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Abstract

In this thesis, sub-10 um fluidic systems, with integrated electrodes for pumping and
sensing were developed and analysed for nanotechnology applications. This work contributes
to the development of the scanning ion pipette (SIP), a tool for investigating surface changes
on the nanometer scale induced by locally administering chemically or bio-active solutions.
For this purpose, the already existing technology of a micropipette integrated into a scanning
force microscope (SFM)-chip was enhanced by implementing electrodes for on-chip
electrochemical sensing and electroosmotic (EO) pumping. The integration of an EO pump
will offer the possibility of storing, selecting and dispensing multiple different liquids with
the SIP chip. For a high density and convenient electronic integration, an EO pump within a
small footprint (less than 100 pum x 100 um) and low actuation voltage (less than 10 V) had
to be developed.

The microfabrication of the SIP was based on standard micromachining from well
established MEMS processes. These processes were adapted to build a network of sub-10 pm
capillaries with a complex geometry, freestanding cantilever and tip. To gain a first
experience with these small capillary dimensions, the integration of an evaporation based
micropump into the SIP was investigated. Since its actuation did not require any electrodes,
it was straightforward to implement it into the SIP fabrication. The result was a unidirectional
pump, which could be controlled by the temperature of the evaporation area. The evaporation
induced flowrate was experimentally determined to range from 7 pl-s'l at23°Cupto 53 pl-s'l
at 65° C.

A more advanced bidirectional EO pump with platinum (Pt) electrodes was fabricated
based on a simplified process with comparable SIP capillary dimensions. The Pt electrodes
required a SIP specific on-chip design to ventilate the emerging electrolyzed gases by a novel
liquid-gas (LG) separator. This LG-separator parted the gas bubbles from the liquid and
guided them away from the EO pump. Its operation principle was solely based on the
geometry of a tapered capillary sidewall, taking advantage of the high capillary pressure
occurring in these small dimensions. In the experimental analysis, the LG-separator was able
to reliably separate and ventilate an emerging gas flow of 2 p1~s'1. The dispensing flow of the
EO pump was measured to be 50 pl~s‘1 at an actuation voltage of 5 V.

The performance and integration of a second type of electrodes, based on
silver/silver chloride (Ag/AgCl), into the SIP was investigated. These electrodes had the
outstanding advantage, that during electrode actuation, the electrochemical reaction
continued to transform Ag into AgCl and vice versa, rather than electrolyzing the liquid.
Moreover, these electrodes could be integrated in a post-fabrication step of the SIP capillary,
circumventing electrode instability caused by the high temperature oxidation step needed to
form the silicon dioxide (SiO,) of the capillary sidewalls. After the SIP capillary fabrication,
the adhesion between the SiO, capillary sidewall and the Ag layer was improved by a
polymeric 3-mercaptopropylmethyldimethoxy silane layer deposited out of the gas phase.
Afterwards, an Ag layer was electrolessly grown on the sidewall of the closed microfluidic
capillaries, based on a modified Tollen’s reagence. The deposited Ag layer had an
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experimentally deduced high specific conductivity of 6 x 107 S'm™, indicating a high purity
and density. The successful structuring of the Ag electrodes inside the SIP was achieved by
controlling the capillary-filling with the electroless solution by using microfluidic stopvalves.
For the final device, these stopvalves were filled in a void free way by changing the solution’s
surface tension. Finally, the Ag electrode was electrolessly transformed into an Ag/AgCl
electrode. These electrodes were used to electrochemically measure different pH values,
where a linear pH sensitive of 57.4 mV-pH™! at 22.7° C was achieved. Furthermore, an EO
pump was built with these electrodes integrated into a polymeric fluidic system (capillary
cross section 55 pm x 65 um). The pump rate of this device was determined to be
0.12 nl-s-v7L,

Experiments with the SIP for imaging and dispensing were performed. The imaging
capabilities were illustrated by imaging in tapping mode a fixed and dried Escherichia Coli
bacteria. The obtained images had a reasonable quality and resolution. Moreover, no special
skills in operating the SFM were required since it did not perform differently with a mounted
SIP than with a mounted standard commercially available SFM sensor chip.
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Chapter 1

Introduction

At the end of the 19" century Robert Koch and Louis Pasteur proposed the germ theory
of disease verifying that microorganisms were the source of many diseases. This was
considered as a milestone for modern medicine. In order to verify and further develop the
germ theory, individual microorganisms had to be isolated, picked up from a culture media
and implanted into animals. Already at this time, micropipettes with an extremely fine
aperture, were successfully pulled out of glass capillaries using a standard Bunsen burner.
Further developments in mounting these micropipettes on precise and fine motion translation
stages enabled Marshall Barber in 1911 to insert substances into bacterias and living cells [1].

Nowadays, one of the main driving forces to improve micropipette techniques still
remains in the field of medicine; more specifically in bio-molecular recognition, including
protein identification, DNA sequencing and combinatorial drug testing. This is usually
performed with so called antibody arrays, containing several hundred thousands of active
spots. Due to the high amount of spots required, a further miniaturization of these arrays is
desired and offers several advantages: The high density of active spotsize reduces the overall
chip size drastically; hence, a smaller sample volume is required and in addition the
probability of interaction between the proteins and their corresponding antibodies is
increased. This leads to a faster reaction, which implies less time required for the
identification. In 2007, Wingren and Borrebaeck [2] formulated the requirements for a
miniaturization towards high density nano arrays as an active spotsize in the range of 1 um
resulting theoretically in a maximum array density of 100 probes~mm'2 and preferably
10% spots of different activity.

1.1 Motivation and state of the art

1.1.1 Liquid dispensing with scanning force microscope enhanced micropipettes

The successful printing of these arrays with micropipettes encourages the development
towards increased printing speed and smaller spotsize by downscaling the pipettes. In this
approach, the most challenging hurdle is the high amount of diverse printing liquids to
achieve different active spots. The first improvement to meet these small scale printing
requirements was to enhance the micropipette with precise and high resolution motion of a
scanning force microscope (SFM) [3]. Five different approaches to dispense fluids in the sub
micrometer scale with a SFM have been under current development. Their corresponding
sketches are shown in Fig. 1.1. (a) Dip pen nanolithography (DPN) is defined by using SFM
probes coated with the desired printing material [4-12]. (b) DPN was improved by
continuously supplying liquids through a fluidic connection from a large reservoir via a
hollow cantilever to an outlet hole in the tip. The sharp tip was placed in the center of the
outlet hole in the nano fountain probe (NFP) [13-15]. (¢) Comparable to DPN, an apertured
hollow tip was used for nanoscale dispensing (NADIS) [16-19]. (d) Similarly, to improve
NADIS with a continuous supply of liquid, a fluidic connection from a reservoir to an outlet
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Fig. 1.1 (a) Dip pen nanolithography (DPN) is defined by using SFM probes coated with the desired printing
material. (b) DPN was improved by continuously supplying liquids to an outlet hole in the tip. The sharp tip was
placed in the center of the outlet hole in the nano fountain probe (NFP). (c) Comparable to DPN, an apertured
hollow tip was used for nanoscale dispensing (NADIS). (d) Similarly, NADIS was improved by continuous sup-
ply of liquid to an outlet hole in the tip. In this case, the outlet hole was placed in close vicinity to the tip of the
scanning ion pipette (SIP). (e) Instead of using microfabrication technology as the previously mentioned
approaches, the fountain pen for nanochemistry (FPN) was based on pulled glass pipettes.

hole in the tip was designed. In this case, the outlet hole was placed in close vicinity to the tip
of the scanning ion pipette (SIP) [20-23]. (e) Instead of using microfabrication technology as
the previously mentioned approaches, the fountain pen for nanochemistry (FPN) was based
on pulled glass pipettes [25, 26].

One of the first techniques invented was DPN in 1999. The mechanism of liquid transfer
to the sample was divided into two steps in the DPN technique. Before printing, the tip was
dipped into the liquid to be printed, the so called ink. It consisted of desired molecules and a
corresponding solvent. The ink formed a thin layer by physisorption on the tip surface
without changing its geometry. As soon as the sharp tip was in contact with the sample
surface, the molecules started to diffuse from this point-contact over the surface, forming a
monolayer [7]. This enabled to print very well defined and small sized spots in the range of
several tens of a nanometer [5]. The formation of the ink layer on the tip, the loss in ink layer
thickness due to the evaporation of the solvent, and the diffusion of ink on both surfaces, the
tip and the sample, were crucial parameters for the smallest feature size and the printing
speed. Therefore, DPN was performed in environmentally controlled chambers (humidity,
temperature and airflow). First reported experiments with DPN technique were printed lines
with a minimum width of 30 nm of 1-octadecanethiol molecules on a gold surface [5]. In
order to increase the printing speed, two-dimensional arrays of up to 10 x 10 DPN polymer
tips were fabricated by microfabrication. The minimum feature size achieved by printing with
this DPN polymer tip array still remained in the sub-100 nm domain [12]. The drawback of
the array DPN technique was that individual tips could not be addressed. In general, once the
complete ink adsorbed on the DPN tip surface vanished, the DPN tip needed to be re-inked
and re-positioned on the sample to continue the printing process.

The discontinuity in printing, due to re-inking the tip in DPN, was overcome in 2006 by
the NFP technique. A continuous supply of ink was achieved by an outlet hole in the tip and
a capillary connection to a large reservoir on the backside of the NFP chip. In order to
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maintain the high resolution writing capabilities of DPN, the sharp tip was kept as a
point-contact and it was surrounded by the capillary outlet. The mechanism of the liquid
transfer to the sample was rather complex compared to DPN. Next to the diffusion process,
condensation and recondensation of the ink in close vicinity to the capillary outlet occurred
[4]. The NFP was also operated in an environmentally controlled chamber, in order to manage
the wetting of the tip and the evaporation of solvent through the outlet. To increase the writing
speed, an array of 12 cantilevers was manufactured, with each an individual reservoir for an
eventually different ink. One of the main challenges in the operation of cantilever arrays is
the precise individual tip sample distance control. In these experiments, only one cantilever
was monitored by the feedback system of the SFM. The remaining cantilevers were expected
to interact with the sample surface in the same manner. Writing tests were performed with an
ink consisting of 16-mercaptohexadecanoicacid dissolved in acetonitril. A line with a width
of 78 nm was reliably printed with a speed of 15 um~min'1 [14].

In the NADIS technique, the small available ink volume stored on the DPN tip surface
was increased by fabricating a hollow tip. In order to contact the sample surface, an apertured
outlet hole was milled at the tip apex. The ink was placed as a droplet on the backside and
capillary forces kept the ink inside the hollow tip. Once the tip touched the sample surface, a
meniscus was shaped around the apertured outlet hole. Receding the tip from the sample
surface broke the meniscus and left a droplet of ink behind. Also in the NADIS technique, the
environmental conditions were controlled. In order to reduce evaporation, especially, from
the large ink’s liquid-air interface at backside of the tip, the NADIS probe was filled with less
volatile ink solvents. The evaporation of the solvent had a strong influence on the dimensions
of the meniscus around the aperture hole. Furthermore, the printing conditions changed over
time due to evaporation of the ink’s solvent. This resulted in an increasing concentration of
dissolved dispensing molecules. Writing experiments were performed with glycerol on a
polished silicon wafer with a native silicon dioxide layer on top. Ink volumes of 40 al were
dispensed in 0.5 s. One filling of the NADIS probe was able to dispense more than 1000 of
such droplets [17].

Comparably to NFP technique, the SIP improved the NADIS technique for continuous
printing. In contrast to NFP, the SIP used silicon dioxide capillaries and cantilevers with
larger hydraulic cross sections, except in Deladi et al. [21, 22]. The apertured outlet hole was
fabricated individually by focussed ion beam milling. The advantage of focussed ion beam
milling was that the outlet hole could be placed at the tip apex like NADIS or in close vicinity
to the tip apex like NFP. Writing experiments were performed in water to avoid inadequacies
due to evaporation. This idea can be further improved by dispensing in a non miscible
surrounding liquid like water based inks in an oil based surrounding liquid. This would result
in a well defined smaller ink meniscus shape for high resolution printing. Spots of
streptavidin in HEPES were printed on a functionalized surface with a copolymer of
polylysine and polyethylenglycol. The resulting spot diameter was 3 um at an aperture hole
of 1 um. The dispensing was initiated by applying externally a pressure pulse of about 2 mbar
for 2-3 s [23]. Furthermore, a similar experiment to the one of Barber [1] was performed with
the SIP to selectively introduce a fluorescent dye into the cell [24].

The micropipettes employed in the FPN technique were pulled capillaries instead of
microfabricated ones. The obtained capillaries had an outer diameter of 10 nm and an interior
diameter as small as 3 nm at the tip. The capillary was filled by capillary force and connected
to an external pressure source. At the tip of the capillary, a small droplet formed, which was
shaped and hold in place by the surface tension of the liquid and the amount of externally
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applied pressure. As soon as the capillary was in contact with the sample, a meniscus formed
around the outer diameter of the tip. In order to avoid the drying of the liquid and, as a
consequence, the clogging of the capillary, the FPN needed to be operated at absolute
humidity. The liquid dispensing properties of the FPN were demonstrated by etching a
0.1 pm wide line into a 120 nm thick chromium layer [25]. The applicability to print high
density arrays seems to be limited since each capillary had to be fabricated and mounted
individually.

1.1.2 Sensing with scanning force microscope enhanced micropipettes

SFM enhanced micropipettes not only allow high precision dispensing, they can also be
used for scanning force microscopy imaging. Table 1.1 gives a short overview of the
scanning force microscopy imaging characteristics of the previously mentioned SFM
enhanced micropipettes. The differences in the scanning force microscopy imaging
characteristics originate mainly in the application, specific design and fabrication process.

Tabel 1.1: Scanning force microscopy imaging characteristic

DPN[6] Polymer DPN[12] NFP[I3,14] SIP[20,24] FPN [25]

Cantilever stiffness [N'm'] 0.05 n.a. 0.03-0.3 0.1 0.1-10

Tip radius [nm] 10 70 250 200 10

In case of DPN, conventional commercially available SFM chips were used [6], whereas for
polymer DPN, the stiffness of the cantilever was replaced by a soft elastic
polydimethylsiloxane tip with a height in the range of 15 pm [12]. For NFP and SIP, the
optimal design for the hollow cantilever implied a trade off between the hydraulic properties
and sealing versus a low cantilever stiffness. The complexity of the microfabrication process
resulted in a comparatively large tip radius for the NFP technique. In case of SIP, the tip
radius was defined by silicon nitride molding of a pyramidal etched pit in monocrystalline
silicon [20, 21]. It is expected that by thermal oxide sharpening, the tip radius can be reduced
to about 10 nm [27].

SFM enhanced micropipettes allow a combination of dispensing and imaging together
with the highly sensitive force feedback of the SFM. This has the unique advantage that small
amount of liquid can be dispensed at specific locations of interest on the surface. In a series
of experiments this capability proved to be crucial to distinguish between gently imaging the
membrane of a living cell and, if desired, to perforate the cell membrane and insert substances
into the cell body [24]. In contrast to this approach, Korchev et al. [28] employed
conventionally pulled microcapillaries to determine the distribution of ion conductive
channel proteins. For this, they used a combination of the patch clamp technique [29] and
scanning ion conductance microscopy [30]. A micropipette has the distinct advantage of
dispensing highly localized bio-active solutions stimulating and enhancing the ion transfer
through the channel proteins. Therefore, they replaced the usually employed conductive tips
by micropipettes for the scanning ion conductance microscopy. During these experiments,
the ion current was measured while the surface topography was scanned. An overlay of the
ion current image with the topography image allowed the identification of channel proteins
within the cell membrane. Microfabricated SFM enhanced pipettes like NFP or SIP would
facilitate those measurements by using conventional scanning force microscopes. Therefore,
they need to be further developed with the integration of an electrode, preferably at the tip.
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So far, the discussion of SFM enhanced micropipettes was only on dispensing liquids
and scanning force microscopy imaging. Following the approach from Barber in 1911 [1],
SFM enhanced micropipettes can also be used to aspirate samples at highly localized
positions. These samples can then be further transferred to an external analyzer via a capillary
connection. Until now, no publications of the NFP or SIP were found reporting any aspiration
based research. This approach would be very useful in combinatorial screening, especially
with the new solid state materials used, since it offers an attractive method to identify the
composition with the highest catalytic activity. Cong et al. [31] determined the optimal
material configuration by creating a large array of spots with different catalysts compositions.
Each spot was separately heated to the desired temperature while the gas mixture was
sampled by placing a conventionally fabricated suction capillary right above it. The gas
mixture was then further analysed in the mass spectrometer to assess the level of catalytic
activity. Instead of investigating different catalytic compositions, Jambunathan et al. [32]
used a similar approach to determine the influence of different crystallographic orientations
and local poisoning on the catalytic activity. Miniaturizing the suction capillary would allow
a smaller spot size (currently 1.5 mm) and a faster analysis due to a higher localization of the
detection (currently 1 min. each spot) [31]. Especially, in the domain of crystallographic
surfaces a small suction aperture and a high precision scanning would be favorable.

The SFM enhanced micropipette could also be extended to provide on-chip analysis of
the aspirated solution. In the works of Braun et al. [33] and Burg et al. [34, 35], the mass of
bio-molecules was determined by the high resonating quality of a cantilever. Slight changes
in the cantilever mass directly translated into a shift in resonance frequency. The cantilever
mass changed due to adsorption of bio-molecules out of the solution. In this research, the
mass was resolved down to 1 ng [33]. Even higher resolutions, up to 0.3 fg, were achieved by
resonating microchannels in vacuum [35]. Commonly known techniques from lab-on-a-chip
or micro-total analysis systems could also be used to analyze the aspirated solution of
different bio-molecules. The solution of bio-molecules can be separated by, already existing,
systems such as capillary electrophoresis. The final identification can be performed by either
amperometric [36, 37] or cyclic voltammetry detection [38]. For further development
towards on chip analysis, the previously mentioned techniques can be integrated into the SFM
enhanced micropipette chips.

As it turns out, a promising direction for a further development of the SFM enhanced
micropipette is towards an on-chip integrated fluid electrochemical SFM. The first step
would be to integrate electrohydrodynamic pumping, i.e. based on electroosmotic (EO)
pumping. This on-chip pumping removes bulky and leakage affected fluidic connection
between the SFM and the SFM enhanced micropipette. Importantly, a high variety of
different liquids, individually on-chip stored, can be addressed and dispensed through the tip.
The next step comprises the improvement towards electrochemical sensing, as previously
discussed. To increase sensitivity and decrease the measurement time, a placement of the
sensors as close as possible to the tip would be preferable. Finally, it is important to keep in
mind that regardless of the fabrication complexity, a SFM enhanced micropipette remains a
disposable laboratory accessory. Wear on the sharp tip and cross contamination require a
frequent exchange. Even though parallel batch microfabrication may reduce the price, costs
remain a critical factor for its success.
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1.2 Structure of the thesis

At the beginning of this thesis the fabrication of the SIP was previously developed by
Hug etal. [20]. Here, strategies to integrate different electrodes, platinum (Pt), silver (Ag) and
silver chloride (AgCl), into the SIP were developed. With these electrodes experiments for
EO pumping and electrochemical sensing were performed. This can be considered as the first
step towards the integrated fluid electrochemical SFM.

1.2.1 Fabrication of the scanning ion pipette

In this chapter, an extensive and detailed analysis of the important design guidelines and
fabrication steps is presented. As a general overview, the capillaries, the cantilever and tip
were outlined as top open surface trenches in one wafer. Into another wafer, holes serving as
connections were etched through the complete cross section. For assembling, the two wafers
were aligned, in such a way that the trenches of the first wafer were connected to the through
wafer connections of the second wafer. Afterwards, the two wafers were bonded together by
silicon direct bonding and fuse bonding in an oxidation atmosphere. This step capped the
trenches at the bonding interface. In order to release the cantilever and to have full optical
access to capillaries, the surrounding Si was removed from the side of the first wafer. Finally,
the opening of the fluidic system at the tip was drilled by a focussed ion beam. This
fabrication process was highly versatile with regards to the capillary geometry, allowing the
layout of a complex fluidic system into the SIP.

1.2.2 Evaporation induced pumping within the scanning ion pipette

Evaporation induced pumping represents a straightforward implementation of a
micropump into the SIP. The working principle of an evaporation based micropump is as
follows: The hydrophilic capillaries of the SIP are filled instantaneously with a water based
solution. Once the fluid reaches the capillary outlet, it starts evaporating. The capillary
pressure keeps the outlet of the capillaries wetted, and thereby, replaces autonomously the
evaporation loss by drawing additional water through the capillaries. This results in a
unidirectional pump, which for instance can be used to suck in liquids through the tip‘s hole
and concentrate them inside the outlet of the capillaries. The implementation of such a pump
does not require any additional fabrication step of the SIP. Only the geometry of the capillary
outlet area needs to be increased to enhance the evaporation induced pumping. In this chapter,
the pumping effect is modelled and verified with experiments. Evaluating the evaporation
pump was one of the first experiments, it helped to develop a feeling and understanding of
the challenges imposed by the dimensions of the SIP capillaries, with a cross section of less
than 10 um2.

1.2.3 Electroosmotic pumping with Pt electrodes

In order to achieve bidirectional active pumping, the SIP is extended with an EO pump.
A general encountered problem with the design of EO pumps is the coupling of the electrical
current into the ionic solution, which is commonly done with electrodes made out of Pt.
However, using Pt electrodes inherently implies that the electrochemical transfer of electrons
from the electrode into the solution initiates electrolysis of the liquid into gas. These gases
emerge as bubbles and may block the conductive path between the electrodes and, hence,
inhibit a further actuation of the pump.

