 5.20 shows. A small volume at the end of
the tubing contains the analytes. Prior plugging the tubing to the in- and outlets of the microchip
(pin holes in the PDMS) the inlet tubing is filled with segments of different analytes in reverse
sensing order. These segments have a volume of 2 pL and are separated by an air gap of 2 pL
whereas the filling is realized by a sequential sucking in of analyte and air. The sketch of Figure
5.20 depicts an example of a sensing sequence, which contains DI water, PBS and PBS with
different concentrations of glucose. By pushing the working medium with the input syringe, the

sequence of analytes and air gaps is guided to the microtube by the on-chip microchannel system.
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After the analyte passed the microtube it is guided to the outlets of the system and can be stored
by the collector for further treatment. The device for sensing and read-out of the signal is a PL

system with a CW laser (442 nm wavelength) focused on a microtubular rolled-up optofluidic

ring resonator as indicated in Figure 5.20.
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Figure 5.20: Schematic drawing of the microfluidic setup. An analyte dispenser and a collector are connected to

the chip device. The dispenser pushes the analyte (different colored segments in the tubing) into the device. A
microchannel system on the chip guides the analyte to the RU-OFRR which can be excited optically and read out by a
PL system. The collector takes the analyzed medium out and can store it.

The sensing mechanism of the RU-OFRR is the response of the resonant modes to the change of
the RI inside the microtube. The circulating light within the tubular wall forms an evanescent field
which can interact with the volume at the distance of a few hundred nanometers inside and
outside the microtube.?®! When fluids with different RIs are introduced into the RU-OFRR, the
peak positions of the resonant modes change in order to maintain the resonant conditions. The
change of the RI is more pronounced if a gaseous phase (e.g. air with Rl = 1.0) is replaced by a
liquid (RI = 1.333 for water). The difference in the optical behavior is so remarkable that in
consequence it is easy to determine the presence of a liquid inside the RU-OFRR by analyzing the
shape of the PL spectrum. Details on the shift and the changes in the PL spectrum are depicted in
Figure 5.21 viewing the response of the resonant modes depending on the medium inside the RU-
OFRR.

The wavelength ranges to observe the response of the resonant mode is set from 630 to 660 nm in
order to detect an appropriate number of resonant modes during a short measurement time (3
seconds). In this range the RU-OFRR create in air three neighboring resonant modes with
associated sub-resonances with mode numbers m = 63, 62 and 61. The shape of the spectrum is

similar to the presented PL spectrum of a free-standing rolled-up microtube in Figure 5.8.
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Figure 5.21: Resonant mode response to changes of the refractive index. PL spectra of the RU-OFRR with air
(top) and DI water (bottom) inside the microtube. The liquid forces the resonant modes to shift to longer wavelengths
and to split into TE and TM.

The PL spectra in Figure 5.21 show that without liquid, only transverse-magnetic (TM) polarized
modes are confined inside the tube wall, whereas a new group of modes, identified as transverse-
electric (TE) polarized modes, appear when a fluid enters the RU-OFRR.[**?% The identification
of the TM and TE modes is performed by polarization measurements. The definition of TE and
TM modes for microtubes follows the established classification from Hosoda et al. [127]. Briefly,
light is electromagnetic radiation and both wall and medium are dielectric. There is no magnetic
momentum present in the wall or the medium which could influence the magnetic part of the
light. Consequently, only the electric part of the light can interact with wall and medium. In case
of TM modes the electrical part oscillates within the wall and is confined by total internal
reflection. TE modes instead are perpendicular to TM modes and therefore most part of the
electrical field is outside the wall of the microtube if a sub-wavelength wall thickness is present.
In case of air inside and outside the wall, no TE modes can be confined because the wall of the
microtube is too thin. If a liquid is introduced, the RI inside the tube increases leading to a weaker
confinement of light by total internal reflection at the wall-liquid interface. This brings the light to
be confined closer to the liquid-wall interface allowing the tube to confine also TE modes because
of an effective thicker tubular wall. This difference in the spectra of having a gas or a liquid inside
the resonator can be used for a qualitative determination of the state of the matter inside the
microtube. Gases (here air) result in single peak resonant modes (only TM), liquids inside result

in double peaks (TE and TM) in the same resonant mode.
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A red shift of 11 nm after changing the microtube’s content from air to DI water clearly detects
the difference of the refractive indices between air (n = 1) and DI water (n = 1.3330). After a
calibration the shift of the mode position can be used to detect the RI of the liquid inside the

microtube.

5.4.3 Response of the PL spectrum - while drying out

Another upcoming question is what happens to the spectrum if the liquid is removed from the
RU-OFRR as described in chapter 5.3 after emptying the microtube? The observed effect is part
of the research work of Dr. Libo Ma at the IIN and during the characterization of the integrated
microtubes the results of Dr. Ma are confirmed. Closer details on the effect are shown in Figure
5.22.
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Figure 5.22: Drying of a microtube. (a) Sketch of a microtube at different states. (b) PL spectrum shift of a drying
ring resonator. The drying of the microtube generates over time a blue shift to shorter wavelengths of the mode peak

position.

Concisely, when the status of the microtube turns from filled to emptied (Figure 5.22.a), the inner
wall in not dry immediately, the wall is still coated with a thin film of the liquid. This film will
dry slowly over time which can be observed by a shift of the PL spectrum to shorter wavelengths
as depicted in Figure 5.22.b. The shape of the PL spectrum already looks like if there is only air
inside the resonator, but the position of the mode peak is still shifting to lower wavelength (blue
shift) and will slowly approach the “dry-air” peak position. The blue shift of the PL spectrum in
Figure 5.22.b is observed during 10 minutes measuring every 60 seconds. The air like shape of
the spectrum in this case is probably caused by the very low thickness of the liquid film. The film
is thick enough to change the effective refractive index to remarkable larger values, but too thin to

force TE mode confinement.
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5.4.4 Stop-flow signal stability

According to the resonant conditions, the shift of the spectrum is not only sensitive to the RI of
material in- and outside of the microtube but it also depends on the tubular diameter.”®! A couple
of different conditions could change the tubular diameter such as temperature and pressure. In
order to probe changes of the tubular diameter over time, the stability of the signal is studied by
using a static solution of DI water inside the integrated RU-OFRR and recording the peak position
of the most intense peak for each group of TM modes (azimuthal mode numbers 62, 63 and 64)

by PL spectroscopy over more than 2 hours, as shown in Figure 5.23.
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Figure 5.23: Determination of the signal stability. Carried out stability by tracking the relative peak position of
three side by side positioned TM modes over more than 2 hours; starting with the first position as reference.

The first measurement (time = 0 min) is set as reference peak position for each TM group of
modes (position = 0 nm). The peak positions are very stable over time and their variation in

wavelength corresponds to a standard deviation o4 between 0.09 and 0.11 nm, only.

5.4.5 In-flow signal stability

The in-flow investigation on an integrated microtube is carried out by studying the stability and
reproducibility of the sensor’s response (peak position) when a sequence of two different liquids
(DI water and PBS) flows through the RU-OFRR. For this experiment the most intense peak of a
single TM group of modes is monitored. The filling of the analyte dispenser is carried out
similarly to the example described in Figure 5.20. The tubing is first filled with four segments of
2 ul PBS and then two segments of 2 pl DI water, each separated by 2 pl of air. The two DI water

segments are first pumped at a rate of 1 pl/min resulting in an average peak position of 688.35 nm
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wavelength, as shown in Figure 5.24. According to the higher refractive index of PBS, with a
difference RI of An = npgs-Np; =15-10" RIU in respect to DI water, a red shift of the peak position

is expected.™™!
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Figure 5.24: In-flow studies on a RU-OFRR. Time evolution of the absolute fluctuation of the peak position of
one TM mode peak position over more than one hour. The microtube is filled successively with two segments DI water
and four segments of PBS at different velocities. The volume of each segment is 2 pl. Each segment is separated by an

air gap with a volume of 2 pl. The speed of the liquid varies between < 0.5 pl/min and 1 pl/min. The average peak
position of the TM mode for DI water is 688.35 nm and for PBS the average position is 689.67 nm.

Once the RU-OFRR is filled with the flowing PBS (rate of 1 pl/min) the peak position shifts to an
average value of 689.67 nm. Noticeably, the peak position is independent of the flow velocity or
the delay time between each segment, proving that the optofluidic response of the RU-OFRR is

stable against changes in the flow speed and the in-tube pressure**? respectively.