In this chapter, the design and analysis of an EO micropump with Pt electrodes is
presented. The mixing of electrolyzed gases with the functional fluidic system is avoided by
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a novel concept of a liquid-gas separator. This liquid-gas separator is placed between the
electrodes and the EO pump driving the emerging gas bubbles away, via an exhaust capillary.
In order to identify and verify the optimal design of an EO pump for dispensing and sucking
liquids into the SIP, the fabrication process was simplified. Instead of thermal fusion bonding,
low temperature anodic bonding was used to fabricate the capillaries. Nevertheless, an
integration of the Pt electrodes into the original SIP fabrication process seems feasible, due
to the high melting temperature of Pt. During the thermal oxidation sufficiently thick Pt
electrodes are stable and do not degrade because of surface diffusion [39].

1.2.4 Integration of Ag electrodes into the scanning ion pipette

In order to avoid the electrode instability during the thermal fuse bonding of the SIP
fabrication, highly conductive Ag electrodes are deposited as a post SIP fabrication process.
Especially, Ag can be used as a metal for electroless deposition. This technique provides a
unique and highly flexible method to deposit and structure metal films inside closed
capillaries. The idea behind it is to fill a solution of Ag ions as well as a reducing agent into
the capillaries. During the electrochemical reaction, the Ag layer starts to grow on the
sidewall of the capillary forming the Ag electrode. Simultaneously, the Ag layer is structured
by controlling the capillary filling of the electroless Ag solution to certain parts of the fluidic
system, e.g. by means of a microfluidic stopvalve. In this chapter, the composition of the
electroless Ag solution is analysed based on morphology, thickness and conductivity of the
deposited electrode. Furthermore, the electrode structuring by a microfluidic stopvalve is
modelled. Finally, a deposition of independent electrodes inside the SIP capillaries is shown.

1.2.5 Electroosmotic pumping and electrochemical sensing with Ag/AgCl electrodes

Taking the process of electroless Ag deposition and further transforming the Ag layer
partially into AgCl, allows the fabrication of Ag/AgCl electrodes. These electrodes have the
outstanding advantage that during pumping, the electrochemical reaction transforms Ag into
AgCl and vice versa, rather than electrolyzing the liquid. Hence, liquid-gas separators for the
ventilation of the emerging electrolyzed gases during EO pumping, as required for Pt
electrodes, can be omitted. Furthermore, Ag/AgCl electrodes are the most common and well
understood electrodes for biological and chemical measurements [40]. This chapter presents
the design, fabrication and experimental analysis of Ag/AgCl electrodes for EO pumping and
electrochemical sensing.

1.2.6 Imaging and dispensing with the scanning ion pipette

First, experiments with the SIP for imaging and dispensing were performed. In order to
get a first hand-on experience, a less delicate sample, in less challenging conditions, was
chosen, than anticipated for the expected SIP imaging of a living cell. The imaging
capabilities were illustrated by imaging in tapping mode a fixed and dried Escherichia Coli
bacteria. In case of dispensing with the SIP, no similar results as presented by Meister et al.
[23] were achieved. This was mainly caused by leakage afflicted sealing between the SIP and
the SFM holder. This, again, shows the necessity of improving SIP techniques towards
autonomous on-chip fluid handling.
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1.3 Theoretical background of the thesis

1.3.1 Microfluidics

In this section, only a brief discussion of the fluidic properties of the capillaries is
presented, mainly to derive equations which are used in the following chapters. For more
details please refer to microfluidic handbooks like the one of Bruus [41]. In general, three
main assumptions can be taken, which facilitate the microfluidic modelling regarding the
capillary dimensions and flows experienced in this thesis. First of all, the no-slip boundary
condition defines the velocity of the liquid at the capillary sidewall to zero. The idea behind
is that the momentum difference between the molecules of the liquid, which are close to the
capillary sidewall, and the molecules of the wall, which do not move, diminishes within the
range of the molecular mean free path of the liquid. In this thesis, mainly water was
employed, which has an intermolecular distance well below 1 nm. Second, the flow within
the capillary is expected to be laminar. This can be reasoned by a low Reynolds number
Re=pvl./n, where p;, v, [, and n represent the liquid density, the mean velocity, the
characteristic cross sectional length of the capillary and the dynamic viscosity of the liquid,
respectively. For a maximum characteristic cross sectional length of 20 um and a maximum
mean velocity of up to 1 mm-s™, the Reynolds number was Re « 1, indicating laminar flow.
Third, in case of capillary forces, which are defined by the liquid-air interface, any influence
from gravity can be neglected. This is expressed by the Bond number Bo = p glcz/ y, where g
and y represent gravity and the liquid-air surface tension, respectively. For the employed
dimensions and water, the Bond number was Bo « 1, indicating the dominance of the
capillary force.

Poiseuille flow in capillaries with a rectangular cross section

In order to define the hydraulic resistance R, which is expressed by the relation
between flow Q and pressure p, the Navier-Stokes equation under the condition for a pressure
driven, steady state, laminar flow needs to be solved. This flow characteristic is also known
as the Poiseuille flow, considering a long capillary with the length L and a rectangular cross
section, width w and the height 4, where w > & . The coordinate system is defined as such that
the x-direction points along the length of the capillary and the y-direction defines the width w
with its origin in the center of the capillary, —0.5w <y <0.5w, and finally, the z-direction
defines the height 4 with its origin at the bottom of the capillary, 0 <z<#h. Applying a
hydrostatic pressure p,, over the capillary causes a flow velocity field v,(y,z) over the
capillary cross section which can be expressed as

p
0 = V[n ()] - . (1.1)

Even though the rectangular cross section is highly symmetric, no analytical solution
can be found. Solving Eq. (1.1), with a Fourier expansion under the no-slip condition results
in the cross sectional velocity field v (y,z) as

2 o ( Z)
4 Py . cosh nnh ' B
vx(y,z) =3 Z 3 l]-— sm(nn;). (1.2)
n nl ", oddn cosh(nnzlh)
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The flow rate Q is determined by the integration of the velocity field v, (y,z) over the
cross section,

0.5w h h3
WPy 192 1 h ( M;)
= = —_— _ == _—— —_ 1
0=2 J jvx(y,z)dzdy 2nml 1 ns nswtanh nms (1.3)
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Out of this equation, the hydraulic resistance R, of a rectangular capillary with w >4
can be extracted

3
_hw

h
Ry, = lan[l —0.630W] (1.4)

Capillary forces or Young-Laplace pressure at the liquid-air interface

The capillary pressure originates in the interaction forces at the interface between
different materials, regardless their state of matter (solid, liquid or gas). The first step to built
amodel which quantitatively describes this interfacial interaction is to compare the molecular
interaction inside one of the materials with the interaction at the interface. In the first case,
inside the bulk of the material, the molecule is completely surrounded by molecules of the
same type, with which it interacts and forms chemical bonds (not necessarily covalent bonds).
In the second position, at the interface, this same molecule is now partially surrounded with
molecules of the other type to which it also forms a chemical bond. In case the energy for the
chemical bond between the two types of molecules differs, a separation, by establishing a
well defined interface, is energetically preferred. This can be expressed by the surface tension
y. These phenomenons can be addressed with the thermodynamic description of Gibb’s total
free energy of the system G. In this, the surface tension y is defined as the change of Gibb’s
free energy G per interfacial surface area A4 at fixed pressure p

oG

=371 - (1.5)
P

Usually, the temperature is an important parameter in the thermodynamic definitions.
In the discussed circumstances of a microcapillary at least partially surrounded by a bulk
silicon chip with a sufficient heat capacity and conductivity, a temperature change at the
interface due to a change in Gibbs free energy is assumed to be insignificant. In order to
comply with the minimum condition of the Gibb’s free energy, which is demanded by
thermodynamics, a so called Young-Laplace pressure p, is required. This needs to
compensate for changes 8z in the interfacial surface area A4,

0G = 0G|+ 0G|, = ydA~Adzp, = 0. (1.6)

It is assumed, that the interfacial surface area 4 can be described by the superposition
of two different radii R| and R,. An infinitesimal small change in radius by 6z and neglecting
higher order terms of 8z results in

11
pma( L) |
84 ~ 5z RE A (1.7)
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With Eq. (1.6) and Eq. (1.7), the Young-Laplace pressure p,. can be isolated to
1,1 )
= —_—t—
P, Y( ® R (1.8)

The last question to be answered in this section is, what happens at the point, where the
interfaces of three different materials intersect, i.e. a gas bubble attached to the sidewall of
the capillary. At one point the liquid gas circumference of the gas bubble touches the sidewall,
forming the triple point. The angle at which the liquid gas interface intersects with the
sidewall is the so called contact angle 6. Moving this triple point by the length &/ into the gas
bubble causes a change in the different interfacial surface areas represented by the surface
tension y. This can be expressed by the change in the total Gibb’s free energy G,

oG = yslé‘)lfysg61+ysgc05681 =0, (1.9)

where the indice s, / and g represent solid, liquid and gas surface, respectively. Finally,
Young’s equation can be used to define the contact angle 0

Vsg ™ Vsa
Vig

cosO = (1.10)

Electroosmosis

The basic principal of electroosmosis is well explained in the papers from Zhou and
Foley [42], as well as, Morf et al. [43], next to the microfluidic handbook from Bruus [41].
Electroosmosis describes an electric field induced movement of a liquid parallel to a charged
surface. This can be especially exploited in the microfluidic domain as an EO micropump,
since smaller capillary dimensions enhance surface interactions. For this purpose, the
pumping solution containing dissolved ions at a specific pH value is filled into the silicon
dioxide capillary of the SIP. At the silicon dioxide surface, the silanol groups (SiOH) are
deprotonated into charged silanoate (SiO"), in case the pH value is higher than the
isoelectricpoint of the capillary surface. This surface charge o, creates an electric field
reaching into the solution. In there, the positive counterions of the solution are attracted and
assembled at the surface in order to compensate for the negative surface charge ;. These
attracted ions form a so called electric double layer. The first layer of the double layer consists
of immobile counterions, which are strongly attracted by the charged sidewall, the so called
Stern layer [44], and the second layer consisting of diffuse loosely bound ions, the so called
Gouy-Chapman layer. For the electroosmosis, the Stern layer does not contribute, since it is
immobile, but its charge reduces the potential at the interface between the Stern layer and the
Gouy-Chapman layer. This remaining potential is known as the {-potential. This drop of the
C-potential within the Gouy-Chapman layer is responsible for the electrohydrodynamic
interaction. With the Poisson-Boltzmann equation the exponential decay of the potential into
the bulk of the solution can be described. This defines the thickness of the Gouy-Chapman
layer, until the potential diminishes, this thickness is also known as the Debye layer thickness
Ap. The thickness of the Debye layer Ap is a function of the temperature 7, the valence Z of
the counterions in solution and their concentration c¢(. It can be approximated by the
Debye-Hueckel approach to

—05 (1.11)

where €, g, kg and e denote the electrical permittivity of the solution, the electrical
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permittivity of vacuum, the Boltzmann constant, and the elementary charge, respectively.
This is valid within the limit of Zel « k5T . Hence, the {-potential can be calculated to
G . A
(= <D (1.12)
€€
Assuming now, that an electric field £ is applied parallel to the capillary sidewall, these
positive ions start to move at the capillary surface and drag the bulk solution. The velocity of
this electroosmotically induced flow v,, can then be expressed by the Smoluchowski
equation to

_ E
Voo = SEOQT—]. (1.13)
The effect of the electric field on flow is summarized by the EO mobility p,, = v, /E,
which can, therefore, be expressed by the Helmholtz-Smoluchowski equation to
eenl o A
0 h™D
By =— = ——. (1.14)

n n

In order to design fluidic systems, the EO effect needs to be integrated into the fluidic
quantities flow Q and the pressure p. Thus, the velocity profile of the EO flow is derived. The
complete EO interaction is confined to the Debye layer Ap. For the investigated capillary
dimensions, the Debye layer A is much thinner than the smallest dimensions of the capillary
cross section, therefore, the velocity of the EO flow is assumed to be constant throughout the
EO active capillary cross section 4,.. Having a voltage drop U,, over the length /. of the EO
active capillary leads to the EO flow Q,,

_ _ co _ 1
Qoo = Veode = Meode ] HeopeeroR l’ (1.15)
c e

where R,; represents the electrical resistance of the capillary R, = p_,/./ 4., with the
solution’s specific electrical resistance p,;. Hence, the EO induced pressure p,, can be
calculated to

R
Peo = QeoRhy - p'eopeeroRﬂel > (1.16)
according to Eq. (1.4), and with the hydraulic resistance Ry, of the EO active capillary.
Since the EO active capillary is integrated into a larger more complex fluidic system,
hydrostatic pressure p,, induced for instance by the hydraulic resistance of the additional
capillaries, need to be integrated. Due to the small capillary dimensions, the velocity profile
v(x,y) over the capillary cross section is a superposition of the constant EO velocity v,, and
the hydrostatic laminar velocity vy, (x.y), v(x,») = v,, +v, (6 9). According to Eq. (1.3), this

yields to a flow Q through the EO active capillary

p, .t
_Peo Py ) (1.17)
R hy

1.3.2 Scanning force microscopy

A brief introduction into the scanning force microscopy is given here, for more detailed
description please refer to [3, 45, 46]. The SFM-sensor chip consists of a cantilever with a tip
at its end. In contrast to standard optical microscopy where the individual pixel values of the
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image are obtained in parallel, in scanning force microscopy the pixel values are individually
determined by scanning the tip over the sample surface. For this purpose, the sharp tip, with
a radius in the range of nanometers, is brought in close proximity to the surface. In this close
vicinity, attractive forces like van der Waals forces cause an interaction between the tip and
the surface and the soft cantilever (stiffness in the range of 0.01 Nm'l-0.1 N-m'l) [47] is
slightly deflected. This deflection is typically measured optically. For this purpose, a laser
beam is reflected from the backside of the tip onto a position sensitive photo array. In order
to keep the deflection of the cantilever low and to avoid crushing the tip into the sample
surface, the SFM is usually operated in a feedback configuration. While scanning over the
surface, the deflection of the cantilever is kept constant by continuously adjusting the tip
sample distance. The image of the adjusted distance is, then, further transformed into a
scanning force map by knowing the stiffness of the used cantilever. On specific surfaces and
under good scanning conditions, a resolution down to the atomic level can be reached [48].
In this thesis, for SFM enhanced micropipettes, specially shaped hollow cantilevers
were employed. To calculate the cantilever stiffness, the second moment of area 7 in the
height direction z is required:
I = ll—z(wohi—wih?), (1.18)

z

where w,, h,, w; and &; represent the width and the height of the outer dimensions, as
well as width and the height of the inner hollow dimensions, respectively. For small tip
sample interaction forces, the clamped cantilever beam acts like a spring with a cantilever
stiffness k using Eq. (1.18)

31, (Wohi_wih?)
k= Y—3— = Y—-—3—-, (1.19)
L 4L

where Y and L represent the Young’s modulus and the cantilever length, respectively.

1.3.3 Microfabrication

Only a brief summary of the microfabrication processes used in this thesis is given. For
further information please refer to the handbooks for microfabrication [49-51]. In case a more
detailed description is required, it is presented in the respective chapter. For
photolithography, a standard photolithography aligner was mainly employed. In case a higher
resolution was required, a mask stepper was used. The pattern was transferred into layers or
into the bulk with two different dry etching techniques; Isotropic reactive ion etching (RIE)
was used for layer or shallow trenches into bulk of the silicon (Si) wafer and anisotropic deep
reactive ion etching (DRIE) was used for deep trenches into the bulk of the Si wafer. Different
wet etching techniques were required. Potassium hydroxide (KOH) or tetramethylammonium
hydroxide (TMAH) anisotropically removed Si selectively to silicon dioxide (SiO,) and
silicon nitride (SizNy4). Buffered hydrofluoric acid (BHF) removed isotropically SiO,
selectively to Si and SisN,. Phosphoric acid (H;PO,4) removed isotropically Si;Ny selectively
to Si and SiO,. SiO, was thermally grown on Si. SizN4 layers were deposited by either low
pressure (LPCVD) or plasma enhanced chemical vapor deposition (PECVD).
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Chapter 2

Fabrication of the scanning ion
pipette

This chapter presents an extensive and detailed analysis of the scanning ion pipette
(SIP) fabrication. This process was highly versatile and allowed the layout of a complex
capillary network to form fluidic systems. These capillaries consisted of silicon dioxide
(Si0,), which made the system highly hydrophilic and facilitated optical access to observe
fluidic filling effects inside the capillary. In addition, with this process a freestanding
cantilever including a sharp tip was created which was suitable for scanning force microscope
(SFM) imaging.

2.1 Process flow

The fabrication of the SIP was based on standard bulk micro-machining from well
established MEMS processes. The main innovation, previously developed by Hug et al. [52,
53], was to fabricate closed, partially freestanding capillaries by separating the design over
two wafers: the fluidic-system-wafer and the base-wafer. The fluidic-system-wafer
incorporated the fluidic system e.g. the cantilever and the tip in case of the SIP. They were
outlined as shallow top open trenches. The base-wafer incorporated the fabrication frame, the
chip outline, and the chip’s handling part, as well as the reservoir implemented as a fluidic
through wafer connection. They were fabricated as deep bulk trenches and connections
through the complete wafer cross section. For assembly, the two wafers were aligned in such
a way that the trenches of the fluidic-system-wafer were connected to the through wafer
connections of the base-wafer. Afterwards, the two wafers were bonded together by silicon
direct bonding and fuse bonding in an oxidizing atmosphere. This step capped the trenches of
the fluidic system at the bonding interface. In order to release the cantilever and to have full
optical access to the fluidic system, the surrounding silicon (Si) was removed from the side
of the fluidic-system-wafer. Finally, the outlet hole at the tip was milled by a focussed ion
beam (FIB).

2.1.1 Fluidic-system-wafer

The fluidic-system-wafer’s flow chart is presented in Fig. 2.1. A 300 nm thick thermal
SiO, layer was grown on a double side polished 390 um thick Si wafer. a) The cavity for the
tip was outlined by reactive ion etching (RIE) into the SiO,. b) The pyramidal pit for the mold
of the tip was etched in a potassium hydroxide solution (KOH). A small but significant
undercut of the SiO, masking due to the KOH etching was expected. ¢) This SiO, masking
undercut was removed by wet etching half of the SiO, thickness (150 nm) in a buffered hydro
flouric acid solution (BHF). d) The molded tip was formed by low pressure chemical vapor
deposition (LPCVD) of 100 nm silicon nitride (Si3Ny). e) The Si;Ny layer was limited to only
the apex of the tip by RIE from the front side. The SizN4 on the backside was as well removed
by RIE and the remaining 150 nm of SiO, were removed in a BHF solution. f) The KOH
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Fig. 2.1 Flow chart fluidic-system-wafer: Starting with a layer of thermal SiO, on a double side polished 390 pm
thick Si wafer. a) The cavity for the tip was outlined by RIE etching into the SiO,. b) The pyramidal pit for the tip
was KOH etched. ¢) SiO, masking undercut was removed by wet etching in BHF. d) LPCVD Si3N, deposition to
mold the tip. ) Limiting the Si3Ny layer to only the apex of the tip by RIE and completely removing remaining
Si0, with BHF. f) The KOH compensation structures were outlined by RIE. g) The fluidic system and cantilever
were outlined with DRIE.

compensation structures protecting the convex edges of the fluidic system and defining the
cantilever were etched by RIE as 300 nm shallow trenches, for further details see section
2.2.4. g) As last step, the fluidic system including the cantilever was patterned with deep
reactive ion etching (DRIE) as 5 um deep trenches.

2.1.2 Base-wafer

The base-wafer’s flow chart is presented in Fig. 2.2. A 300 nm thick thermal SiO, layer
and a subsequent 150 nm thick LPCVD Si3N4 layer were grown on a double side polished
390 um thick Si wafer. a) The breaking points for later releasing the SIP chip were outlined
by RIE into Si3Ny. b) To create a so called shadow mask, a layer of 100 nm Si;N4 LPCVD
was deposited. This shadow mask has the advantage that, the structure can be opened later in
the process, without another photolithography on deeply patterend surface. ¢) The outline and
the handling part of the chip, as well as the fluidic connection or reservoirs were outlined by
RIE through the Si;Ny4 and SiO,, stopping on the Si surface. d) The cavities for the outline of
the chip’s handling part and the reservoir were etched in a KOH solution to about 160 pm
depth. The breaking points were opened by wet etching the second SizN4 layer of 100 nm in
a phosporic acid solution (H;PO,). The now open breaking points allowed the KOH to attack
the breaking beams. The KOH etching was continued through the complete wafer.
Afterwards the breaking beams were preferably very thin and the rectangular convex edges
of the chip’s handling part were not attacked. e) The complete Si;N4 and SiO, layer were
removed by H;PO, wet etch and BHF wet etch, respectively.
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Fig. 2.2 Flow chart base-wafer: Starting with a layer of thermal SiO, and subsequent LPCVD Si3Ny4 on a double
side polished 390 pm thick Si wafer. a) The breaking points were outlined by RIE into SizNy4. b) To create a
shadow mask another Si;N, LPCVD layer was deposited. ¢) The handling part of the chip and the fluidic con-
nection or reservoirs were outlined by RIE through the Si;N4 and the SiO, layers. d) The cavities for the outline
of the chip’s handling part and the fluidic connection were etched with KOH for about 160 pm. The breaking
points were opened by wet etching the second Si;Ny layer with H3PO,4 and continuing the KOH wafer through
the complete wafer. e) Removing the remaining Si;N,4 and SiO, layer in H3PO4 and BHF, respectively.