The sensitivity S of this RU-OFRR (Figure 5.24) in the RI range between DI water and PBS is
calculated by the ratio between the change of the mode peak position AA and the different
refractive index An of the liquids using equation 2.8 (values taken from Figure 5.24). The
sensitivity S of about 880 nm/RIU is significantly higher than previously reported values for
rolled-up ring resonators.***! The relative thinness of the RU-OFRR wall (about 210 nm) with
respect to the resonant wavelengths causes this high sensitivity value because it allows the
evanescent field of WGM to spread outside the microtube wall.*! Sensitivities are obtained for
different integrated RU-OFRR ranging from 472 to 880 nm/RIU. In addition to the high optical
quality of the integrated RU-OFRRs, the sensitivity is higher than previous non-integrated rolled-
up ring resonators.™**! The corresponding detection limit (DL) for this RU-OFRR (Figure 5.24)

is calculated by the standard deviation of the signal stability and the sensitivity S using
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equation 2.10 to DL = 3.4-10 RIU. The values of the detection limit range from 3.4:10™ to
6.4:10™ RIU for several integrated RU-OFRR.

5.4.6 Sensing fluids with different refractive index

In another experiment a number of different liquids are pumped into the integrated sensors using
the sensing sequence shown in Figure 5.25 in which DI water and PBS already passed the RU-
OFRR sensor unit of the microchip. This sequence is the first part of the tubing filling sequence
depicted in Figure 5.20. The arrow of the sensing sequence in Figure 5.25 represent the timeline
of the measurement: starting with air, then DI water, air, PBS and air until all analyte segments
passed the RU-OFRR and the optical response is recorded by PL spectroscopy.

sensing sequence

) () DI water ) O air ) O PBS ) O air )

M M oy

wavelength wavelength wavelength wavelength wavelength

Y

N
Q
=

PL intensity
PL intensity
PL intensity
PL intensity
PL intensity

Figure 5.25: Example of a sensing sequence detected by PL spectroscopy. The quantitative determination of the
liquid is done by monitoring the peak positions (wavelength) of the TM modes (dashed circles).

The microtube-content corresponding PL spectra shown in Figure 5.25 are smoothed to
emphasize the shape of the recorded spectrum. The dashed circles in the spectra of DI water and
PBS indicate the TM peak positions which have been monitored to compare the spectra of
different analytes. The peak positions of three neighboring groups of TM modes (azimuthal mode
numbers m 50, 51 and 52) are monitored with respect to the RI of the fluid (data plotted in Figure
5.26). In total five different analytes are utilized to record the optical response of the RU-OFRR.
The analytes are in particular DI water, PBS and different concentrations of glucose in PBS (100,
200, 500 mM). The corresponding refractive indices are listed in Table 3.1 at page 22. The blank
initial medium is DI water and is pumped through the resonator. The peak position of the first
liquid (DI water) is set as a reference point for all measurements. The dashed lines for each mode

in Figure 5.26 represent the peak position of the water in the spectrum.
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Figure 5.26: Sensing the change of refractive index of analytes. Change of the absolute position of three
neighboring modes in the PL spectrum depending on the refractive index of the introduced liquid. The mode shift is
defined as the distance of the current mode position to the first position at n=1.333 RIU.
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The shift to longer wavelengths for all three resonant modes is visible. The evaluation of the

linear behavior for this optofluidic sensor is performed by plotting the total shift AL (relative to DI
water) of TM mode m=51 vs. the RI of the liquid (Figure 5.27). There are two different shapes of
the plotted curve identified: (i) a linear range (green line) and (ii) a saturation behavior (red
dashed line). The linear range involves the analytes DI water, PBS and PBS with 50 mM glucose.
The data points for PBS with 100 mM and 200 mM glucose are remarkably displaced from the

linear behavior.
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Figure 5.27: Mode shift of the peak position of mode 51. In the linear range of the ring resonator the response to
the alternating content of the ring resonator is first linear (green line) and then turns over into a saturation (red dashed

line) at higher refractive indices. The sensitivity in the linear range has a value of 472 nm/RIU.
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It is speculated that beyond a concentration of 100 mM the effect of glucose accumulation on the
inner tubular wall deteriorates the sensing capabilities of the RU-OFRR. The interpretation is that
the glucose layer is too thick to be penetrated by the evanescent field, which is necessary for

sensing. A flowing liquid can reduce the effect of material accumulation but not eliminate it.