2.1.3 Bonded wafers

The bonded wafer’s flow chart is presented in Fig. 2.3. a) The wafers were cleaned and
activated in a RCA solution (NH4,OH 27%: H,0, 30%: H,O = 1: 1: 5 at 70° C for 10 min.).
For the silicon direct bonding, the wafers were aligned, in such a way, that the trenches of the
fluidic system were connected by the reservoir in the base-wafer to the outside. The wafers
were pressed together with 0.6 MPa. This wafer sandwich was wet thermally oxidized for a
Si0, thickness of 1.5 pm. A 500 nm plasma enhanced chemical vapor deposition (PECVD)
Si3N, layer was deposited on the fluidic-system-wafer side for a KOH etch mask. The SizNy
and SiO, layer were etched with RIE, such that a ring, 1 cm wide, remained at the wafer edge
to avoid leaking of the chuck, used in the subsequent KOH step. In addition, a cross through
the center was structured, dividing the wafer in quarters to give the wafer more structural
stability. b) The wafer stack was etched in a KOH solution from the fluidic-system-wafer into
the base-wafer. The base-wafer side was protected by placing it into a Teflon chuck. The
KOH etching was timed and stopped, once it was optically confirmed that the cantilever was
fully released. On selected chips, the outlet hole as the fluidic connection from the fluidic
system through the tip to the sample was milled with a FIB. To remove the accumulating
charges during FIB milling, a thin gold (Au) layer was deposited up front. This Au layer was,
afterwards, removed with a solution of iodine, iodine/potassium to regain the transparency of
the fluidic system. To individualize the SIP chips, the wafer was placed on a soft rubber
substrate with the base-wafer facing down. Then, the fixation of the SIP chip to the
fabrication frame was broken by gently pressing with a tweezer on the handling part of the
chip. Finally, the single SIP can be picked up from the rubber substrate. A sketch of the final
individualized SIP chip is shown in Fig. 2.3 ¢).
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Fig. 2.3 Flow chart bonded wafer a) The wafers were cleaned and activated with RCA. For the silicon direct
bonding, the wafers were aligned in such a way that the trenches of the fluidic system were connected by the
through wafer openings in the base-wafer to the outside. This wafer sandwich was afterwards wet thermally oxi-
dized. A PECVD Si3N, layer was placed on the fluidic-system-wafer side for the KOH etch mask. b) The wafer
stack was KOH etched from the fluidic-system-wafer into the base-wafer. The etching was stopped once the can-
tilever was fully released. The base-wafer side was protected by placing it into a Teflon chuck. On selected chips,
the fluidic connection from the fluidic system through the tip to the sample was milled with a FIB. ¢) Sketch of a
final individualized SIP chip.

2.2 Design considerations and fabrication results

2.2.1 Overall dimensions

The overall dimensions of the SIP were designed as such that it could be mounted on a
commercially available SFM without any major modifications on the clamping system. Fig.
2.4 a) shows a scanning electron microscope (SEM) image of the base-wafer side of the SIP.
The maximum SIP dimensions were measured to be 1.5 mm x 3.5 mm (width and length)
with the positively inclined sidewalls from the KOH etching and these dimensions were close
to the commercial available SFM chips. The SIP chips were successfully mounted and used
ona SFM from Veeco' and JPK Instruments® without any modifications. In our group we use
a SFM from Nanosurf>, which requires the integration of alignment features. The integration
seems to be technically possible and they could be fabricated in the KOH etching step d) and
e) of the base-wafer fabrication, see image Fig. 2.2. In image Fig. 2.4 a), the SIP’s fluidic
connection to the holder of SFM or the reservoir can be seen. The fluidic connection was
shaped during the KOH etching as an inverted truncated pyramid with a height of 390 pm and
square shaped base plate with a width of 580 um. In order to have a short fluidic connection
to the tip, it was placed at a distance of 30 pm to the front edge of the SIP chip. A detailed
description of the fluidic interfacing between a Veeco SFM and the SIP is given in chapter 7.
Fig. 2.4 b) shows a SEM image of the SIP from the fluidic-system-wafer side. It can be seen

1. Veeco, NanoScope and Nano IV
2. JPK Instruments, Nanowizard
3. Nanosurf, Nanite
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a) Base-wafer side b) Fluidic-system-wafer side
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Fig. 2.4 SEM image of a fully fabricated and individualized SIP. a) From the base-wafer side, showing the fluidic
connection or the reservoir. b) From the fluidic-system-wafer side showing the fluidic system, the cantilever and
the tip.

that the space used for the fluidic system was rather small compared to the large non
structured handling part of the chip. This offers the opportunity to integrate additional fluidic
elements, like additional reservoirs, pumps or sensors. Finally, the fluidic system was
elevated from the handling part due KOH etching release of the cantilever. Its elevation was
measured with a white light interferometer to be 80 pm.

2.2.2 Cantilever and tip

In order to reasonably image a delicate biological sample in liquid, the SIP should have
a cantilever with a low stiffness, preferably in the range of 0.01 - 0.1 N-m™! [54]. From the
SEM image shown in Fig. 2.5 a) the length of the cantilever was measured to be 155 pm. Its
transition from the fluidic system and its clamping was well defined by the KOH
compensation structures. In order to calculate the second moment of area /, required to
calculate the cantilever stiffness &, an image of the cross section was taken as shown in Fig.
2.5 b). One capillary of the cantilever was cleaved at its transition point to the fluidic system.
The interior cross section was measured to be 3.7 um x 2.2 pm, while the SiO, sidewall
thickness of the protected bottom was measured to be 1.5 pm and the top, which was exposed
to the KOH etching, was measured to be 1.2 um. This resulted in a calculated cantilever
stiffness of k = 6.5 N'm™! according to Eq. (1.19) with a Young’s modulus Y of thermally
grown SiO, of 87 GPa [55]. In order to decrease the cantilever stiffness its length should be
extended but also the SiO, sidewall thickness should be decreased during thermal oxidation.
Nevertheless, scanning force microscopy experiments showed that the stiffness is low enough
for imaging even in contact mode. Finally, the dynamic behavior of the cantilever was
measured!. It revealed a resonance frequency of 159 kHz and a quality factor of 186, which
makes the SIP also suitable for scanning force microscopy imaging in tapping mode.

In order to achieve high resolution in scanning force microscopy imaging and printing
a sharp tip with an apex radius of curvature in the range of 10 nm is required [56]. Fig. 2.5 ¢)
shows the tip at the end of the cantilever from the side. The tip height was measured to be
2.4 pm. The molding of the SizNy tip into the SiO, of the cantilever can be seen. In the final
fabrication step, the KOH release, the SiO, got slightly attacked and remained smoothened,
whereas the Si3Nj tip was not etched and remained sharp. In a more detailed view of a tip, as
shown in Fig. 2.5 d), the tip radius was measured to be around 40 nm. Furthermore, the outlet
hole in the tip can be seen, its radius was measured to be 50 nm. Placing the hole in the very
close vicinity of the apex, allowed to maintain the sharp tip for high scanning force

1. JPK Instruments, Nanowizard
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Fig. 2.5 SEM image of: a) a clamped 155 pm long SiO, cantilever. b) The cross section of a cleaved cantilever.
The interior cross section was measured to be 3.7 um x 2.2 um. c¢) The molded 2.4 um high SizNy tip and d) a
closer view of the tip, showing the tip 40 nm radius and the FIB milled hole with a radius of 50 nm. The surface
texture on the tip was of a 10 nm thick gold layer to improve the resolution during SEM and FIB milling.

microscopy imaging resolution and to be in close proximity for highly localized dispensing.
For dispensing, the SIP should be operated immersed in water. The dispensing rate should be
in the range of 0.1 pl~s'1, which is equivalent to an average liquid velocity of 12.7 mm-s’!
within the outlet hole of 50 nm radius. Since the hydraulic resistance of the hole in the tip
dominated the hydraulic resistance of the SIP, a calculated applied pressure of 4 kPa was
necessary to achieve the desired dispensing rate, see Eq. 1.3.

2.2.3 Fluidic system

The fabrication process allowed a very flexible layout of the fluidic system, hence, a
complex network of capillaries could be designed. No geometric restrictions for the design
concerning the maximum capillary length could be determined. The maximum length of the
fluidic system was defined by the longest path from the reservoir to the tip. The innovation
of the SIP fabrication by Hug et al. [53] allowed the fabrication of reasonable fluidic system
lengths in the range of millimeters, and sufficiently thick SiO, sidewalls in the range of 1 pm.
This can be reasoned by the Deal and Grove [57] model for SiO, growth during wet thermal
oxidation. In their model, it was assumed that after already a few minutes, the SiO, growth
was limited by diffusion of oxidizing species through an increasing thickness of SiO, to the
Si/Si0, interface and not by capillary length dependent gas phase diffusion. The capillary
width was considered as a critical parameter. It was expected that stress induced cracks may
introduce leaks into the capillary. This stress originated in the mismatch of expansion
coefficients between Si (2.6 X 107 [58]) and SiO, (5 % 10”7 [58]). This was especially
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Fig. 2.6 SEM image of: a) a stable 50 um wide square shaped membrane. b) A small radius of curvature in the
fluidic system’s capillaries yielded a high stress and induced cracks into the capillary sidewall.

enhanced during the cooling after the oxidation from 1100° C down to 23° C. Nevertheless,
after the fabrication, this cracking problem was not observed, since squared membranes with
widths up to 50 um were produced without any cracks, as shown in Fig. 2.6 a). But
unexpectedly, stress induced cracks were observed on the inside of curvatures with a small
radius, as shown in Fig. 2.6 b). The radius of curvature was in this case 12 pm. It seemed that
considerable amount of stress accumulated in the inside of the curvature, so that the SiO,
sidewall cracked.

Another important aspect in the design and fabrication of capillaries, with such a small
cross section (below 10 pm), were surface contaminations. They resulted in considerable
contamination of the minute amounts of liquids within the capillaries of the fluidic system.
In this fabrication process, the capillaries of the SIP were fabricated by thermal oxidation at
1100° C and this resulted in a very pure and clean SiO, capillary surface, which was in
addition highly chemically inert. Even though, this contamination sensitivity became even
more important for chemical solutions, for instance in case of the electroless silver
deposition, described in chapter 5.

2.2.4 Specific design for anisotropic KOH etching

The fabrication of KOH exposed convex corners of the chip outline and of the fluidic
system required special design features, so called KOH compensation structures, to
compensate for the different crystallographic KOH etch rates [59]. The first KOH
compensation structures were employed during the base-wafer fabrication. They were
included into the breaking beams. These beams had to protect the convex rectangular SIP chip
corners during KOH etching and they had to fix the SIP to the fabrication frame of the wafer
during fabrication. After the fabrication, these beams were broken to seperate the SIP from
the wafer. Hence, it was important that the beams were weak enough to reliably break, before
the chip breaks, preferably along its weak crystal planes. A thinning of the breaking beams
was achieved by opening the breaking points in step e) of the base-wafer fabrication, see Fig.
2.2. The etch depth ratio of the KOH etch before and after opening the breaking points had to
be carefully chosen, so that the breaking beams were thin enough and that rectangular SIP
chip corners were just not attacked. Fig. 2.7 a) and b) shows a SEM image of an appropriate
thin breaking beam and a protected SIP chip corner.
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a)

Fig. 2.7 SEM image of a) the base-wafer side
of SIP chip, the breaking beams protected the
SIP chip corner and b) a thinned down break-
ing beams by a well timed opening of the
breaking points. c¢) Fluorescent microscope
image overlaid on top of a SEM image show-
ing the test structure for leakage through KOH
compensation structure. Fluorescein solution
leaked through a 1 um long KOH compensa-
tion structure.
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During the release of the cantilever, the final KOH etching, the convex corners of the
fluidic system needed to be protected. Special care in the design needed to be taken for the
length and thickness of the KOH compensation structures. The length had to compensate for
the slightly different KOH etch rates over the wafer. In the used etch-bath, the experienced
etch rate differences were less than 5%. The main reason for etch rate differences was a non
homogeneous temperature distribution within the KOH etch bath. The KOH etching was
stopped once all cantilevers on the wafer were released, hence, a KOH compensation
structure length of 75 pm longer (150%) than the cantilever was considered to be sufficient.
KOH not only etches Si but also attacks the SiO, of the KOH compensation structure (typical
etch rate selectivity Si/SiO, in the range of 1/200) [59]. The SiO, thickness of the KOH
compensation structure was determined by DRIE etching a trench and subsequent oxidation.
A too shallow trench for the KOH compensation structure would result in an insufficiently
thick compensation structure, which then would be completely etched away before the end of
the KOH etching. A too deep trench would not be reliably closed during the thermal oxidation
and a leakage through the KOH compensation structure would occur. This can be avoided
with the correct ratio between depth to SiO, thickness ratio. Knowing that 55% of the SiO
sidewall was grown out of the initial Si interface [58], the trench could be completely closed
and fluidically sealed. From experiments, the RIE trench depth for the KOH compensation
structure was chosen to be 0.3 pm, resulting in a calculated SiO, thickness of 0.55 um [58].
This thickness was sufficient to withstand the KOH etching and this trench depth was shallow
enough to be reliably closed during oxidation. An experiment verifying the complete
oxidation of the KOH compensation structure is shown in Fig. 2.7 ¢). In detail, capillaries
with an increasing spacing were connected with KOH compensation structures to the fluidic
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system. The spacing varied from a minimum of 1 um and increased by steps of 1 um. It can
be seen that fluorescein solution could only be detected in the first capillary, hence, the KOH
compensation structure was reliably closed after 1 um.

2.2.5 Remarks on silicon direct bonding

Most of the failed wafers broke after the thermal oxidation due to faulty bonding. It
turned out, that for a successful bonding, the bonding interfaces needed to be the cleanest
possible and with the least etched structures necessary. Next to that, the cleaning and
activation step with RCA, right before the silicon direct bonding, was crucial. Especially,
after the silicon direct bonding, a major risk was imposed by non bonded areas in contact with
the fluidic system. These voids resulted in comparably large patches of SiO, at the interface
during the subsequent thermal oxidation. The wafers probably broke because of stress
induced by the mismatch of thermal expansion coefficients between these SiO, patches,
compared to the bulk Si, considering also the temperature step at the end of the thermal
oxidation step. An infrared microscope image, like the one presented in Fig. 2.8, reveals those
non bonded areas and according to their size and distribution a continuation in processing can
be decided. The image presented in Fig. 2.8 was taken close to the breaking edge. The
observed Newton’s fringes were a good indicator of a faulty bonding and of stress
concentrations.

2.3 Laboratories involved

The process for the SIP fabrication was first developed in Comlab, the joint IMT-CSEM
cleanroom facility in Neuchatel, Switzerland. I had the pleasure to fabricate the first devices
presented here in this thesis under the supervision of T. Akiyama. The second generation was
fabricated at the DIMES facilities in Delft, Netherlands. For the transfer of the process flow
to the equipment and the established processes within DIMES, I worked close together with
P.M. Sarro. During the fabrication, I was supported by J. Slabbekoorn. The hole in the tip was
milled with a FIB at the faculty of TNW with the help of H. Miro and P. Alkemade.

Fig. 2.8 Infrared microscope image of stress
KOH cavity fringes and non bonded areas at the inter-
chip outline face between the two wafers. This image
was taken after the thermal oxidation. Image
taken in transmission mode, with observa-
tion from the fluidic-system-wafer.

Fluidic sys S

Fluidic connection
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2.4 Conclusions and outlook

In summary, a successful fabrication of a scanning ion pipette was shown. The
fabrication uses only well established microfabrication processes. This process allowed a very
versatile layout of capillaries without any major geometric constrains forming a complex
fluidic system. The fabricated SiO, capillaries were hydrophilic and transparent. This resulted
in a self filling of the capillaries which could be optically observed. In addition, freestanding
cantilevers and molded SizN, tips can be included into the system forming the SIP.
Nevertheless, the integration of metals as possibly electrodes into the capillary is complicated
due to the high oxidation temperatures. Hence, the deposition of metal layers is preferably
done after the fabrication. Finally, for future fabrication, the sides of the capillaries can be
buried in Si such that only the top is visible, by integrating the KOH compensation structures
into the base-wafer. This would give the system more mechanical stability, may avoid leakage
due to the small radius of curvature and it clamps the cantilever from three sides which should
increase the resonance quality factor.
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Chapter 3

Evaporation induced pumping
within the scanning ion pipette

Evaporation induced pumping represents a straightforward implementation of a
micropump into the scanning ion pipette (SIP). The working principle of an evaporation
based micropump is as follows: The hydrophilic capillaries of the SIP are filled
instantaneously with a water based solution. Once the fluid reaches the capillary outlet, it
starts evaporating. The capillary pressure keeps the outlet of the capillaries wetted, and
thereby, replaces autonomously the evaporation loss by drawing additional water through the
capillaries. This results in an unidirectional pump, which for instance can be used to suck in
liquids through the tip‘s hole and concentrate them inside the outlet of the capillaries. The
implementation of such a pump does not require any additional fabrication steps of the SIP.
Only the geometry of the capillary outlet area needs to be increased to enhance the
evaporation induced pumping. In this chapter, the pumping effect is modelled and verified
with experiments. Evaluating the evaporation pump was one of the first experiments. It
helped to develop a feeling and understanding of the challenges imposed by the dimensions
of the SIP capillaries, with a cross section of less than 10 pm?.

Evaporation based pumps in microfluidic systems caught considerable attention in
recent years, especially due to their simple integration into the fabrication process and their
considerably high pumping pressure, up to the capillary pressure. One of the first reported
evaporation based pumps in a microfluidic system was presented by Namasivayama et al.
[60]. Their evaporation pump consisted of a hydrophobic patch stopping the capillary filling
of the microfluidic system, thus creating a well defined water-air interface. The hydrophobic
patch ended in the center of a T-junction. This enabled two ways of controlling the
evaporation induced flow by either adjusting the temperature at the hydrophobic patch or the
airflow through the straight channel of the T-junction. In their case a stable flow of 10 pl-s™!
was achieved, for a capillary cross section of typically 50 um x 600 pm. A very active field
of exploring applications for microfluidic systems is lab-on-a-chip. Here, the small footprint
of the evaporation pumps is considered advantageous [61]. Zimmermann et al. [62]
controlled the flow by actively adjusting the temperature at the evaporation pump. For their
microfluidic system consisting of capillaries with a square cross section of 30 um x 30 pm
flow rates from 10 pl's™' up to 1.2 nl's”! were achieved. Walker et al. [63] extended the
pumping mechanism to also concentrate a flow of bovine serum albumin solution. Finally,
evaporation based micropumps were successfully used in chromatographic applications to
drag solutions through long capillaries with very small cross sections. The evaporation based
micropump provided sufficient pressure to have a reasonable throughput and separation [64].
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3.1 Theory of evaporation induced pumping in microcapillaries

The following section briefly introduces the theoretical background of the pumping
mechanism. A more detailed description can be found in Namasivayam et al. [60]. For
illustration, a sketch of the SIP with an evaporation pump is shown in Fig. 3.1 a). The working
principle is as follows: A droplet of water is placed into the reservoir which fills immediately
the hydrophilic fluidic system and starts to evaporate inside the evaporation cell. In the
evaporation cell the capillary pressure keeps the entrance of the microcapillaries into the
evaporation area wetted and thereby, replaces the evaporation loss by drawing water through
the fluidic system. To increase the evaporation induced flow, the evaporation area can be
further increased by spreading the microcapillaries out into a manifold of top open capillaries.
This increases the flow rate but inherently also the flow induced pressure drop over the
hydraulic resistance of the fluidic system. This results in two different flow regimes: In the
low flow regime, the pressure drop over the fluidic system pj,, is lower than the capillary
pressure p,, all open ended capillaries are kept wet and the flow rate Q is limited by the
evaporation rate (shown in Fig. 3.1 b) top). In the high flow regime, a maximum evaporation
induced flow rate is reached, the pressure drop p,, over the fluidic system equals the capillary
pressure p.. In this case the hydraulic resistance Rj,), ;. of the fluidic system and the capillary
pressure p,. limit the flow rate Q. The capillary pressure p, can no longer keep the full surface
of the evaporation area wetted, hence, not all top capillaries are wetted. The evaporation rate
is self limiting by reducing the evaporation area, as shown in Fig. 3.1 b) bottom.