Obviously the optical properties of the microtube are modified by the accumulated glucose which
can be seen in Figure 5.28. After the strong loss of sensitivity it is decided to empty and dry out
the microtube overnight under ambient conditions in order to investigate the impact of the
accumulated glucose on the optical properties. Once the microtube is dried it is barely possible to
see accumulated material with an optical microtube as depicted in Figure 5.28.a. Only darker
shades (arrows point on them) indicate that there could be accumulated glucose.
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Figure 5.28: Different views on a dried out microtube containing glucose. (a) Optical image of the entire
microtube. The glucose accumulation can barely be seen and is indicated by arrows. (b) PL spectra of the same
microtube shows evident differences before (blue) and after (red) treatment with a glucose solution. (c) SEM FIB-cut

image of a dried out microtube resonator. The glucose (highlighted in red) is distributed randomly inside the microtube.

The PL spectrum of the microtube indeed shows remarkable changes of the optical properties.
Instead of a single main peak with associated sub-resonances for each mode as known for
microtube ring resonators in air (blue spectrum), the resonant modes after drying out (red
spectrum) show several peaks (Figure 5.28.b) and also a shift of the strongest pronounced peak to
a different wavelength. An expected uniform accumulation of the glucose on the inner tubular
wall is not proved as the FIB-cut in Figure 5.28.c shows. Instead the glucose accumulates in
random shape within the entire volume. If the oval deformation of the cross section of the
microtube is caused by drying glucose or if it is already present after the roll-up process cannot be
clarified. However, the modification of the optical properties is evident, even if this modification

is simply caused by a random distributed glucose coating on the inner tubular wall.
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5.5 Conclusions

The integration of rolled-up optofluidic ring resonators with quality factors of up to 2900 into
microfluidic devices has been demonstrated. The introduced socket system allows the precise
positioning of a large number of microtubes at virtually any location and in any planar orientation
on the sample. The control of movement of liquids is very accurate at the femto liter scale and the
design of the microfluidic system allows constant flow rates of about 2 pl per minute pushing up
to 200 000 particles per minute through the integrated microtubes. With the developed fabrication
technique it is possible to integrate optically active microtubes while maintaining their optical
properties at a high quality level where refractrometric sensing applications are possible. The
integrated RU-OFRRs can detect changes in the RI of liquids flowing through the channels with
sensitivities of up to 880 nm/RIUwhich is the highest value observed for tubular optical micro-
cavities to date. Furthermore, the high sensitivity allows a minimum detection limit of 3.4-10™ per
refractive index unit (RIU) which is comparable to commercial available Abbe-Refractometer.
The optical capabilities of a single glass microtube, and the integration approaches including the
transfer of microtubes to specific locations into a microchip device, open many new applications
such as label-free sensors, integrated dye lasers, on-chip catalytic micropumps and on-chip flow
cytometer as stand-alone devices or additional components in already existing!*?®LLab-on-a-Chip
devices. As an example, the socket system would allow the placement, integration and
combination of microtubes with different functionalities such as rolled-up giant magneto resistant
sensors ™ or rolled-up temperature controllerst®®®! in order to create complex and efficient

measurement devices for analytes.

An evaluation of the performance of RU-OFRRs from this work in comparison to similar devices
developed by other research groups is shown below in Table 5.1. Aside from the detection limit,
all values are measured data. The DL given by other groups shows the potential of the presented

device and not the effective performance as given for the demonstrator devices in this work.

Table 5.1. Performance of different OFRRs.

RU-OFRR LCORR LCOMRR HC-ruRR LRROS HOFRR capillaries
(this work) Ref. [111] Ref. [25] Ref. [13] Ref. [130] Ref. [95] Ref. [112]

DLy 2.2:10° 1-10° 0.05 1.4.10" n/a n/a 1-10°
[RIU]
S 880 20 62 425 800 n/a 390
[nm/RIU]
LoC yes difficult no no no planed difficult
integration
Q 2.9-10° 1.2-12° n/a (low) 6-10° n/a 1.2-10* 5.10°
diameter 8-12 100 2 7-9 100 50 - 200 8-10
[um]
wall ~ 200 nm 2.3 um 90 nm ~ 200 nm 0 pm 2 um 0.75-0.9 pm

thickness
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The method for calculating DL, is described using date of the presented RU-OFRRs with the
highest sensitivity. The signal fluctuation of 64 = 0.1 nm of the sensor signal in this work is
already close to the spectral resolution of the employed PL system of Ry = 0.02 nm. In case of a
more stable system with a remarkable higher spectral resolution a theoretical detection limit DL,
of the RU-OFRRs can be calculated. A better DL is expectable if the sensor resolution R (the
minimal resolvable spectral shift of the resonance mode) of a microtube is used instead of 3a.
Thus, assuming Rgens = 0.5 nm / 50 = 0.002 nm where Rqps is usually chosen to be 1/50 to 1/100
of the resonant mode linewidth!**#95:11L121300 (ahqt 0.5 nm in this work), a detection limit DLy
= Reens/S = 2.2:10° RIU can be calculated using the sensitivity of S = 880 nm/RIU. The calculated
detection limit is already close to the values of LCORRs due to the high sensitivity of the RU-
OFRRs.