In further, a quantitative model for the low flow regime, anticipated in this chapter, is
developed. Water evaporates in the evaporation cell and diffuses through the opening into the
surrounding laboratory environment. Thus a gradient of partial water vapor pressure dp,/ox
establishes inside the evaporation cell, which drives the evaporated water vapor out. Fick‘s
15t law describes the diffusion of water vapor within the evaporation cell and hence, defines
the evaporation rate N, per area as:

0

D P,

N, = -, 3.1)
E NAkBT ox

where D, kg, N, and T denote the water vapor diffusion constant, the Boltzmann
constant, the Avogadro constant and the temperature in the evaporation cell, respectively
[65]. The x-coordinate is defined as being normal to the evaporation cell bottom plane.

a) SIP with integrated evaporation pump b) Evaporation cell

£ Low flow rate: <p,

Reservoir Evaporatjon cell

Fig. 3.1 a) Sketch of a SIP with an integrated micropump. Evaporating water induces suction flow inside the
SFM-chip. b) Different filling levels of the evaporation cell depending on flow induced pressure drop over the
fluidic system py),; and capillary pressure p,. at the water-air interface inside the evaporation cell.
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Due to conservation of water, the diffusion flow rate of water vapor inside the
evaporation cell equals the pump rate Q inside the capillary. To obtain the pump rate Q, the
evaporation rate Ng, which represents a molar flow density, needs to be further transformed
into a molar flow by the area of evaporation 4. In addition, the partial water vapor pressure
p,, at the water-air interface in the evaporation cell‘s bottom (x = 0) is given by saturated water
vapor pressure p, ., Finally, the molar flow is transformed into a volume flow by the
molecular weight of water vapor M [0.018 kg~mol'1] and the liquid density p;:

M M D op
0 =—=4,N_ = — A )
Pi EE pZNAkBT Eox x=0

(3.2)

For the investigation of the micropump, it is beneficial to separate the pump rate Q into
a geometry independent Oy and a geometry dependent Q; parameter. The molecular weight
M, the liquid density p,, the diffusion constant D are clearly not geometry dependent, whereas
the area of evaporation A depends on the geometry. So far, the partial water vapor pressure
gradient dp,/éx was not allocated, according to its geometry dependency. It is assumed, that
at the water-air interface the water vapor pressure is saturated and that it decays to the relative
humidity in the lab. This decay is influenced by the geometry of the evaporation cell. For a
first approximation, the partial water vapor pressure gradient op,/0x| _ , =P, 4Py 18 split
into two terms: geometry independent saturated water vapor pressure p,,,; at the water-air
interface and the geometry dependent water vapor pressure gradient dp,. This leads to the
description of the pump rate Q as:

0= Oyi 06 (3.3)
where

_M_D _
OnG = p_ZNAkBT Pysar a0d O = Apdp,q- (34

A further look reveals, that the geometry independent factors Qp; are also the only
temperature 7 dependent ones; The temperature has a minor influence on the liquid density
p; [66]. Gates et al. [67] reported a linear dependency of the diffusion constant D of water
vapor on the temperature 7. The temperature 7 dependency of the saturated water vapor
pressure p,,, can be described by the Clausius-Clapeyron-equation although numerical
values found in the work from Weast et al. [66] were used for a more accurate modelling.
Finally, in case of the geometric depending factor O the area of evaporation A stayed
temperature 7 independent, since the experiments were performed in the low flow regime.

3.2 Experimental

As the temperature is the most convenient control parameter of the pump rate, a
therefore, suitable SIP chip and measurement setup was designed.

3.2.1 Design of the scanning ion pipette with an integrated evaporation based pump

The evaporation based pump integrated into the SIP was designed to operate in the low
flow regime, where the capillary pressure p. dominates the pressure drop py,, over the fluidic
system. The fluidic system consisted of two capillaries in parallel to reduce the hydraulic
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resistance. Each capillary had a cross section of 2.25 pm X 3.75 pm (height x width) and a
length of 2.1 mm between the inlet and the reservoir. The hydraulic resistance was calculated
to be R, o = 4.7 % 107 Pa-s'm™, according to Eq. (1.4). These capillaries were connected
to the evaporation cell, which ended in a manifold of 48 top-open capillaries. In there, the
capillary pressure at the exit to the top-open part was calculated to be p, = 65 kPa, employing
Eq. (1.8). This resulted in a theoretical, maximum flow of Q,,,. = 130 pl's™! for the low flow
regime. The geometry of the evaporation cell had the shape of an inverted truncated pyramid
with a bottom plane of 30 um x 480 um and a height of 390 pm. The side walls were inclined
with the KOH specific angle of 54.7°. Finally, the SIP fabricated chips needed to be modified
with a polydimethylsiloxane (PDMS) gasket of cylindrical shape on top of the inlet reservoir,
diameter 1 mm height 3 mm in order to increase the measurement time and minimize particle
concentration changes.

3.2.2 Instrumentation and method

In the setup for the flow measurement, the SIP chip was mounted on a 3 mm thick
resistively heated aluminium plate. The heat transfer to the SIP chip was improved by using
a heat sink compoundl. The temperature was measured with a k-type thermocouple at the
close vicinity of the chip. It was then mounted on an inverted fluorescence microscope” with
integrated filter sets. The experiment was observed by monitoring the evaporation cell with a
cooled CCD camera®. The magnification was set such that one pixel corresponded to 0.4 um.
The whole chip setup was covered with a non transparent box to eliminate airflow and
illumination from the outside.

For the pump rate Q determination the accumulation of fluorescent labelled
microspheres4 inside the evaporation cell was observed, hence, microspheres with a diameter
of 0.2 um were chosen. This diameter was less than 10% of the fluidic system’s smallest
dimension, which avoided the interference of the microspheres with the capillary. A low
microsphere concentration of 5.7 x 10'2 #:m™ was chosen to minimize the risk of clustering
and of a diffusion driven flow of microspheres in the opposite direction of the water flow. The
solution of microspheres was freshly prepared for each experiment by degassing water at a
temperature of 90° C for 10 min. After cooling, the microspheres were added to the solution
and it was sonicated for 15 min. to split possible microsphere clusters and to obtain a
homogeneous distribution.

On the instrumentation side the small dimension and, therefore, the low fluorescent
light intensity of the microspheres challenged the measurement of the pump rate Q. The usual
way of measuring the microsphere velocities in the capillary was no longer possible due to
their low light intensity and high flow speed. Therefore, an alternative approach was chosen.
Each microsphere represented a water volume defined by the concentration. The pump rate
0 could then be deduced from the accumulation of microspheres in the evaporation cell,
which in contrast to the water could not evaporate. The accumulation of microspheres was
observed by the CCD camera taking an image every 15 s. The detection of individual
microspheres was improved by adjusting the brightness and the contrast of camera to obtain
an optimal dispersion in the high grey scale values. This series of images was imported into
Matlab to count the accumulation of microspheres. The counting algorithm proceeded as
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follows: First, spots containing clusters or individual microspheres were detected by
discarding the background information of the evaporation cell. In detail, the grey scale value
of the pixel was compared to the average of its surrounding. It was kept in case it differed to
the average by a certain threshold, otherwise it was set to zero. Then, individual microspheres
in the spots were identified by further transforming the image into a gradient one. This
enabled to count the local gradient grey scale maxima in the spots, representing the
microspheres.

3.3 Results and discussion

3.3.1 Verification of the measurement method

For the determination of the pump rate O individual microspheres inside the
evaporation cell needed to be identified and counted. A typical 8-bit greyscale image obtained
by the CCD camera from the bottom of the evaporation cell is shown in Fig. 3.2 a). The first
filtering algorithm with a threshold value of 35 on a square of ten by ten pixels successfully
deleted the background information and extracted spots containing microspheres, as shown
in Fig. 3.2 b). It could be seen that the size and the intensity of the spots vary. It needed to be
assumed that these spots contain clusters of microspheres. The identification of individual
microspheres was not straight forward since the pixel resolution of the camera (0.4 pm) was
larger than the diameter of an individual microsphere (0.2 pm). Also the microspheres had a
depth dispersion within the evaporation cell, exceeding the microscopes depth of focus.
Individual microspheres could only be identified in the gradient image. This is exemplarily
shown on one of the spots from Fig. 3.2 b) transformed into to a gradient image shown in Fig.
3.2 ¢). This spot in the gradient image contained two local minima, representing two
microspheres.

This algorithm was verified by conducting an experiment with constant temperature,
T =296 K, and constant relative humidity (33%) at the outlet of the evaporation cell. In case
the algorithm worked properly, it would detect a constant accumulation of microspheres. Fig.
3.2 d) shows the microspheres counted by the algorithm. Linear fitting was in good agreement
with the data and revealed a slope of 0.064 #s7!, which equalled a pump rate of 11 pl-s'l.
Towards the end of the experiment, the noise increased since more and more clusters
containing several microspheres appeared rather than spots with single microspheres.

a)

b) <) d)

Microspheres

First local
minimum 60 L

50 F

40 £

30 F

20 F

10 oy Time [s]
Second local . . . . .
minimum 200 400 600 800 1000

Fig. 3.2 a) Optical microscope image bottom evaporation cell including clusters microspheres (white spots). b)
Filtered image to remove the background information. ¢) Detailed view of a cluster of microspheres. Image is
further transformed into a gradient image. d) Accumulation of microspheres at constant evaporation conditions.
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3.3.2 Deduction of the model parameters

For the modelling of the geometry independent part Qy; of the pump rate O reliable
values were found in literature, Weast et al. [66] and Gates [67]. They can be well fitted in
the investigated temperature range from 296 K to 338 K by:

AH
M D 1
OvG = sar= (a+bT)exp[—E£—} (3.5)
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where a and b were fit parameters and the water evaporation enthalpy
H,,,=45.1K] ‘mol™!. Based on these literature values the fit parameters were concluded to
a=6.49 x 102 m?s™! with + 8.2 x 10* m?>s! (1o) and b = -4.45 x 10 m*s""K"! with +
23 %10 m%s! (16).

The geometry dependent parameters Qs were more challenging to assess and only an
estimation can be provided. The experimental area of evaporation 4 can be estimated from
Fig. 3.2 a). The microspheres were not homogeneously dispersed on the bottom of the
evaporation cell, they were aligned at the capillaries entrance into the evaporation cell. The
capillary pressure p, of the top-open capillary was not sufficient to dominate the pressure
drop p,y,; over the fluidic system. For the modelling, the area of evaporation 4 was, therefore,
reduced to the cross section of the capillaries. In further, any curvature of the water-air
interface by the contact angle between the liquid and the silicon dioxide surface was
neglected, as well as bending by corner flow in the two bottom corners. In addition, the
amount of active capillaries was reduced to 29 since the second row of the evaporation cell
was not completely wetted, presumably due to a contamination. The amount of active
capillaries did not vary throughout the experiment, indicating the low flow regime.

The geometry dependent water vapor pressure gradient dp, had to take the special
geometry from the fabrication process into account. A sketch of the geometry of the
evaporation cell, as well as, the entrance of the capillaries as top-open trenches at the
evaporation cells bottom is shown Fig. 3.3 a). Due to the KOH etching, the shape of the
evaporation cell had the typical shape of an inverted, truncated pyramid. In addition, the
capillaries enter the bottom of the evaporation cell as top-open trenches. This represented a
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Fig. 3.3 a) Evaporation of water in inverted truncated pyramid shaped evaporation cell. b) Modelled water vapor
pressure profile inside the evaporation cell.
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complex geometry, which imposed a lot of challenges for an accurate modelling. To get a
good first approximation of the water vapor profile, the model was reduced to take only the
widening of the KOH inverted truncated pyramid and the flux along the x-axis into account.
The boundary conditions for the numerical model were: saturated water vapor pressure p,
at the bottom of the evaporation cell, and a 33% relative humidity from the laboratory
environment at the exit of the evaporation cell. The modelled water vapor pressure profile is
shown in Fig. 3.3 b). The gradient at the water-air interface was steeper than in reality, since
not the complete bottom of the evaporation cell was wetted, hence, the water vapor pressure
was lower than saturated water vapor pressure. This led to the following geometry dependent
part of equation (3.3): O = Ag dp,,With Ap =2.15 x 109 m?anda gradient of water vapor
pressure dp,o = 160 m™! at the bottom of the evaporation cell x = x;.

3.3.3 Temperature dependent pump rate

Finally, the influence of the temperature 7 on the pump rate Q was investigated by
changing the temperature at the water-air interface. For this, the sample holder was resistively
heated and the temperature was recorded in parallel with CCD images of fluorescent
microspheres in the evaporation cell. The pumped water volume according to the
accumulation of microspheres, represented by open circles (0), is shown in Fig. 3.4 a). The
non linearity in the graph was due to an increasing temperature throughout the experiment,
causing an increasing pump rate Q. The model (dots) was fitted to the data with a standard
deviation of 0.4 nl. The model predicted well the temperature 7T dependency of the pump rate
Ong- However, the geometry dependency of the pump rate QO needed to be corrected by a
factor of 3.133, indicating that the area of evaporation 4y was larger than assumed in the
model. From this fit the pump rate O depending on the temperature 7' can be deduced and it
is displayed in Fig. 3.4b). With the current setup a pump rate
0 =(0.74 ml's" - 0.51 pls-K™1-7) exp[-45.1 kI-mol™' /(N kp T)] ranging from 7 pls™! at
23°Cupto 53 pl's'1 at 65° C could be achieved.

3.4 Conclusions and outlook

In summary, a successful integration of an evaporation driven micropump into the SIP
was shown. A model for predicting the pump rate induced by the evaporation pump was
presented. The implemented micropump was characterized by a temperature dependent pump
rate Q of 7 pl's'1 at 23° C, increasing up to 53 pl~s'1 at 65° C. The accuracy of the model
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Fig. 3.4 a) Pumped water with an increasing pump rate by increasing the temperature (experimental data, open
circles o; fitted model, dots). b) Dependency of the pump rate Q on the temperature 7.
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mainly depended on the complex structure of the evaporation cell. These shortcomings
should be overcome by a new design, taking the incomplete filling of the top-open capillaries
and the inverted truncated pyramid shaped evaporation cell into account. An evaporation
pump integrated into the SIP can be potentially used for sucking liquids through a hole in the
tip. The applied suction pressure depends on the pressure drop induced by the evaporation
flow over the resistance of the hydraulic system. For future applications of the evaporation
pump, a robust, i.e. more or less evaporation independent, pump can be designed by enlarging
the evaporation area so that the pressure drop over the fluidic system is higher than the
capillary pressure. In this case, the flow rate is defined by the hydraulic resistance of the
fluidic system. A possible application is electroplating inside closed microfluidic capillaries.
The main purpose of the evaporation pump is to keep the concentration of the plating solution
over electrodes constant during the deposition time, regardless of the increasing plating
solution concentration inside the evaporation pump. This application is shown for electro
plating of silver in the next chapter.
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Chapter 4

Electroosmotic pumping with Pt
electrodes

In order to achieve bidirectional active pumping, the scanning ion pipette (SIP) is
extended with an electroosmotic (EO) pump. A key challenge of the design of EO pumps is
the coupling of the electrical current into the ionic solution, which is commonly done with
electrodes made out of platinum (Pt). However, in that case, the electron transfer is linked to
electrolyzing the solution and gases are formed. These gases emerge as bubbles and may
block the conductive liquid-path between the electrodes and, hence, inhibit a further actuation
of the pump. Furthermore, once a gas bubble is fully developed and stretched out over the
complete capillary cross section, they become almost immobile since in these dimensions,
capillary forces from the liquid-gas interface are the dominant force. It is, therefore,
imperative to keep these bubbles away from the EO pump and the functional liquid part of
the fluidic system.

Several methods to avoid mixing the electrolyzed gases with the functional fluidic
system have been investigated and reported in literature. Brask et al. [68] used a hybrid
approach for the current-coupling by assembling an ion exchange membrane between the
electrodes and the EO active capillary. These membranes were permeable for the ionic
current and reliably stopped the electrolyzed gases to enter the fluidic system. In order to omit
bulky fluidic connections or a membrane, Hug et al. [69] used a design of different electrical
resistances within the fluidic system. In their work, the electrodes were placed into top open
reservoirs which were connected to wide capillaries. These wide capillaries connected the
submicron wide EO pump. Applying a voltage between the electrodes led to a large voltage
drop over the EO pump since their fraction of the total electrical resistance was comparatively
large. Another approach of omitting bulky fluidic connections and thus allowing further
miniaturizing of the EO pump was the integration of photocurable gel electrodes inside the
fluidic system as shown by Takamura et al. [70].

All the above mentioned EO pump designs avoided the interaction of liquid and gas
inside the microcapillaries, nevertheless, there are publications investigating this interaction
in the microdomain. Strategies to handle and separate segmented liquid-gas flows have been
developed [71] and in particular, a theoretical description of gas bubbles inside microchannel
contractions has been presented by Jensen et al. [72]. In their work, it is mentioned that such
contractions exert considerable Young-Laplace pressure on gas bubbles. Paust et al. [73] used
microfluidic contractions formed by tapered capillary sidewalls to passively guide gases for
direct methanol fuel cells. With the current solutions an integration into the SIP is not
possible. A solution for an EO pump with a small footprint, a low actuation voltage and a
fabrication suitable for the integration into the SIP needs to be developed.

Here the design, fabrication and analysis of an EO micropump suitable for the
integration into the SIP is presented. The mixing of electrolyzed gases within the functional
fluidic system is avoided by a novel concept of a liquid-gas-separator (LG-separator). This
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LG-separator is placed between the electrodes and the EO pump and it drives the emerging
gas bubbles away via an exhaust capillary. The strong capillary forces from the liquid-gas
interface in the micrometer ranged capillaries enable the LG-separator to reliably work solely
by its geometry.

This chapter is structured as follows: First, the physical background of the liquid-gas
separation of the LG-separator is explained. Afterwards, the complete fluidic system
containing the LG-separator, the EO pump and the connecting capillaries is modelled to
extract the relevant design parameters for the fabrication, as well as the pressures and flows
within the fluidic system. Finally, the fabrication process for the EO pump is outlined and the
experimental validation of the design is presented.

4.1 Model of an electroosmotic pump with a liquid-gas-separator

As mentioned above, to derive the relevant design parameters, a model of the EO pump
with LG-separator embedded into a fluidic system is developed. The model of the
LG-separator describes the development of a gas bubble at the electrode and its propagation
within the capillary. The complete fluidic system is modelled based on its transformation into
an equivalent electrical circuit diagram. This electrical equivalent is solved with the
Kirchhoff equations to determine the pressures and flows.

4.1.1 Model of the liquid-gas-separator

Geometry of the liquid-gas-separator and general assumptions

The LG-separator consisted of tapered sidewalls and an electrode integrated into the
bottom of the capillary, as shown in Fig. 4.1. It is integrated into the fluidic system with its
narrow side, the inlet, oriented towards the EO pump and with its larger side, the outlet, facing
the exhaust. The electrode of the pump, at which the gas bubble forms, is located inside the
LG-separator, this bubble is geometrically confined by the bottom and the sidewalls. It will
be shown in the following section that in a tapered capillary the bubble moves towards the
wider side and, hence, away from the electrode. The bubble growth is analytically described
in three dimensions. Behind the electrode pointing towards the outlet of the pump, the bubble
may stretch over the complete cross section of the capillary and may touch the top. At this
moment, the water column within the capillary is separated and any pressure changes
between the inlet and the outlet of the LG-separator acts directly on the bubble, respectively
on their two independent menisci. The LG-separator compensates for these external pressure
changes by its backpressure. In order to model the backpressure, it is assumed that the
capillary is much higher than wide and, hence, the curvature of the meniscus is completely
defined by the width [74], which reduces the model to two dimensions.

The movement of the gas bubbles was modelled to be quasi static. Effects of lubrication
or viscosity were not included. In addition, the model was assumed to be isothermal, since
any heat would be immediately removed by thermal conduction through the surrounding bulk
silicon (Si). Moreover, the following parameters were used in the model: the viscosity of the
liquid (water) n=1mJ ‘m™2, the surface tension of the water-air interface Yio = 73 mPa-s, and
the contact angle of 8 = 52.3 for the silicon dioxide (SiO,) capillary and water.
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Fig. 4.1 Sketch of the LG-separator. It enables the coupling of electrical current into the solution and the separa-
tion of the emerging electrolyzed gas bubbles from the functional liquid fluidic system. Its operation is based on
tapered sidewalls which drive the electrolyzed gas bubbles with increasing bubble volume away from the elec-
trode towards the exhaust.

Bubble development at the electrode

Electrolysis initiates the bubble growth at the electrode. Assuming, that the electrolyzed
gas conserves its internal energy U;,,, according to the ideal gas law, enables us to define its
internal pressure p;,,; and its volume V'

Uit = PintV- 4.1)

In the absence of any external pressures the internal pressure p;,, needs to match the
Young-Laplace pressure p., p,,, = p., which describes the effect of the liquid gas surface
tension vy, confining the liquid-gas interface of the bubble. Due to the properties of a liquid,
the shape of the liquid-gas interface is spherical with the radius R. The capillary Young-
Laplace pressure p,. can then, according to Eq. (1.8), be described by

_ Vi

P, z (4.2)

At the bottom, the bubble encounters the transition between three different interfacial
energies, the solid-liquid, the liquid-air and the solid-air interfacial energy. At this
intersection, Young’s equation demands that the angle enclosed by the tangent of the
liquid-gas interface and the bottom equals the contact angle 6. Fig. 4.2 a) shows the spherical
bubble at the bottom of the capillary. A z coordinate is introduced which is perpendicular to
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the bottom of the capillary. The height of the bubble-center is R, = Rcos . Fig. 4.2 b) shows
the horizontal cross section of the spherical bubble in its center. Due to symmetry, the
bubble’s horizontal center is also in the center between the capillary sidewalls. The
bubble-center’s distance R, from the tapered sidewall is defined as R, = wcosp , where w is
half of the capillary width and B the taper angle of the capillary. The taper of the capillary is
defined as w = w, +xtanf3, where wy and x denote, half of the initial capillary width at the
electrode and the distance of the bubble-center from the electrode, respectively. The direction
x is defined to origin at the smaller edge of the electrode and to point towards the outlet of the
LG-separator.

This initial bubble B, can grow until it touches the tapered capillary sidewall. Its radius
R then equals the distance between the center of the bubble and the sidewall R, = w,cosp
at the smaller side of the electrode x, = 0. The internal energy Uy, of the initial bubble B, can

be calculated to
RycosO 21 A/R02 -7

7l
Uy = poVy = R—: j j j rdrdods. (4.3)
Ry 0 0

As soon as, the initial bubble B touches the sidewall, two more transition points
between three different interfacial energies occur, at which the Young’s boundary condition
requires the contact angle 6. Hence, the bubble needs to change its shape to a new first bubble
Bj and as a consequence its position x, — x, shifts within the capillary. Fig. 4.3 a) shows the
geometry of the first bubble. The shape of the first bubble B, remains spherical, due to the
absence of any external pressures. The radius R; of the first bubble can be calculated to

R, =R, /cosb = (w,+xtanf)cosp seco , “4.4)
which defines the first bubble’s B internal energy U to

Ricos0 27 ,/Rlz—zz R, 2n A/Rlz—zz

U, = R j .[ J. rdrd(odz—ZJ. I J. rdrdodz | . 4.5)
: R, 0 0 RO 0

a)t = [um] b)

Si0
sidewall B

Tapered capiaty

Bubble B,
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N

Si0, Capillary bottom

Fig. 4.2 Sketch of the spherical initial bubble B. a) Vertical cross section through bubble-center revealing the
height of the bubble-center R;,. b) Horizontal cross section through bubble-center revealing the maximum radius of
the initial bubble R, = R, . In this sketch, the initial opening wy= 1 um, the taper angle B = 10° and the contact
angle 6 = 52°.
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This transition from the initial bubble B, to the first bubble B, is considered to be
isothermal. Moreover, the bubble positions and deforms itself faster than new gas is
generated by electrolysis. The rate of the gas development can be adjusted by the applied
current and this can be chosen small enough to fulfill this criteria, and hence, the bubble can
be considered as a closed system during this short transition phase. According to the ideal gas

law, the internal energy U;,, then remains constant
Uy = Ug = Uy (4.6)
Inserting Eq. (4.3) and Eq. (4.5) into Eq. (4.6), replacing the radius R with Eq. (4.4),
and solving of the first bubble’s center position x = x, yields

(cos§)4(cose -2)

-1
3cosH + secO(2secH —9)

Xy = wycotp

(4.7)

Since the square root is less than 1 for 0 <8 < /2, the bubble clearly detaches from the
electrode and jumps into its new position x; < 0. This is illustrated in Fig. 4.3 a), where a
horizontal cross section through the center of the first bubble B;.

This shift in position needs to be considered for the placement of the electrode within
the LG-separator. The bubble may not escape through the inlet of the LG-separator into the
EO pump. The position of the first bubble’s center as a function of the taper angle {3 is shown
in Fig. 4.3 b). It can be seen that for small taper angles 3 the position x; of the first bubble
reaches far into the narrow part of the capillary. The maximum distance of the bubble’s
liquid-gas interface into the LG-separator is the same as the minimum distance /;, from the
inlet of the LG-separator to the electrode. By the geometry, the minimum distance /;, can be
calculated to

/\/(cosg)4(cose —2)(cosP sech — cotP)

J3cosB + secO(2secO —9)

[, >w| cotp + (4.8)

The minimum distance /;, to the inlet of the LG-separator is shown Fig. 4.3 b), on the
right ordinate axis.
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Fig. 4.3 a) Horizontal cross section of the first bubble B through its center. It reveals the new bubble radius R and
its position within the capillary x1. In this sketch, the initial opening wy= 1 um, the taper angle § = 10° and the
contact angle 6 = 52°. b) On the left ordinate the position x1 of the first bubble B; and on the right ordinate the
minimum distance from the electrode to the inlet of the LG-separator is shown as a function of the taper angle f3.
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Fig. 4.4 Sketch of the critical bubble at the
bottom of the capillary. From this sketch the
minimum electrode length /, can be deter-
mined. In this sketch, the initial opening

5 wo=1pm, the taper angle f=10° and the
contact angle 6 = 52°.

Bubble movement within the liquid-gas-separator
During the electrolysis, continuously more bubbles start to grow at the electrode. These
bubbles merge with the first bubble B once their liquid-gas interfaces touch each other. This
lets the first bubble B grow and move towards the electrode and then past the electrode and
finally out of the LG-separator. During this movement, it is important that the bubble does
not disconnect the electrical path between the electrodes which would stop the EO pumping.
This might occur in two different ways. First, the bubble may cover the electrode completely,
hence, a minimum electrode length /, is required for preventing this, and second, the bubble
stretches out over the complete cross section and reaches the top, hence, a minimum height
h,. of the capillary is required. Fig. 4.4 shows the situation of the critical bubble B,., which is
the bubble of which the smaller liquid-air meniscus just touches the small side of the electrode
on the capillary bottom. The liquid-gas interface has a circular shape of R}, at the bottom of
the capillary. By geometry, R, = w,/cos(B+6), and the minimum electrode length /,
equates to
[,>2R;sin(B+0) = 2wytan(B+0). 4.9)

For the minimum height %, the radius R, of the critical bubble is needed and can be
determined by geometrical considerations to R, = R,/sin6 . From this, the minimum height
of the capillary is

hc = R.(1+ cosf) = wOsec(G +B)[cotd + cscO]. (4.10)

The minimum electrode length /, and the minimum capillary height 4, as a function of

the taper angle 3 is shown Fig. 4.5. It can be seen that larger taper angles 3 enforce an even
large electrode length /, and a larger minimum capillary height 4.
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Fig. 4.5 The dimensions of the critical bubble B¢ determine the minimum electrode length /, and the minimum
capillary height 4. a) The minimum electrode length /, and b) the minimum capillary height /. as a function of
the taper angle .
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Backpressure of the liquid-gas-separator.

During further actuation, the bubble in the outlet section of the LG-separator grows
further and eventually stretches out over the complete cross section. At this moment, the
bubble separates the water column inside the capillary into two detached liquid-gas
interfaces, i.e. into two different menisci. Any pressure difference between the inlet and the
outlet of the LG-separator acts directly on the bubble and displaces its respective menisci. In
order to still reliably couple the current into the solution, the bubble may not be driven back
over or behind the electrode, which could happen if the pressure on the meniscus facing the
outlet exceeds the one acting on the other meniscus from the other side by a threshold value.
This threshold is built up by the Young-Laplace pressure of the two independent menisci, and
it can be considered as the backpressure tolerance p;, of the LG-separator. In order to calculate
this backpressure p,, it is assumed that the capillary is much higher than wide and, hence, the
curvature of the meniscus is completely defined by the width [74] which reduces the model
to two dimensions. The bubble can then be represented by the two detached menisci, as
shown in Fig. 4.6. The dependency of the backpressure p;, on the initial capillary width w
and the taper angle 3 are best explained by setting the initial opening w,, at the position x; of
the first meniscus and define the position of the second meniscus by the bubble length /,. The
Young-Laplace pressure drop p; and p, over the respective menisci can be calculated to

Y1a cos(0 + PB)
= — =y, — 4.11
P R, Yia wo and (4.11)
7 cos(0—P)
Py = R, - ylawo-klbtanB ' (4.12)
Furthermore, for the backpressure pj, the bubble length /,, is parameterized by the bubble
parameter b, = [,/w, which leads to the backpressure as

Y _

Py =PIty = Wi;’[cos(ew)—{“f—ﬁ;tﬁ] (4.13)

As long as, py, is positive, the bubble will be reliably conducted away. In order to
generate high backpressures pj, the initial width w of the capillary at the electrode should be
chosen as small as possible. The choice of the optimal taper angle 3 is more complex. Fig.
4.7 a) shows the backpressure p;, versus the parameterized bubble length b,. For small
parameterized bubble lengths b, the backpressure p;, becomes negative and the bubble
moves to lower values of x. For taper angles § > n /2 — 0, the backpressure p;, always stays
negative, which represents a hydrophobic behavior of the capillary. The backpressure py,
saturates for long bubbles in the Young-Laplace pressure p; of the first meniscus. The

maximum bubble parameter b,,,,,, is limited by the distance /,, of the electrode to the outlet

Fig. 4.6 Sketch of an horizontal cross section
showing the entrapped bubble stretched over the
complete cross section of the capillary. The cap-
illary is cut along the symmetry line in its center.

» The sketch reveals the two menisci radii, R; and
R, which are essential for the calculation of the
LG-separator backpressure py,.
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Fig. 4.7 a) The LG-separator backpressure p;, as a function of the bubble parameter. A minimum bubble length is
required to have a positive backpressure p,. At long bubble lengths the backpressure p, saturates to the
Young-Laplace pressure of the first meniscus. The smaller the taper angle B, the higher the saturation backpres-
sure pp,. b) The backpressure p;, as a function of the taper angle . At small taper angles § the backpressure py,
steeply increases until it reaches its maximum. This maximum is reached, for a contact angle 6 = 52°, for a taper
angle B < 10° for all bubble lengths.

of the LG-separator b,,,. = ,,/w,. Moreover, this assumes that the aspect ratio remains
high towards the end of the LG-separator. The backpressure p;, versus the taper angle B is
shown in Fig. 4.7 b). The maximum backpressure p;, reached by a specific taper angle 3 can
be determined from the graph. The backpressure p, rises steeply for small taper angles § and
declines slowly for larger taper angles . The value of the taper angle B for the maximum
backpressure p,, at a contact angle 0 of 52° stays below a taper angle B of 10° for all bubble
lengths.

Summary of the design parameters for the liquid-gas-separator

Fig. 4.8 shows a LG-separator with its design critical lengths. The capillary width w, at
the electrode and the taper angle 3 should be chosen in order to guarantee a reproducible
fabrication and a high backpressure p;, of the LG-separator to reliably conduct the
electrolyzed gases away. From the above mentioned considerations, the smallest possible
capillary width wy should be chosen since all critical design values and the backpressure p;,
scale with the inverse of the width wy. In addition a taper angle B of 10° represents a good
choice. With this taper angle f3, the electrode should be placed according to: The distance of
the electrode to the inlet of the LG-separator /;, is about wy, see Eq. (4.8) and Fig. 4.3 b). The
minimum length of the electrode /, is about 4 wy, see Eq. (4.9) and Fig. 4.5 a). The distance
of the electrode to the outlet of the LG-separator /,, is about 20 wy, see Eq. (4.13) and Fig.
4.7. The capillary should have a minimum height %, of about 5 wy, see Eq. (4.10) and Fig.
4.5b).
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4.1.2 Model of the complete fluidic system

A sketch of a corresponding fluidic system with an embedded EO pump is shown in Fig.
4.9 a). The chip is fluidically contacted via large reservoirs (capacity 0.2 ul). Within the chip,
the EO pump is fluidically contacted by the pump inlet and pump outlet capillary and
electrically contacted via the electrodes placed inside a LG-separator.

Filling of the fluidic system and operation of the electroosmotic pump

In order to derive the boundary conditions for the modelling, the filling and the
operation of the EO pump needs to be taken into account. For the experiment, a droplet of
aqueous solution was placed in the reservoir of the pump inlet and outlet. The Pt electrodes
were connected through the contact pads, which were situated in the opening of the exhaust
capillary. By applying a voltage between the two electrodes, a current was coupled into the
solution. This started the electrolysis and the LG-separator conducted the emerging gas out
of the exhaust capillary. At the same time, the current coupled into the solution led to: a
proportionally small voltage drop over the first electrode inside the LG-separator and the
pump inlet, a proportionally larger voltage drop over the EO pump, and a proportionally small
voltage drop from the pump outlet to the second electrode, in the second LG-separator. These
voltage drops induced EO pressures and thereby induced a flow through the inlet capillary
towards the pump, as well as a flow out of the pump into the outlet capillary.

Flow determination within the fluidic system

Next to the EO induced flow the model needs to integrate the influence of evaporation
driven flow through the exhaust capillary, hydrostatic pressure induced flow, and flow
induced due to misalignment of the electrodes inside the LG-separator. The layout of the EO
pump, as shown in Fig. 4.9 a), can be transformed into an equivalent electrical circuit, as
shown in Fig. 4.9 b). The flows and pressures within the EO pump can be determined by
solving the equivalent electrical circuit diagram. The capillaries are replaced by resistors with
a specific hydraulic resistance as described in chapter 1. R, Ry, Ry, denote the hydraulic
resistance of the pump inlet and outlet, the EO pump, and the exhaust capillary, respectively.
The EO pressures are represented by voltage sources, p;, and p, for the EO pump and the EO
active part of the exhaust capillary. This yields the following equations:

pp - HeopelRplel and Px1,2 © l’leopel(Rxeo + S)Iel’ (4.14)

where R,,, represents the average hydraulic resistance of the EO active part of the

exhaust capillary and ¢ the difference in hydraulic resistance according to an alignment
mismatch of the electrodes.

Furthermore, the hydrostatic pressure p,, could have been integrated into the model as
an initially charged capacitor. Its value represents the different filling levels in the reservoir
of the pump inlet and outlet, as well as an inclination of the chip. However, the consideration
as a time independent voltage source pj,, simplifies the model and is a reasonable
approximation since the displaced liquid volumes are small compared to the volume of the
reservoir of about 0.2 pl. If, for example, both reservoirs are half filled, a displaced volume
of 10 pl results in a hydrostatic pressure change of 1 puPa, which is negligible compared to the
experienced pressures within the fluidic system.

At the transition between the exhaust capillary and the reservoir, a meniscus is formed,
due to the sudden enlargement of the cross section. The Young-Laplace pressure of this
meniscus prevents a filling of the exhaust reservoir through the capillary. The pressure drop
over the meniscus is modelled by an additional voltage source p,,. Without any voltage
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Fig. 4.9 a) Schematic sketch of fluidic system including the EO pump with LG-separator. b) Equivalent electrical
circuit for the determination of flow and pressures within the fluidic system.

applied, water already evaporates from the meniscus, inducing an evaporation driven flow v.
This evaporation driven flow defines the value of the voltage source p,, =v (R, + R,) at
1,;= 0. Once the pump is actuated, the shape of the meniscus adjusts according to the applied
pressure at the exhaust capillary outlet, which slightly changes the evaporation area, and thus
the evaporation induced flow v.

Integrating all these effects leads to a definition of the Kirchhoff equations for the
independent pressure at the pump inlet p; and pump outlet p,, as:

pi_pxl_pm+pi+phy+pi_po+pp

R R R0
* ¢ * (4.15)
P, TP~ D pP,~P P, P;—PpP
o ¥x2 m Zo hy+ o 7i Tp_
R R R

X c X
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Solving this system of equations for p; and p,, leads to the flow Q,,, into the outlet
capillary and the flow Q,, into the inlet capillary as:
R R
vE Dy x +
"R[R R _+R (R +2R)]
ct ' pTx c\p X

Qout, in
(4.16)
/ Rp(Rx_Rx, incl) _ €
eiMeoPell R R +R (R +2R) R +R

pox eV x c

Measuring Q,,,, and Q;,, and plotting it versus /,;, reveals the contributions from the
evaporation induced flow v, the hydrostatic pressure induced flow py,, and the flow induced
by the misalignment of the electrodes €. At /,; = 0 the evaporation induced flow v can be seen
as the average offset of 0, and O;,;:

Qout+ Qin

; -V 4.17)

1,,=0

el

The hydrostatic pressure difference py,, can be determined from the difference between
Qout and Qin:
Qout -0 in
2

(4.18)

=0 RIRRFRAR,*2R )]

The misalignment of the electrodes is expressed in the derivative of the average of O,
and Q;,, with respect to the current /,;:
d (Qout+ Qin) _ EHopPer
di, 2 R.+R,

(4.19)

Dimensioning of the capillaries

The requirements on the design of the fluidic system were: A robust implementation
regarding the manufacturing process and the actuation, and flows in the range of 10 p1~s'1,
which amounts to an average velocity of 50 um~s’1 inside the pump outlet capillary. The EO
pump should be, in the future, integrated into the SIP. This constrained the overall height of
the capillaries to 10 pm. For the pump outlet and inlet capillaries with a width of 20 um were
chosen. This led to a hydraulic resistance for a 800 um long capillary which was low
compared to the hydraulic resistance of the EO pump. The EO pump had a width of 1.5 um.
This implied a trade-off between reliability during fabrication, appropriate pump
backpressure p, and sensitivity towards clogging. The minimum length of the pump is
determined by the rounding of the corners during lithography and thermal oxidation. The
minimum pump length was set to 30 um, for a well-defined hydraulic resistance of the pump.
In order to increase the flow, two of those pumps were connected in parallel, which halved
the hydraulic and electrical resistance. The exhaust capillary’s width was designed to 20 um
and a length of 800 pm to reach the reservoir. This exhaust capillary was placed at the outlet
of the LG-separator. The design of the LG-separator was more complex. In order to have the
highest backpressure p;, capacity of the LG-separator, an inlet width of 1.5 pm was chosen.
The taper angle 3 was defined to reach a high backpressure p; while maintaining at the same
time the ability to reliably be defined during fabrication. During mask fabrication a tapered
line was represented by a pixelated step-like profile with a minimum step size of 250 nm.
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These steps needed to be reliably smoothened out during lithography, deep reactive ion
etching (DRIE) and thermal oxidation. A safe choice seemed to be a taper angle of B =11°,
resulting in 39 steps over a length of 50 um. In order to increase the reliability of
LG-separator and to reduce the influence of the corner rounding, a 5 pm long capillary was
placed between the entrance of the LG-separator and the EO pump. Finally, the electrode was
placed at a distance of 10 um from the inlet of the LG-separator. This provided enough
margin for a possible electrode misalignment. All this resulted in a complete footprint of
100 um x 15 um (length x width) of the EO pump.

4.2 Fabrication

Based on the design considerations outlined above, an EO pump with a LG-separator
was fabricated. In here, extra attention was taken in order to have a design which is tolerant
towards fabrication and modelling uncertainties. In order to identify and verify the optimal
design for an EO pump for dispensing and sucking liquids into the SIP, the fabrication
process was simplified, compared to the one presented in chapter 2.

4.2.1 Process flow

For the microfluidic system, capillaries with a constant height and variable width, and
fluidic connections were required, as well as electrodes inside the capillaries for EO, on-chip
pumping. The process flow was based on photolithography, Si etching, thermal oxidation,
lift-off metallization and anodic bonding for a two wafer process. A simplified process flow
is shown in Fig. 4.10. a) The first wafer was a double-side polished, 525 pum thick silicon (Si)
wafer. b) The capillaries were outlined by DRIE into the frontside of the wafer. The
trench-width varied from 2 um up to 20 pm with a depth of 10 um for the 20 pm wide
capillary. ¢) These capillaries were subsequently narrowed by thermally growing 1.5 pm of
Si0,, which reduced the initial width by 1.65 um (55% of the SiO, grows out of the Si surface
[75]). d) As it turned out, a SiO, thickness of 1.5 pm was too thick for a reliable anodic bond,
because of an insufficiently strong electrical field between the two wafers. Consequently, the
Si0, surface was highly anisotropically thinned by reactive ion etching (RIE) to a final
thickness of 100 nm, as suggested by Lee et al. [76] and Plaza et al. [77]. Advantageous was
also that more ions were implanted into the SiO,, which further enhanced the bond-strength.
¢) The fluidic connection to the chip was established by Si-wet-etching the reservoirs. These
reservoirs were shaped as cavities through the wafer to also fluidically connect the backside
to the frontside. The etching was performed from the backside through the wafer and stopped
at the front side at the thin SiO, membrane. The Si-wet-etching was first performed in
potassium hydroxide (KOH) for a high etchrate and f) then finished in tetramethylammonium
hydroxide (TMAH) for a gentle stop at the SiO,. This reduced the risk of etching the SiO,
frontside, in case a membrane broke. g) Finally, the complete SiO, was removed from the
backside by RIE to ensure a good electrical contact and to open the membranes for the fluidic
connection. h) The second wafer was a standard boron type glass wafer for anodic bonding.
i) The metallization of 15 nm tantalum (Ta) and 150 nm Pt was deposited in a lift-off process.
j) Both wafers were RCA! cleaned right before the anodic bonding process. The wafers were
aligned in such a way that the capillaries ended in the fluidic connection. The wafers were
anodically bonded at 400° C and an applied voltage of 1000 V for 1.5 h.