Sensitivity, LoC integration status and the characteristics of the tubular structure in dimension
turn out to be very competitive compared to other similar state-of-the-art devices.



6 Conclusion and Outlook

This doctoral thesis attempts to give an insight into potential applications of microtubes made of
the composite SiO, materials, fabricated using rolled-up nanotech on polymers. These
applications cover a variety of scientific fields such as bio-physics, analytical chemistry, optics
and fluidics. The main concern is to investigate the suitability of rolled-up microtubes for Lab-on-
a-Chip devices which can ultimately lead to applications in mobile devices designed for the point-

of-care concept.

The first part of this thesis focused on the reproducible mass fabrication of well-aligned SiO,
microtubes on-chip in order to build up a basic framework for further investigation. A variety of
potential applications are presented such as artificial scaffolds for cells in order to investigate the
behavior of living objects in narrow cavities, catalytic microtubes as cargo transporters and
micro/nano tools for in-vivo machining. Further applications such as rolled-up micro injection
needles, micropumps and a new and powerful type of valve for LoC devices are also motivated.
The scope of applications finished with a potential application of SiO, microtubes as optical
sensors in Lab-on-a-Chip devices, which is the main concern of the second part of the thesis.

In this second part, a novel approach to integrate optically active SiO, microtubes into a LoC
device is carried out. The introduced socket system enables the exact positioning of an arbitrary
number of microtubes at any location and any orientation on a substrate made of any given
material. Several microtubes are integrated into a microfluidic channel system achieving a
microfluidic system with three independent working optical active microtubes. These fluidic
capabilities showed that the control of different liquids and suspensions containing particles or
cells can be carried out accurately both manually and per software. The investigation on the
sensing capabilities of the integrated microtubes is performed with liquids of different refractive
indices. We found, that the signal stability of static medium as well as of liquids in-flow is high,
and already close to the detection limit of the employed PL system. The achieved sensitivity as
well the detection limit of the integrated microtubes reached and even exceeded the values of

other optofluidic sensors working with the same sensing mechanism.

Other foreseen applications of microtubes employing the developed integration technique are, for
instance, a cell cytometer for counting cells and to distinguish different cells, a micro-valve as a
small completely integrated on-chip actuator and a dye laser integrated into a Lab-on-a-Chip

device. All of these possible applications can push the point-of-care concept forward.
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Theses

10.

11.

12.

Rolled-up nanotech on polymers facilitates the simple and deterministic fabrication of
a large number of well-aligned microtubes on a single chip.

Rolled-up microtubes have the potential to work as sensors and actuators in Lab-on-
a-Chip devices such as optically active microtubes working as optical ring resonators.
The design of a microtube can enhance its sensing properties.

If optically active microtubes are utilized as optical ring resonators, it is expected that
a higher optical Q value goes along with a higher sensitivity.

If optically active microtubes are utilized as optical ring resonators a low refractive
index medium around the microtube enhances the sensitivity.

If microtubes are utilized as optical sensors it is recommended to avoid continuous
material accumulation on the wall to maintain the sensing capabilities.

If microtubes are utilized as optical sensors it is expected that a suitable low detection
limit can enable them to detect single molecules on the tubular wall.

Microtubes fabricated by rolled-up nanotech can be integrated into a complex on-chip
microfluidic structure.

If transferring optically active microtubes from a mother substrate to a target
substrate, the on-chip integration requires a socket system.

The on-demand and reproducible exchange of the content of a rolled-up microtube
requires on-chip integration into a microfluidic channel system.

Rolled-up nanotech on polymers in combination with bio-functionalization can be
utilized to fabricate low-cost and biocompatible catalytic microtubes.

Microtubes, transparent in the visible spectrum, can be utilized as artificial on-chip

scaffolds and reaction containers for cells.
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