1. NH4OH:H,0,:H,0O=1:1:5@70°Cforlh
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Fig. 4.10 Process flow for the integration of Pt electrodes into the microfluidic capillaries. a) double sided pol-
ished 525 um wafer. b) Outlining the capillaries as DRIE trenches. ¢) Thermal oxidation in order to narrow
down the width of the capillaries. d) RIE to thin down the thermal oxide layer on the front surface for reliable
bonding. e) KOH etching the reservoirs as cavities from the backside of the wafer, stopping inside the Si. f) final
etching of the cavities in TMAH for soft landing in SiO, membrane. g) RIE from the backside to remove the
Si0O, for good electrical contact during anodic bonding and to remove the SiO, membrane inside the cavities for
fluidic connection. h) Boron type glass wafer for anodic bonding. i) Lift-off metallization of 15 nm Ta and addi-
tional 150 nm Pt. j) Anodic bonding of the two wafers to close the capillaries

4.2.2 Fabrication results and discussion

The capillary’s dimensions were measured for accurately modelling the device. The
first measurement determined the height of the capillaries. The well-known phenomena of an
aspect ratio dependent etching for DRIE was investigated, the wider the opening, the faster
the etch process [75]. It was necessary to extract the precise height of the capillaries with
different widths from a test run. Fig. 4.11 a) shows a cross section of DRIE trenches with a
width from 1 pm to 20 pm. 50 pm deep trenches were etched, where the etch depth was
adjusted for the widest capillary. Fig. 4.11 b) shows the normalized etch depth with regard to
the 20 um wide capillary. This can be used to determine the different capillary heights of the
fluidic system and, hence, their hydraulic resistance. Fig. 4.12 a) shows two important results:
the width of the EO pump and the rounding of the corners. The width of the EO pump can be
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Fig. 4.11 a) Scanning electron microscope (SEM) image showing that the depth of the DRIE trenches depended
on the width of the capillaries. b) The normalized depth with respect to a 20 pm wide capillary, extracted from a).
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Fig. 4.12 SEM images of: a) Top view of a DRIE and thermally oxidized pump inlet with the exhaust capillary on
the top and part of the EO pump at the bottom. The corners were rounded with a radius of 2.2 um. The width of
the EO pump was determined to 1.5 um. b) and c¢) Shows a cross section of pumping capillary. b) The sidewall of
the capillary deviated of about 1° from verticality. The thermal oxide thickness can be determined to 1.4 um. c)
The imperfection of the bonding on the top corner resulted in enhanced cornerflow but has no major conse-
quences during the actuation of the pump. d) The stepping of the tapered sidewall of 5° resulted in a local varia-
tion of the taper angle 3 + 0.6° after etching and thermal oxidation.

determined to be 1.5 pm. The intended width of 0.5 um could not be reached probably, due
to widening during the DRIE. In future, this needs to be narrowed down in order to generate
higher EO pump backpressures. The corners were initially rounded with a radius of 2 pm in
the mask design to avoid stress concentrations and ensure repeatability in fabrication. The
corner radius increased only up to 2.2 um during fabrication. The cross section of the
capillary was investigated by cutting it open, as shown in Fig. 4.12 b). For a 20 um deep and
4 um wide capillary, an inclination angle of the sidewall of 89° was measured, justifying the
assumption of a rectangular capillary cross section. In addition, the 1.4 pm thick SiO,
capillary sidewall can be seen, indicated by the higher greyscale. Finally, the top corner of the
capillary rounded off during DRIE, thermal oxidation and RIE. The radius for this edge was
measured to be 0.6 um. After bonding, this recess resulted in a shallow 0.3 pm wide and
0.2 pm high additional capillary, see Fig. 4.12 c). This shallow part of the capillary did not
make a contribution to the hydraulic resistance but increased the cornerflow. A closer look
was taken at the pixelation of the tapered sidewall to determine the minimum taper with
acceptably rounded off steps. The problem with the pixelation of diagonal lines in the mask
design is addressed in Fig. 4.12 d). For a low taper angle 3 of 5°, only a slight deviation from
the diagonal line of 20 nm per 1 pm long step was detected. This resulted in a local variation
of the taper angle 3 of = 0.6°.

A result of the Pt lift-off process is shown in Fig. 4.13 a). A triangle with an opening
angle of 25° resulted in a curved edge with a radius of 500 nm. This was a sufficiently small
feature size, since the minimum Pt features in this design were 10 um. However, the 185 nm
thick Ta/Pt line had a strong influence on the bonding quality, as shown in Fig. 4.13 b). It
resulted in a non bonded area along the Pt line with a distance up to 25 pm away from the Pt
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Fig. 4.13 a) SEM image of a Pt lift-off fabricated tip with a opening angle of 25°. The tip rounded of with a radius
of 500 nm, which defines a sufficient small feature size for the fabrication. b) Optical microscope image of a non
bonded area underneath the Pt electrode. This imperfection imposed a major reliability issue during actuation
since hydrolysis can occur in this small gap and the emerging gases may leak into the pumping capillaries.

edge. This non bonded area decreased the closer it reached the capillary. Two effects can
explain this void in the bond: the steric hindrance of the Pt line and the gas enclosure during
the bonding step underneath the electrode. These gases, emerging during the bonding, were
partially removed via the capillaries, which were connected to the outside. Applying a
vacuum, in the range of 10 mbar, to support the extraction of this gas, did not increase the
bonding quality. In this case, a plasma occurred between the electrodes and this plasma
current limited the applied voltage of the bonding setup to less than 1000 V. These gaps
imposed a major drawback, not because of a liquid connection, since their hydraulic
resistance was comparably high, but because hydrolysis occurred at higher currents in these
gaps. These emerging electrolyzed gases escaped into the pumping capillary.

4.3 Experiments, results and discussion

In the first part of this section, the LG-separator for reliably venting the electrolyzed
gases was investigated with respect to its backpressure p,, tolerance and its gas-flow driving
capability. In the second part, the EO pump was analyzed regarding to its linearity of the
pump rate versus the electrical current, and the validity of the fluidic systems model. For each
experiment, the chips were cleaned in an oxygen plasma for 20 min. to remove any organic
residues and to activate the SiO, surface. For the experiments the capillaries were filled with
deionized water! having a specific resistivity of 12 MQ-cm. As flow marker a low
concentration of 0.1 mmol‘l"! fluorescein? solution was employed.

4.3.1 Liquid-gas-separator

The first experiment verified Eq. (4.11), which states that the Young-Laplace pressure
depends on the taper angle . The experiment compared two taper angles 1, B, by passively
entrapping a gas bubble in a 10 um deep capillary with a maximum width at the meniscus of
5 um. An optical image of the capillary layout is shown in Fig. 4.13 a). The capillaries were
filled by water flowing in from the bottom and the air being pushed out of the system through
the top. The flow split at the split-point into two independent flows. In the following section
of the capillary, it was important that the meniscus progressed with the same speed, until it
reached the entrapment-point. From that moment onwards, the gas bubble was entrapped in

1. Elga, Purelab UHQ
2. Fluka, Fluorescein sodium
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Fig. 4.13 Optical microscope image of: a) an entrapped air bubble in tapered capillary and b) of the static contact
angle 0 inside the capillary. c) Ratio between the radii of two opposing mensici in a capillary with two different
taper angles 3; and B3,.

the middle capillary and compressed by the Young-Laplace pressure. After a certain time the
bubble stayed at its equilibrium position, hence, the pressure inside the gas bubble was
constant and must have matched the Young-Laplace pressure of the two entrapping menisci.

For a set of paired taper angles 3, B, two different meniscus positions were
investigated by entrapping two different volumes of air. For the analysis, the capillaries were
filled and the images were taken immediately afterwards, in order to avoid the dissolution of
air in water. The contact angle 6 of water on SiO, inside the capillary was measured to be
0 =45°, as shown in Fig. 4.13 b). The Young-Laplace pressures at the meniscus was
determined by measuring radius of the meniscus in horizontal cross section of the capillary
center. According to Eq. (4.11), the Young-Laplace pressure was equal for both menisci in
case their radius was equal. For the investigated taper angles  a good matching of the
Young-Laplace pressure of the two menisci can be concluded, as shown Fig. 4.13 ¢). The
ratio between the measured radii was 0.999, which was close to one representing a perfect
matching. The standard deviation of this experiment was 0.026.

In order to calculate the maximum backpressure p;, of the LG-separator (f =11°,
wo=2.7 pm and electrode placement of /;, = 12 pm from the inlet), the capillary
Young-Laplace pressure p; of the first meniscus needed to be calculated. According to
Eq. (4.11), the capillary pressure of the first meniscus was calculated to be p; = 16.1 kPa. The
Young-Laplace pressure p, of the second meniscus in the exhaust capillary needed to be
assessed differently, since the exhaust capillary had a cross section with an aspect ratio of
only 1. According to White [78], the capillary pressure of a rectangular cross section can be
estimated by substituting the radius of the meniscus by the hydraulic radius r, = 4/s/cos6,
where A4 is the cross sectional area and s the wetted circumference. This leads to a
Young-Laplace pressure p, of the second meniscus to p, = 15.5 kPa. Based on Eq. (4.13) the
backpressure p, of the LG-separator can be calculated to p;, = 0.6 kPa with 6 =45°, B =11°
and wy = 2.5 pm. This defined its tolerance towards pressure changes which can be caused
by contact angle 6 changes due to contamination or cross section changes.

Finally, the gas flow driving capability of the LG-separator when integrated into the EO
pump was investigated at a driving current of 20 nA and with using deionized water. Fig. 4.14
shows three images, taken with a time difference of 7 s, of the emerging gas bubbles in the
exhaust capillary. Based on that, the flow of hydrolyzed gas was evaluated to be 2 pl-s'1
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Fig. 4.14 Optical microscope image of an active LG-separator with a driving current of 20 nA. The time differ-
ence between the images was 7 s. The hydrogen evolution is estimated to generate a flow of 2 pl‘s’l.

4.3.2 Electroosmotic flow determination

Experimental setup

For determining the EO flow, deionized (DI) water was chosen as the liquid to be
propelled. Using deionized water resulted in a large Debye layer thickness Ap on the SiO,
surface, due to the low concentration of ions; see also chapter 1 for more information. This
led to a high EO mobility p,, and, hence, to an enhanced flow. A drawback of the current
design was that water evaporated out of the pumping capillaries’ reservoirs during the
experiment and, therefore, keeping a constant concentration of ions in the solution was
impossible. The evaporation would have also concentrated any contaminations in the
reservoir and, by diffusion, in the capillaries. In order to perform several measurements with
the EO pump, the least contaminating solution, deionized water, was chosen. To trace the
pumping action inside the capillary, a plug of fluorescein solution was chosen. In these
geometric dimensions and time frames, the fluorescein-DI-water interface formed a clear
meniscus, which was only slightly influenced by diffusion. The pump was actuated in a way
that the fluorescein solution never reached the EO pump in order to avoid any contamination
in the EO active part.

For the experimental setup, the chip with the pump was placed on an inverted
florescence microscopel, where the propagation of the fluorescein solution was monitored in
a400 pm long section of the pump outlet capillary. The low concentration of fluorescein and
the resulting low fluorescent emission allowed a maximum frame rate of 14 frames per
second. Special attention was paid to the brightness and contrast settings. The greyscale
inside the capillary was chosen at a linear scaling from 0.15 up to 0.55 where 0.15 represented
deionized water and 0.55, the fluorescein solution of 0.1 mmol-1"!.

For the measurement, the electrodes were contacted via the contact pads inside the
reservoirs of the exhaust capillary. Then, a droplet of deionized water was dispensed into the
reservoir of the pump inlet and finally, a droplet of fluorescein solution was filled into the
reservoir of the pump outlet. A sequence of images was taken, as shown in Fig. 4.15, and
analyzed according to the greyscale distribution in the center of the capillary. A reference
point, which was not affected by diffusion, needed to be found in order to follow the initial
transition point between deionized water and fluorescein solution. Hence, it was assumed that
the greyscale average between 0.55 and 0.15 represented half of the fluorescein
concentration. In addition, the diffusion of fluorescein into deionized water and the diffusion
of deionized water into the fluorescein solution was assumed to be more or less the same at

1. Zeiss, Axiovert S40 with a mounted camera AxioCam Mrm and a metal halide lamp HXP 120
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Fig. 4.15 a) Fluorescent microscope image of the flow of fluorescein solution into the fluidic system replacing
deionized water. Images taken with a time difference of 200 ms in a 400 um long capillary. b) Greyscale distribu-
tion in the center of the capillary deduced out of a).

the low concentration used. Hence, a greyscale of 0.35 was not affected by diffusion, and its
progression in the center of the capillary was considered as the location of the original
interface and traced. Fig. 4.15 shows a series of 5 consecutive greyscale distributions along
the capillary’s center. From this, the velocity v, of the transition point was obtained, which
was then further transformed into the flow Q. According to Eq. (1.2) with p,, = OR),,,,y =0
and z = h/2, the center velocity v, for a Poiseuille flow in a rectangular capillary can be
described as:

[e 0]
v =0 > 1 sin(”—") L (420)
P Bw—0.631% n w 2
. n. odd cosh(mrz—h)

Solving the sum numerically for the exhaust capillary cross section with w = 24 yields
the flow O depending on the center velocity v, as:
hZV[p
0.9974"

0= (4.21)
Flow measurement and model verification

This subsection determines and compares the four flow contributions with the model:
evaporation induced flow v, hydrostatic pressure py,, induced flow, EO flow induced by the
misalignment of the electrodes ¢, and the intended EO flow. For the model validation, the
solution’s specific resistivity p,; and the EO mobility p,, needed to be experimentally
defined. The solution’s resistance was determined from Fig. 4.16 a) showing the current
versus the potential applied between the bondpads of the electrodes. The nonlinearity in this
graph was caused by the current-coupling of the electrode from the Pt into the solution. The
consequence for the EO pump was, that for small currents, most of the potential drop occurred
within the current-coupling of the electrode and not over the EO pump. With higher currents,
the electrical resistance of the EO pump became more dominant and, hence, most of the
applied voltage dropped over the EO pump. This can also be seen, by the curve converging
towards a linear, ohmic behavior. To estimate the electrical resistance of the solution, the
slope at a high potential, at 4.7 V, was determined. The electrical resistance of the solution
was determined to be R, =230 MQ. With the geometry, the specific resistance of the




4.3 Experiments, results and discussion 49

a) -1

OinsQour [PI's™]

]el [l’lA] m out
10 - 400 Qoul =
I pl's''nA™! 5.0 1, pl's'nA"}
8t SaplsTt yp 9.1 pls’!
6 20 F
4 10
2f .’ ‘
1 ]OA

0 : : 0¥ o1 [NA]

Fig. 4.16 a) Voltage current curve of the EO pump. At low voltages the system is mainly determined by the cur-
rent-coupling of the electrode. The higher the applied voltage the higher the voltage drop over the fluidic system.
The curve approaches the ohmic behavior of the solution inside the fluidic system. b) Current dependency of the
flow into the EO pump Q;, and the flow out of the EO pump Q,,,,. At zero EO current the median of the two
flows was induced by evaporation through the exhaust capillaries. The difference between the two flows was
induced by a hydrostatic pressure between the two reservoirs connected to the in and outlet of the EO pump. The
different slopes of the flows were introduced by misalignment of the electrodes within the LG-separator.

solution was calculated to be p,;= 100 Qm. This was contradicting to the initial specific
resistance of the deionized water, but could be explained by minute liquid volume inside the
fluidic system. The specific resistance in this small amount of liquid is highly influenced by
the concentration of hydroxide (OH'I) and hydronium (H3O+) ions electrochemically
generated at the electrodes and the presence of a small amount of contamination as a
remaining from the fabrication process. In order to understand this decreased specific
resistance of the solution, the kind and concentration of contaminating ions was estimated.
The source of the contamination was speculated to be the residues of etching during
fabrication and dissolved ions from the doped anodic bonding glass. Furthermore, the
contamination is expected to be more of a saline character than an organic one, since the chips
were cleaned in an oxygen plasma right before usage. Another observation supports this
assumption that no local variations of the contact angle 6 inside the capillary were detected
which are a good indicator of organic contaminations. To assess the ionic concentration ¢ of
the contaminants, Kohlrausch’s law and Ostwald’s law of dilution was used. A solution’s
specific resistance of 100 Qm can be reached with an ionic concentration c in the range of
1 mmol1'!, based on an estimated average limiting molar ionic conductivity in the range of
0.1 x 10* S-em™mol™! (hydroxide ion, hydronium ion, alkali metals, values for the average
taken from Coury [79]).

Knowing the ionic concentration c of the solution allowed to estimate the EO mobility
Reo- The ionic concentration c led to a Debye layer thickness Ap in the range of 10 nm on a
charged SiO, surface. The surface charge ., at neutral pH values was determined by Zhou
et al. [80] to 5, =0.026 C'm>. Finally, this can be used to estimate the EO mobility to
Rep =3 % 107 m? V15"l Moreover, the here derived values of the Debye layer thickness Ap
and the EO mobility p,, were in good correspondence with those given by Wang et al. [81].

The experimental result for the flow Q,,; out of the pump and the flow Q,, into of the
EO pump are shown in Fig. 4.16 b) and summarized in Table 4.1. The evaporation induced
flow v, was determined to be v ="7.2 pl~s'1, according to Eq. (4.17). The modelled value for
evaporation induced flow was in the range of 7.4 pl~s'1. This value is based on the model
developed in chapter 3, with an evaporation area of 2 times 9 um x 20 pm at a temperature
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0f 20° C and a relative lab humidity of 33 %. The hydrostatic pressure py,, induced flow was
determined to be 3.7 pl's'1 , according to Eq. (4.18). The hydrostatic pressure p,, was related
to a height difference of the meniscus in the pump inlet reservoir with respect to the meniscus
in the pump outlet reservoir. From Eq. (4.18) a hydrostatic pressure difference of pj,, = 1.7 Pa
was calculated. This corresponds to a height difference of the meniscus in the inlet reservoir
of 0.17 mm, lower than in the outlet reservoir. The misalignment of the electrodes was
optically determined to be 2 um into the exhaust capillary of the pump inlet. The induced EO
flow difference between Q,,, and Q;, was determined to be 0.4 pl's”'nA"!, according to
Eq. (4.19). Using the model and including the values for the specific resistance, the EO
mobility p,, and a 2 pm electrode misalignment led to an EO flow of 0.5 p1~s'1'nA'1. Finally,
the general EO induced flow was determined to be Q,,, = 4.6 pl's"'-nA"! and
Ooureo =50 pl's"-nA"!, which is in good agreement with the modelled values of
Oineo =46 pl's'nA  and Q,,,, = 5.1 pl'sTnAL,

Tabel 4.1: Flows within the fluidic system

Measured Modelled
Evaporation induced flow v 72 pl's'l 74 pl's‘l
Hydrostatic pressure py,, induced flow 3.7pls’! pry=1.7Pa
Electrode misalignment & induced flow 0.4 pl's'nA™! 0.5 pl's'nA™! Misalignment 2 pm
Flow into EO pump Qjc, 4.6pl'snA”! 4.6pl'snA’l
Flow out of EO pump Q10 5.0 pl'stnA"! 5.1 pl'sTnA’!

4.4 Summary and conclusions

To summarize, a successful analytically modelling and realization of an EO pump was
shown. The novel approach of implementing a LG-separator, based on a tapered capillary,
allowed the current-coupling from the Pt electrode into solution without mixing the emerging
electrolyzed gases with the pumping liquid. Likewise, an easy fabrication technique based on
a standard MEMS process and anodic bonding can be employed. All this resulted in an EO
pump with a very small footprint of 100 um % 15 pm (length x width) and an actuation with
a low voltage of 2 Vto 5 V.

The LG-separator had a maximum backpressure of 0.6 kPa and was able to reliably
conduct away gas flows in the range of 2 pl-s'l generated by a current of 20 nA. The EO pump
was modelled and measured. For deionized water, a flow out of the EO pump of
Oput =50 pl-s’l-nA'l was achieved. At an applied voltage of 5 V, a current of 10 nA was
measured which amounts to a flow of 50 pl-s'l. The developed model for the fluidic system
also integrated effects like hydrostatic pressure and evaporation, as well as fabrication
imperfections like misalignment of the electrodes.

For a more detailed understanding of the electrode behavior a wider range of applied
potentials is necessary. This would also allow a better prediction of the solutions specific
conductivity and, hence, the EO mobility. In order to increase the backpressure of the EO
pump an optimization can be achieved by connecting these pumps in series to obtain a
multistage EO pump, as suggested by Takamura et al. [70]. Special attention needs to be
taken in the design of the exhaust capillaries, since they will have to compensate for the
increasing pressure between the stages. Moreover, a promising direction for further
investigation would be the usage of the Pt electrodes for the electrochemical characterization
of the pumping solution.
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4.5 Outlook

Two different aspects are addressed in this section: First, the integration of the EO pump
into the SIP and its dimensioning, for dispensing and sucking in liquids. Second, a first
experiment of electrodeposition inside closed microfluidic capillaries with the help of the
LG-separator is described.

4.5.1 Model of an electroosmotic pump integrated into the scanning ion pipette

This section briefly describes a design strategy to optimize the flow out of the EO pump
with a fixed hydraulic load at its outlet. In case of the SIP, this hydraulic load is defined by
the outlet hole in the tip. The flow out of the EO pump will be named dispensing flow in the
following. The pump setup is comparable to the one sketched in Fig. 4.9 a), except that the
electrodes are no longer electrically contacted via the reservoir of the exhaust capillary. Both,
the exhaust capillaries and the pump inlet and outlet are completely filled with water in order
to avoid suction by evaporation in case of a non actuated EO pump. The integration of the EO
pump into the SIP requires a maximum overall height of the capillaries of 5 um, in order to
have a reasonable low cantilever stiffness, suitable for scanning force microscope imaging.
From a fabrication point of view, the dimensioning of the capillaries for the fluidic system
with an embedded EO pump can be chosen as follows: The capillaries for the pump inlet and
pump outlet can be designed with a width of 20 pm. This leads to negligible hydraulic
resistance even for capillary lengths of up to 1 mm. The width of the EO pump can be
fabricated reliably down to 0.5 pm. The length is chosen to be 7.5 um. In order to increase
the hydraulic resistance of the exhaust capillaries, their width is chosen to be 4 um, which
should still provide enough margin for the LG-separator to reliably conduct the electrolyzed
gases away. The length of the exhaust capillaries was chosen to be 2 mm for a high hydraulic
resistance. The LG-separator should have a taper angle § of 5° with an inlet opening of 1 um
for a a sufficiently high backpressure. In order to reduce the EO active part of the exhaust
capillary, the electrodes should be placed at a distance of 5 um away from the inlet into the
LG-separator. To compensate for corner rounding, a 1 um wide and 3 pum long capillary
connects the LG-separator to the EO pump inlet. For the hydraulic load, the radius of the hole
in the tip is expected to be in the range of 100 nm, which is a compromise between reasonable
dispensing flow and localization.

The flows and pressures are modelled in a similar approach as described earlier. Instead
of the applied current, /,, the applied voltage, U, is used, to express that the actuation of the
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Fig. 4.17 a) Maximum EO pump backpressure per applied voltage depending on the EO pump length. b) Dis-
pensing flow through a hole in the tip per applied voltage depending on the tip hole radius. (p,; =100 Q'm,
by =3 x 107 m>vlsT
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EO pump can be performed at low voltages. Moreover, for these capillary dimensions, an EO
pump length of already 1 um leads to an electrical resistance of 300 MQ, which is already
close to the linear ohmic behavior of the EO pump, as shown in Fig. 4.16 a). For the
modelling an EO mobility p ;=3 x 107 m?V-'s"! and the solutions specific resistance
pe; =100 Q-m was assumed. The backpressure at different pump lengths was calculated and
presented in Fig. 4.17 a). For an optimal length of 7.5 pm, an EO pump backpressure of
p=37kPaV! Uy can be reached. From Fig. 4.17 b) the dispensing flow through a 100 nm
radius hole in the tip can be determined to be Q,,, = 1.5 pl's'-V"! U,. This dispensing flow
characteristic is in good agreement with the desired flow rates presented in chapter 2.

4.5.2 Electrodeposition inside closed capillaries

The LG-separator allowed the electrodeposition of metals inside closed capillaries, for
example, the electrodeposition of silver (Ag). In that case a good process control could be
achieved, since the current can be used to control the deposition rate of Ag. The idea was to
generate a flow of electrodeposition solution over the electrode, which will be plated, towards
the counter electrode. The flow rate must be sufficiently high, in such a way that the number
of Ag ions lost due to electrodeposition is negligible, hence, the solution composition remains
constant. The flow rate over the electrodes can be generated i.e. by an evaporation driven
pump, since it is able to generate high flow rates relatively independent of the ionic
concentration. In order to generate a homogeneous field over the to be plated electrode, the
potential drop over the LG-separator needed to be comparably high. Once a sufficiently high
potential between the electrodes is applied, the current induced a Ag deposition at the Pt
deposition electrode, and water hydrolysis at the counter electrode, inside the
LG-separator.The deposition quality could be monitored in-situ, by measuring the resistance
of the Pt/Ag line and comparing it with the specific resistance of Ag.

First experiments were conducted for a solution of 0.01 moll”! silver nitrate (AgNO3y)
at a current of 100 nA, for 10 min. In Fig. 4.18, a silver layer was grown on the Pt electrode.
In addition, a successful conduction of the emerging gases away from the counter electrode
can be seen. For further improvement, complexing agents, like thiosulfate, should be added
to obtain a denser layer with higher specific conductivity [82-84].

: Fig. 4.18 Optical microscope image
1 ' ( of an electrodeposition of silver

inside closed microfluidic capillaries.
. The Pt line was used as the start elec-

g LG-separator trode for the deposition. The counter
‘ ‘ electrode was placed inside the
LG-separator. Conditions for this

[_—_) II experiment were 0.01 mol1’! AgNO;
. To be plated electrode at a current of 100 nA for 10 min.
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Chapter 5

Integration of Ag electrodes into the
scanning ion pipette

In the presented case, the crucial step of the scanning ion pipette (SIP) fabrication is the
fuse bonding and the creation of the silicon dioxide (SiO,) capillary walls during the thermal
oxidation at 1100° C. A structured standard metal electrode within the SIP will not be able to
withstand such high temperatures. Hence, the electrode needs to be deposited and structured
as a post and preferably batch-like process. Unfortunately, commonly used and established
metal deposition techniques like evaporation, sputter deposition or electroplating require
open structures. Therefore, electroless deposition of the electrode becomes an interesting
option for our case. It provides a unique and highly flexible method to deposit and structure
metal films inside closed capillaries. The idea is to fill a solution of metal ions together with
a reducing agent into the capillaries. During the electrochemical reaction, the metal layer
starts to grow on the sidewall of the capillary forming the electrode. Especially Ag represents
a good candidate for electroless deposition, since the proper process is well established, using
the so called Tollens reaction [85-88]. Moreover, Ag is highly conductive and noble, hence,
corrosion problems within the very thin deposited layer are reduced.

In literature, electroless deposition was used to fabricate three dimensional complex
metallic micro and nanostructures [89], three electrode electrochemical sensor [90],
microthermocouple [91] and microflow sensor [92]. To fabricate highly conductive Ag
interconnects and vias, Bogush et al. [93] and Shacham-Diamand et al. [94] suggest to use a
post electroless deposition process to comply with the highly contamination sensitive CMOS
and bipolar fabrication environment.

In this chapter, a fabrication process is presented to obtain thick, highly dense,
conductive, and structured Ag layers with a good adhesion to the SIP capillary sidewall. This
deposition process is divided into its three main steps. First, the adhesion of the Ag layer on
the SiO, surface of the capillary is improved by an intermediate polymeric-mercapto-silane
(MPS) layer. This solved the experienced Ag electrode instability due to high capillary forces
of a receding water meniscus. Second, the Ag layer is grown by multiple electroless
depositions. This Ag layer is analyzed according to its composition, morphology, thickness
and conductivity. Third, simultaneously to the deposition, the layer is also structured by
limiting the filling with electroless solution to certain parts of the fluidic system, by means of
microfluidic stopvalves. A sketch of the deposited and structured Ag layer is shown in Fig. 5.1.

5.1 Experimental

5.1.1 Intermediate polymeric-mercapto-silane layer

The intermediate MPS layer provides a strong adhesion between the SiO, surface and
the Ag layer. It covalently bonds, at one side, with a silane-group to the hydroxyl terminated
SiO, surface. The other side is preferably defined by either a mercapto or amino group to
which Ag has a high affinity [95-97]. The classical approach to functionalize the surface with
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Fig. 5.1 Sketch (top view) of an
electrolessly deposited Ag elec-
trode. For an improved adhesion of
the Ag layer to the SiO, surface an
intermediate MPS layer was

employed. Structuring of the Ag
Inlet Sy S, Outlet layer was performed with a micro-
Y oy r g I I fluidic stopvalve at the position S}
which controlled the filling of the
capillary with electroless Ag depo-
sition solution.
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a MPS layer is to dip the sample in a solution containing the monomeric silane, diluted in
methanol or toluene [95-102]. This process has an inherent problem: Most of the available
silanes have two or three methoxy/ethoxy functional endgroups. These endgroups tend to
form polymeric globuly, which also bond to the surface or remain inside the capillary after
drying. To complicate matters further, this polymerization is in addition catalytically
enhanced by the water layer covering the SiO, surface. The polymerization of the silane can
be reduced by heating the SiO, surface and using dry toluene [103, 104]. Nevertheless, the
removal of liquid silane solution is critical, especially in the case of the microcapillaries, and
no satisfying solution could be found. In order to avoid these problems two measures are
proposed in literature: The water layer on the SiO, was removed prior the silanization, and
gas phase silanization was used [105-107]. For the capillaries, a satisfactory surface
functionalization and a removal of the excessive gaseous silane could be achieved by:
1. Dehydrating the capillary surface and the reaction container by baking and venting it at
180° C for 20 min.
2. The MPS layer was formed by evaporating 50 ul of 3-mercaptopropyldimethoxymethyl
silane in a volume of 30 ml at 180° C for 10 min.
3. The excessive silane was removed by venting the reaction container while continuously
heating for additional 10 min.

5.1.2 Electroless Ag deposition

Ag startlayer deposition

A startlayer or seedlayer was necessary to provide a preferred point for the reduction of
Ag" ions by a catalyst, from either a different material like tin(IT) [89, 95], or already Ag itself
[108-110]. Sensitizing with tin(IT) was avoided, because it would require an additional filling
step and this would have represented an additional source of contamination inside the
microcapillary. The startlayer was formed by a two-step reduction deposition, as suggested
by Schneider et al. [108]. In their approach, a strong reducing agent, borohydride, formed
small Ag particles, which were then further enlarged. In order to control the reaction of the
startlayer deposition, sodium hyphophosphite (NaH,PO,) was chosen which had a slightly
weaker reducing strength than borohydride. Moreover, NaH,PO, is also known as a reducing
agent for electroless nickel plating [111, 112].
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The electroless deposition of the startlayer was based on the solution described in the
following section with the additional reducing agent NaH,PO, at a concentration of 1 moll"".
It was performed by filling the capillaries with the electroless deposition solution, sealing
them to avoid evaporation and keeping them in an oven at 65° C for 20 min. Afterwards, the
capillary was rinsed with deionized water and blown dry.

Multiple Ag layer deposition

The major requirement of electroless deposition of the Ag layer in a batch-like process
implies that an homogeneous and sufficiently thick layer has to be grown out of the minute
available volume of the capillary above the layer. In order to increase the layer thickness and,
hence, its conductivity, multiple deposition steps are necessary, which inherently increases
the risk of clogging. To reduce the amount of depositions steps, a high concentration of
electroless deposition solution is necessary, while the reaction must be kept controllable and
reproducible. For this purpose, the Tollens reaction, also known as the silver mirror reaction
is implied [85-88]. The composition of the electroless Ag deposition solution consisted of:

1. The Ag" ions in the form of 1 mol-l"! silver nitrate, which was transferred into silver
diamine by ammonium hydroxide 2 mol1"!. The transfer from silver nitrate into silver
diamine was necessary to avoid precipitation of silver oxide at high pH values (pH > 10).
From the solid solution diagram of the system, silver oxide / ammonium hydroxide /
water, a concentration of 2 mol'l"! ammonium hydroxide was used to dissolve all possi-
ble silver oxide [113].

2. The reducing agent was 0.1 mol-lI"! glucose. As reducing agents for the Tollens reaction,
glucose and hydrazine are commonly employed. Nevertheless, for this experimental
study, glucose is used, because it is less toxic and safer to handle. In addition, glucose
had a weaker reducing strength than NaH,PO,.

3. The reaction should preferably occur at the already existing Ag layer attached to the
sidewall and not inside the bulk solution [114]. This can be achieved by controlling the
reaction speed, which at these high concentrations could be achieved by adding 0.2 g'l']
trisodium citrate as a complexing agent [115] and 0.01 mollI"! sodium hydroxide
(NaOH) to the solution. The reaction kinetics were adjusted such that Ag" is slowly
reduced and has enough time to adhere to the surface.

4. As a wetting agent, ethanol was added to a concentration of 20% vol. This was neces-
sary, since the silanization transformed the former hydrophilic surface into a hydropho-
bic one. The use of surfactants was avoided, for this purpose, because of their interaction
with the Ag" reduction and the competing adhesion interaction with the Ag at the MPS
layer. In addition, ethanol did not poison the electroless deposition solution, since it is
also known to be employed as a reducing agent in the Tollens reaction [116].

Similarly to the Ag startlayer, the deposition was performed by filling the capillaries with

electroless solution and sealing them. The deposition took place during 20 min. at 65° C. To

finish, the capillaries were rinsed with deionized water and blown dry.

5.1.3 Configuration of the Ag electrode by microfluidic structures

The requirements on the microfluidic structure are: to limit the filling of the capillary
with electroless Ag deposition solution to the desired areas, and then, after the electrode
fabrication, to still allow a complete and void free filling of the entire system. This can be
achieved with so called microfluidic stopvalves, an example of which is shown in Fig. 5.1.
The operational principle is based on an abrupt increase in the capillary’s cross section at the




5.1 Experimental 56

point S, which enforces a flattening, followed by bulging of the liquid’s meniscus and,
hence, induces an opposing burst pressure relative to the meniscus’ Young-Laplace pressure
[117-122]. For operating fluidic device later, it is important to overcome this stopvalve after
the electroless Ag deposition and to achieve a void free filling of the remaining fluidic
system. This switching from stopping to transmitting the solution should be done without
applying any external pressure. The method chosen is to rather change the surface tension of
the solution during the initial filling. This can be achieved for instance by changing the
composition of the solution. The void free filling is explained according to Fig. 5.1, where the
solution with a lower surface tension overcomes the burstpressure at the lip in S;. Within the
microfluidic stopvalve, the flow in the center capillary is decelerated by another sudden
opening in the cross section S,, until the side branches are completely filled. A complete
filling of the side branches triggers the final filling of the complete stopvalve and the
meniscus proceeds further within the capillary.

The model of the microfluidic stopvalve needs to take the limitations of the fabrication
process into account. The capillaries and microfluidic stopvalve were outlined with only one
lithography, etching and thermal oxidation step. This limited the design to only a two
dimensional cross sectional change in the width. Previously, Man et al. [117] developed a two
dimensional model, which described a sudden opening with sharp corners at a high aspect
ratio. These, well defined, sharp corners can be achieved for capillaries in the range of
100 pm in diameter. However, rounding of the corners becomes critical for the investigated
capillary having dimensions of less than 5 pm. Here, the corner radius is comparable to the
opening width. In addition, the aspect ratio of the stop valve is not very high, hence, a three
dimensional model is required, where the meniscus of the liquid-air interface stretches out
over the complete capillary cross section. This over constrains the system and, therefore, a
definition of the Young-Laplace pressure with only one unique radius is not possible.
Therefore, two individual Young-Laplace pressures in the center of the width p,, and the
height p;, were derived which were, afterwards, assembled to the total Young-Laplace
pressure p; inside the stopvalve. The stopping and filling of the microfluidic stopvalve is
controlled by carefully balancing the hydrophobic Young-Laplace pressure p,, of the opening
in the width with the hydrophilic Young-Laplace pressure p;, of the capillary’s constant
height.

The geometry for the opening in the width was modelled, as shown in Fig. 5.2. The
capillary is filled from the left side with the solution and the meniscus at the liquid-air
interface is curved with the radius R. The radius R is defined by the capillary width at the
meniscus position, which itself can be described by the initial width w, the corner radius R,
and the opening angle . In the center of the corner radius, the opening angle k spans from
the normal of the capillary sidewall to the straight line to the meniscus contact point at the

Fig. 5.2 Sketch of the microfluidic stopvalve.
Due to the fabrication, the capillary with an
initial width wy, opens at the lip with a rounded

SiO, corner with the radius R,.. The meniscus of the
liquid-air interface is bent with the radius R.
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rounded corner. This leads to the definition of the Young-Laplace pressure p,,, of the width as

_ e _ 2cos(k +6)
Pw ™ R Ylawo+2RC(17c05K)’

(5.1)

where y;, and 0 represent the liquid-air surface tension and the contact angle,
respectively. The pressure p,, for an initial width wy =1 pm, a corner radius R. =1 um, at
different contact angles 0 is shown as a function of the opening angle k in Fig. 5.3 a). The
transition from hydrophilic filling to hydrophobic stopping can be determined by a change in
sign of p,, at y=m/2 - 6. For the microfluidic stopvalve, it can be seen, that the higher the
contact angle 6, the more hydrophobic the pressure p,, and the earlier the transition to
hydrophobic behavior with respect to the opening angle k. The influence of the corner
rounding is shown in Fig. 5.3 b) in a parametric form by r,, = 2 R../ wy. In case of a negligible
corner radius R, and an opening angle k of 180°, the hydrophobic pressure p,, equals the
Young-Laplace pressure of a spherical droplet, with a diameter equal to the width of the
capillary. With increasing corner radius R, the maximum hydrophobic pressure decreases,
since the actual width at the maximum hydrophobic pressure is larger than the initial width
wy. Furthermore, the lower the contact angle 0, the more influential becomes the corner
rounding, because the maximum hydrophobic pressure is reached at a higher opening
angles K.

The second, hydrophilic Young-Laplace pressure p;, of the constant capillary height 4
can be calculated to

2cosO
Py = Vg (5.2)
In order to get a good approximation of the total Young-Laplace pressure p, at the
microfluidic stopvalve, both the hydrophobic pressure p,, and the hydrophilic pressure p, is
weighted by its fraction of the wetted perimeter. The total Young-Laplace pressure p, yields
in

Via
Pe™ h+ wo+ 2R (1 - Cosx){hpw_[wo +2R (1 -cosx)]p,} . (5.3)
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Fig. 5.3 a) Young-Laplace pressure p,, induced by the width of the microfluidic stopvalve as a function of the
opening angle « at an initial width w, of 1 um and a constant rounding of the opening R. of 1 pm. b) Maximum
Young-Laplace pressure induced by the width as a function of the ratio r,, between initial width w and the corner
rounding R,.
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0.5 (Pi/ Via [hm_] Fig. 5.4 Combined Young-Laplace pressure p, as

a function of the opening angle x at an initial
width wgy of 1 um, a rounded corner R, of 1 um
and a capillary height 4 = 3pm. The microfluidic
stopvalve is able to block solutions once p,
becomes positive. Hence, the stopvalve is
designed such that the maximum opening angle
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The sign of p, is defined as such that a negative pressure p, results in a continuous
capillary filling. The capillary filling is stopped as soon as the pressure p; becomes positive.
In this model, the influence of the corners between the capillary top / bottom and sidewall on
the meniscus shape is neglected. The switching behavior of the microfluidic stopvalve can be
seen in Fig. 5.4 showing the total Young-Laplace pressure p, for a capillary height # =3 pm,
an initial width wy=1 pm and R, =1 pm as a function of the opening angle k. For contact
angles 6 below 45° the liquid is not stopped for opening angles k up to 180° by the
microfluidic stopvalve and the capillary is continuously filled. Whereas for contact angles 6
larger than 45° the total Young-Laplace pressure p; becomes positive, hence, the liquid is
stopped, for sufficiently high opening angle k.

5.2 Process characterization, results and discussion

The electroless Ag deposition process described in this chapter is intended for the
microfabricated SIP. Nevertheless, the process was initially studied on commercial
u-capillaries] and larger microfabricated capillaries in order to study the influence of the
solution’s composition. These p-capillaries were available in larger quantities and they were
also easier to access for the electrical and topographical measurements. Prior to the deposition
of the MPS layer, both capillaries, the SIP and the p-capillary, were cleaned in an oxygen
plasma for 20 min. in order to remove any organic residues deposited during storage, and to
activate the SiO, surface. All solutions were prepared from analytical grade chemicals® and
diluted in deionized water® with a specific resistance of 18 MQ-cm.

5.2.1 Intermediate polymeric-mercapto-silane layer

A successful homogeneous silanization can be concluded from two observations:
During the filling experiments, no considerable changes in contact angle 6 were detected
throughout the capillary. Moreover, a stable Ag layer throughout the MPS coated capillary
was achieved. For the actuation of the microfluidic stopvalve, the solution’s contact angle 6
on the MPS coated capillary surface was investigated. In detail, a MPS coated SiO, capillary,
20 pm wide and 50 pm deep, was filled with a varying binary solution of water and ethanol.
The capillary was designed in such a way that the solution entrapped an air bubble at a dead
end. The contact angle 6 was determined by measuring the radius of the meniscus of the air
bubble. Fig. 5.5 a) shows the contact angle 0 as a function of the volumetric ethanol content,

1. Hirschmann, p-capillary, 10 pl and 25 pl
2. Sigma Aldrich, The Netherlands
3. Purelab UHQ
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a) b) Fig. 5.5 a) Contact angle 6 as a function of

90 _Contact angle [°] the ethanol volume content in the binary
solution of water and ethanol. b) Optical
80 | . Water/ microscope image of the contact angle 6
ethanol air was determined by measuring the radius of
solution the meniscus between the water ethanol
. solution at an entrapped air bubble in the
60 & . capillary. The employed ethanol content
was 50% vol.

70 ¢

50 1 : . Ethanol
: . content [% vol]
40 L L L L L
0 20 40 60 80 100

deduced from microscope images like the one shown in Fig. 5.5 b). It can be seen, that the
higher the ethanol content, the lower the contact angle 6. At ethanol contents lower than
20% vol., the detection of the meniscus radius became more unreliable since the curvature
became less distinctive. From this measurement, it was concluded that the capillary can be
reliably filled with an ethanol content of 20% vol. and, hence, this concentration was used in
the electroless Ag deposition.

5.2.2 Electroless Ag deposition

Composition of the startlayer

The need of a startlayer inside microfabricated SIP capillary with a cross section of
3 um x 3 um is motivated in Fig. 5.6. When starting directly with the proper electroless Ag
deposition solution, the Ag layer deposited as a grainy reflective layer from the macroscopic
inlet into the microscopic capillary. In most cases, the thickness of the Ag deposition
gradually diminished to zero within 100 um to 200 pm from the inlet into the capillary. The
purity of the deposited Ag startlayer inside the SIP capillary was concluded by cutting it open
with a focussed ion beam (FIB) and subsequently performing an energy dispersive X-ray
(EDX) spectroscopy. The EDX spectroscopy result is shown in Fig. 5.7 a) and it clearly
indicated a deposition of pure Ag on a SiO, substrate, where the traces of gallium (Ga) were
remaining from the FIB cutting.

The usage of NaH,PO, was limited to the startlayer deposition since the density of the
deposited layer was less than the Ag layer deposited in the subsequent electroless depositions.
The better demonstrate the influence of NaH,PO, on the deposited Ag layer density an
electroless Ag deposition was performed with 1 mol1-! NaH,PO, as the only reducing agent

Sketched cross section:
Inlet Fig. 5.6 Sketch and optical micro-
scope image of an electroless Ag
deposition without a startlayer. The
Ag layer thickness diminished within
100 pm - 200 pm from the macro-
scopic inlet into the microscopic cap-
illary (3 pm x 3 um). This could be
avoided by using a startlayer before
the proper electroless Ag deposition.

Ag

Capillary

Top view:
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Fig. 5.7 a) EDX spectrum of an Ag startlayer deposited into a SiO, capillary (3 pm % 3 pm). The spectroscopy
result revealed a pure Ag layer on a SiO, substrate. The inset shows an SEM image where the EDX spectrum was
performed. b) SEM image showing the influence of NaH,PO, on the electroless deposited Ag layer. Using only
NaH,PO, as a reducing agent for the electroless deposition resulted in a sponge like porous layer.

and amplified by using a higher concentration of 0.05 mol-1"! NaOH. The porosity of the
sponge like Ag layer, can clearly be seen in the scanning electron microscope (SEM) image,
shown in Fig. 5.7 b). This could be explained by the hydrogen evolution during the oxidation
of H,PO, [112].

Reaction kinetics

In order to verify the adjustment of the reaction speed by the concentration of trisodium
citrate and NaOH the following experiments were conducted. Electroless Ag depositions with
varying concentrations were performed for 20 min. at 65° C, in a MPS coated p-capillary
with a radius of 300 um. Afterwards, the capillaries were rinsed and the ends were removed
to a total length of 2 cm. Since the reaction was not finished at these large cross sections after
20 min., the reaction speed could be determined by the conductivity o of the Ag layer. Fig.
5.8 a) shows the conductivity o per cm at different time steps for a concentration of 0.2 g-l'1
trisodium citrate and 0.01 mol-I”! NaOH. A saturation after 20 min. of reaction could not be
detected, therefore, the reaction can be linearly fitted to 0.09 S-cm™min."!. The conductivity
o of the deposited Ag layer as a function of the trisodium citrate concentration, at 0.01 mol-1’!
NaOH, is shown in Fig. 5.8 b). It can be clearly seen that the trisodium citrate had a strong
influence on the reaction speed. At a concentration of more than 0.4 g-l'1 (equals a

a) b

Conductivity [S'cm’l] Conductivity [S'cm’l] ¢ Conductivity o [S'cm’l]
1.5 - 30g g
2.5
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1.5 4
0.5 1.0
0.5 2
0.0 : : : = ‘ ‘ ‘ : | : w w
0 5 10 15 20 0.1 0.2 0.3 0.4 0.05 0.10 0.15
Time [min.] Ceitrate [g'l_l] Chydroxide [mOI'l_l]

Fig. 5.8 Measurement of the conductivity ¢ of an Ag layer electrolessly deposited into a 300 pm p-capillary. a)
For the standard solution composition the reaction is not completed after 20 min. b) The reaction speed can be
reduced by increasing the sodium citrate concentration. ¢) The reaction speed can be increased by increasing the
NaOH concentration. The saturation at 0.15 mol-I'' NaOH was the result of a nearly complete transfer of the Ag
ions within the 20 min. time frame.
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concentration of 1.5 mmol1""), no conductive Ag layer was deposited after 20 min. The
conductivity c depended linearly on the trisodium citrate concentration c,;.4z aS
-6.6 S'Tem™ g™ ¢, s0- The reaction deceleration could be explained by the observations of
Pillai et al. [115], who used trisodium citrate as a complexing and stabilizing agent. The
conductivity o as a function of the NaOH concentration, at 0.2 g~1'1 trisodium citrate, is
shown in Fig. 5.8 ¢). For NaOH concentrations up to 0.1 mol‘l"! the conductivity & increased
linearly. The conduct1v1ty o could be linearly fitted on the NaOH concentration ¢jygyoyide a5
54 S:1-cm™-mol™! Chydroxide- FOT higher NaOH concentrations the conductivity o slowly
saturated. This could be explained by a complete reaction of the Ag out of the solution within
20 min. Furthermore, the reaction speed also saturated due to the Nernst equation, which
predicts a logarithmic dependence of the reaction speed on the NaOH concentration. To
summarize, an electroless Ag solution containing a concentration of 0.2 g-l'1 trisodium citrate
and 0.01 mol-I"! NaOH in a capillary provides enough time to properly fill a capillary with
radius of 300 um, and is fast enough for a reasonable deposition time.

Morphology, thickness and conductivity of multiple deposited Ag layers

In order to sufficiently increase the Ag layer thickness, multiple electroless depositions
were conducted. The experiments presented in this section were performed on p-capillaries
with a radius of 520 um. First, the p-capillaries were MPS coated, then a startlayer and
subsequent multiple layers of Ag were deposited. Finally, the pu-capillaries were cleaned with
deionized water and the ends were removed to a total length of 2 cm in order to only
investigate the deposition inside the p-capillary. In Fig. 5.9, the morphology of the startlayer
(a) and one subsequent Ag layer (b) was investigated with a scanning force microscope
(SFM). The average surface roughness was determined to be 15 nm in both cases. The grain
diameter increased from 96 nm = 27 nm for the startlayer to 124 nm + 28 nm for the
subsequent Ag layer, which was expected since the deposition of the startlayer was performed
with a stronger reducing agent. In addition, the grain diameter of the deposited subsequent Ag
layer was in the same range, as reported by Saito et al. [87].

The thickness of the deposited Ag layer was measured by partially mechanically
removing the Ag layer from the glass substrate, and taking a scanning force microscopy
image across the step, as shown in Fig. 5.10 a). From the histogram of the scanning force
microscopy image, see Fig. 5.10 b), the Ag layer thickness could be measured. The thickness
was revealed by the height difference between the broad peak, indicating the rough Ag layer,

Fig. 5.9 Scanning force microscopy images (z-scale 105 nm) of: a) an electroless Ag deposited startlayer. The
average grain size diameter is 96 nm + 27 nm. b) An additional electroless Ag deposited layer on top of the start-
layer. The average grain size diameter is 124 nm + 28 nm.
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Fig. 5.10 a) The electrolessly deposited Ag startlayer was partially removed and a scanning force microscopy
image was taken over the step (z-range 150 nm). b) Histogram of the scanning force microscopy image revealing
the thickness of the startlayer as 65 nm. Thickness and conductivity o of the startlayer (S) and multiple electro-
less Ag deposited layers (1 - 4). ¢) The Ag layer thickness linearly increased by 51 nm per deposition. d) The
conductivity o increased by 1.1 S-em™! per deposition.

and the sharp peak, indicating the smooth glass surface. The thickness of the startlayer was
determined to 65 nm and each subsequent Ag layer increased the thickness linearly, by about
51 nm, as shown in Fig. 5.10 c¢). The conductivity of the startlayer was measured to
0.6 S‘em™!, and it increased linearly for each subsequent Ag deposition to 1.1 S-em!, as
shown in Fig. 5.9 d). Combining the thickness with the conductivity yields the specific
conductivity of the Ag layers as 3 X 107 S'm™! for the startlayer and 6 x 107 S'm™! for the
subsequent Ag layers. Comparing these values with the one of the specific conductivity of
bulk Ag (6.1 x 107 S'm! [123]) indicated that the Ag layer was very pure. In order to reach
this high conductivity value, the layer must also be very dense. Moreover, the difference in
specific conductivity between the startlayer and the subsequent Ag layers support the
formation of a less dense startlayer induced by the NaH,PO,.

5.2.3 Microfluidic structuring of the Ag layer

The microfluidic stopvalve fabrication required to achieve the lowest corner rounding
R, the highest opening angle k and the smallest width w, of the microfluidic stopvalve.
Especially, the lowest corner rounding was challenging. First, the lithography used to outline
the microfluidic stopvalve, required a minimum sidewall width of 1 um to avoid retraction of
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the photoresist. The subsequent deep reactive ion etching (DRIE) rounded the corners with a
radius 0of 450 nm, as shown in Fig. 5.11 a) upper image. Finally, the thermal oxidation further
increased the corner rounding to about R, = 1 pm, due to the growth of SiO, out of the Si.
The fully fabricated microfluidic stopvalve is presented in Fig. 5.11 a) lower image. The
stopvalve geometry was measured to an opening angle k = 160°, with an initial width of the
microfluidic stopvalve of wy =1 pm. The height of the microfluidic stopvalve was not
specifically measured, but was expected to be in the range of 2 = 3 um.

The microfluidic properties of the stopvalve were tested. A successful stop of a 20% vol.
ethanol solution is shown in Fig. 5.11 b). A stop of the solution is in good agreement with the
previously developed model, taking the contact angle 6 = 82° of a 20% vol. ethanol solution
measured in Fig. 5.5. A void free filling of the microfluidic stopvalve is shown in Fig. 5.11 ¢). This
was already achieved with a 40% vol. ethanol solution, corresponding to a contact angle of
6 = 58°. According to the developed model, the transition to transmitting the solution should occur
at a lower contact angle of 6 =45°. However, this model neglected the influence of corners
between the top and the sidewall, as well as between the bottom and the sidewall, see also
Fig. 2.6 b) of the capillary cross section. In these 90° corners, a sword-like meniscus is shaped
[124, 125], which reduces the total Young-Laplace pressure p,. This effect can be integrated into
the model by a reduced effective height. In the presented case this results in a maximum effective
height of 2.65 um. Finally, the structuring of an Ag layer with two opposing microfluidic
stopvalves is shown in Fig. 5.11 d). The Ag layer can be seen as the grainy reflective layer, up to
the microfluidic stopvalves. The two electrodes are separated by a uncoated hollow capillary.

a) b) c)

Fig. 5.11 a) The upper part shows a SEM image of the microfluidic stopvalve after DRIE. The lower image, after
thermal oxidation and KOH release, the fully fabricated microfluidic stopvalve had in its stop S;: a width of
wo =1 pm, an opening angle « of 160° and a corner rounding with a radius of R, = 1 um. Fluorescence micro-
scope image of a microfluidic stopvalve b) successfully stopping a 20% vol. ethanol solution and ¢) void free fill-
ing with a 40% vol. ethanol solution. d) Optical microscope image of an Ag layer electroless deposited and
structured by two opposing microfluidic stopvalves. The Ag layer can be seen as the grainy reflective layer on the
left and right, separated by a non coated hollow capillary.
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5.3 Summary and conclusions

The strategy presented to deposit and structure Ag layers into closed capillaries with a
cross section down to 3 um X 3 um was the following: For an improved adhesion on the SiO,
surface an intermediate MPS layer was deposited. An Ag startlayer was deposited to
homogeneously create reaction sites throughout the capillary. The thickness of the Ag
startlayer was increased by multiple electroless depositions. The resulting Ag layer was very
dense and highly conductive (specific conductivity 6 x 107 Q'1~m'1). Simultaneously to the
Ag deposition, the layer was structured by controlling the filling of the capillaries with
microfluidic stopvalves.

During the experiments, it turned out that the electroless Ag deposition is highly
contamination sensitive. In the investigated cross sections of 3 um x 3 pm already small
surface contamination polluted the minute amount of liquid inside the capillary. For instance,
a concentration of already 1.5 mmol-1"! sodium citrate inhibited the reaction. This
concentration amounts to a surface contamination of only 1 pmol'm™2. In order to
successfully and reliably deposit Ag layers in large numbers of microfluidic devices or in
even smaller capillary cross sections, a way to obtain ultra clean capillaries must be found.
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Chapter 6

Electroosmotic pumping and elec-
trochemical sensing with Ag/AgCl
electrodes

Up to this point, liquid-gas separators for the ventilation of the emerging electrolyzed
gases during electroosmotic (EO) pumping were required with platinum electrodes, as
described in chapter 4. Electrodes like silver/silver chloride (Ag/AgCl) have the outstanding
advantage that, during pumping the electrochemical reaction transforms Ag into AgCl and
vice versa, rather than creating gasbubbles by electrolyzing the liquid. Taking the process of
electroless Ag deposition, as described in the previous chapter, and further partially
transforming the Ag layer into AgCl, allows the fabrication of Ag/AgCl electrodes. Ag/AgCl
electrodes are the most common and well understood electrodes for biological and chemical
measurements [126]. In order to improve electrochemical measurements in microfluidic
systems, Suzuki et al. [127] already integrated Ag/AgCl electrodes by sputtering and
subsequent electroless transformation. The integration of Ag/AgCl electrodes into the
scanning ion pipette (SIP) would be an important step towards a scanning microfluidic
electrochemical sensor. This chapter presents the design, fabrication and experimental
analysis of Ag/AgCl electrodes for EO pumping and electrochemical sensing.

6.1 Design

The layout of this design was chosen to obtain a better understanding of the electroless
Ag deposition and subsequent transformation process into AgCl as well as the performance
of the Ag/AgCl electrodes for EO pumping. Hence, a relatively large, larger than the for the
final SIP application, capillary cross section was chosen to increase the reproducibility of the
electrode fabrication. By this, the risk of clogging was reduced and the accessibility to
measure the conductance and the topography was facilitated. The capillaries hydraulic
dimension of about 75 pm was chosen, according to an previously developed SUS fabrication
process [128]. A sketch of the fluidic system’s layout is shown in Fig. 6.1 a) and of the EO
pump in Fig. 6.1 b). Based on previous experience with the platinum electrodes for EO
pumping, it was known that easily accessible fluidic and electric connections are important.
Therefore, the size of the fluidic connections was increased to be 5 mm X 5 mm square. In
order to define the geometry of the electrodes during EO flow fabrication, microfluidic
stopvalves were employed. To facilitate the fluidic and electrical connections, Cord End
terminals were glued to the fluidic connections of the NOA63 cast. Cord end terminals are
usually employed to mechanically protect the ends of electrical cables. Here, the metallic
hollow shaft, 1 mm in diameter and 5 mm in height, allowed a more convenient connection.

The layout with the EO pump, embedded into the fluidic system, was translated into an
equivalent electrical circuit, in order to model and evaluate the resulting flows and pressures.
This is shown in Fig. 6.1 c). The conversion of the capillaries and the EO pump into electrical
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Fig. 6.1 a) Sketch of the fluidic system layout, including the fluidic and electrical connection. b) Sketch of the EO
pump layout. The electrodes were structured by the microfluidic stopvalve. ¢) Equivalent electrical circuit of the
fluidic system to determine the EO induced flow.

circuit elements was performed according to Morf et al. [129]. The hydraulic resistance Ry, , ¢
of the complete fluidic system can be calculated to be
ha,e
Rhy,s =2 > +Rhy,p’ (6.1)
where R, . and Ry, , denote the hydraulic resistance of the electrode and of the EO
pump, respectively. Having a voltage U, over the EO pump leads to the characteristic flow

Qeo
_Php
Qeo - er“eopelR [’g > (6.2)
hy,s el p
where W, Pes, Repp, denote the EO mobility, the specific electrical resistance of the
solution and the electrical resistance of the pump, respectively. This defined the layout and a

model of an EO pump embedded into a fluidic system.

6.2 Process flow

For the investigation presented here, a cheap, quick and easy processing was opted for.
Within the framework of his master thesis, P.A. van der Ploeg intended to achieve this, by
using a polymer based microfluidic chip fabrication. Polymer vacuum casting was used since
it allowed to fabricate structures with high aspect ratio, satisfying resolution and repeatability
[130-132]. Specifically, the fabrication of the fluidic system was based on the
SU8-PDMS-NOAG63 casting process, as suggested by Dupont et al. [133]. The idea was to
take advantage of the high resist thickness and photolithographic structuring of SU8. To
avoid bonding between SU8 and NOAG63, an intermediate casting step in
polydimethylsiloxane (PDMS) was necessary. The final cast was in NOA63, chosen due to
its hydrophilic properties [134]. Despite the findings of Dupont et al. [133] that NOA63
exhibits high fluorescent auto-emission in the wavelength of fluorescein, the EO flow was
determined with fluorescently labelled microspheres. To cope with this high fluorescent
auto-emission, the NOA63 trenches were capped with microscope glass slides and the
movement of the microspheres was observed through the glass. Due to this fabrication
process, the micromachining of the microfluidic chip was reduced to only one lithography
step, compared to the scanning ion pipette fabrication presented in chapter 2.
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According to Polk et al. [137], one of the major drawbacks of integrating Ag/AgCl
electrodes into microfluidic systems was the poor stability of the electrodes due to dissolution
of the only a few nanometer thick AgCl layer. In addition, during the actuation the electrode
is continuously transformed, hence, for a long actuation time a thick Ag/AgCl electrode is
necessary. In order to fabricate the Ag/AgCl electrodes inside the NOA63/glass capillaries,
an Ag deposition and a subsequent transformation into AgCl with an electroless solution was
chosen. To sufficiently increase the electrode thickness, the electrodes were fabricated out of
a flowing electroless solution [138, 139], instead of the previously used multiple depositions
in Chapter 5. This had the additional advantage, that the concentration of the electroless
solution could be kept constant throughout the capillary, as soon as the supply of reactants by
a high flow rate exceeds the loss of reactants during the electroless reaction.

The fabrication process was divided into six steps, as shown in Fig. 6.2. (a) First, SU8
layer was spun on a dummy Si wafer and the positive master of the capillaries was outlined
by photolithography. During photolithography, a UV-filter! was used, in order to reduce the
commonly experienced t-topping of the SUS8. (b) Secondly, The SUS8 structure was casted
into the negative PDMS master. (¢) This PDMS master was casted into multiple NOA63
top-open trenches. (d) Then, the NOA63 trench was capped with standard microscope slide.
(e) The Ag electrodes were deposited on the sidewalls of the capillary in an electroless flow
deposition process and passively structured with microfluidic stopvalves. Further details are
provided in the next paragraph. (f) Finally, the Ag electrodes were partially transformed into
AgCl by pumping a 0.3 mmol-I"! sodium hypochloride solution through the capillary for 15 s.
The reaction was stopped by flushing for another 3 min. with deionized water. This
transformation process was based on the oxidation of the Ag layer and an immediate
precipitation of AgCl sticking to the electrode surface due to the presence of CI ions.

The electroless Ag electrode deposition and structuring demands a more detailed
explanation. For the Ag deposition, a Tollens solution was used, similar to the one in
chapter 4. The solution consisted of 0.1 mol-1"! silver nitrate, 1 mol-1"! ammonium hydroxide,
0.1 mol1"! glucose and 0.55 mol-I"! sodium hydroxide. In this case, no sodium citrate was
used, since the reaction speed was decreased by setting the reaction temperature to 20° C.
Furthermore, neither the NOA63 nor glass surface needed to be silanized. At these cross
sections, the adhesion of Ag to the surface was sufficient to create a stable electrode.

a) b) c) d)_ e
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Fig. 6.2 The flow chart of the fabrication process. a) The SU8 layer was patterned by photolithography. In order
to reduce t-topping of the SU8 a UV-filter was used. b) The SU8 structure was casted into the PDMS master. In
order to increase the casting resolution, the cast with the liquid PDMS was placed in vacuum, 1 mbar, before cur-
ing. ¢) This PDMS master was then further vacuum casted into multiple NOA63 top-open trenches. d) The
NOAG63 trench was capped with standard microscope slide. e) The Ag electrodes were deposited on the sidewalls
of the capillary in an electroless flow deposition process. The Ag electrodes were passively structured with
microfluidic stopvalves. f) The Ag layer was further electrolessly chlorinated with flowing sodium hypochloride
through the capillaries.

1. Omega, P1-360-Pt
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Therefore, it was not required to increase the solution’s wetting properties with ethanol. For
the flow deposition, the solution was freshly prepared before each deposition and stored in a
reservoir at 3° C to suppress the reaction. From there, the solution was pumped with 200 nl's™!
through silicone tubing (length 10 cm, interior diameter 0.5 mm and a sidewall thickness of
1 mm) to the chip. With this flow rate, the solution remained about 15 s inside the tubing,
before it reached the chip. The temperature and, hence, the deposition rate was expected to
be constant throughout the chip, since the solution was flushed through the chip within 1 s.
The electroless Ag deposition was monitored by measuring the conductance of the electrode
between the Cord End terminals, which were placed as fluidic and electric connections to the
chip. The Ag deposition was stopped by flushing with deionized water for 3 min. once a
conductance of 0.2 S was reached.

6.3 Fabrication results and discussion

The results presented here focus on the geometry of the fabricated capillaries, which is
needed to verify the model for the EO flow section. During the flow fabrication, a detailed
analysis was taken of the electroless Ag deposition and AgCl transformation rate. This was
done by monitoring the conductance of the electrode between the two respective Cord End
terminals.

6.3.1 Microfluidic NOA63/glass capillary

The PDMS master was obtained by gently pulling it off from the SUS8 layer. The SU8
layer remained unharmed, since the mechanical bond-strength between PDMS and SU8 was
relatively weak. The cross section of the PDMS negative of the EO pump is shown in Fig.
6.3 a). The dimensions of this negative stamp were measured to be 73 um x 77 um (height x
width). The sidewall was slightly tapered from vertical by 1° reducing the width on the top,
and a small spout of 4 um was observed, where the PDMS crept in the gap between SU8 and
the wafer.

The NOAG63 cast was obtained by again gently pulling it of the PDMS master. In this
case, the mechanical bond-strength between NOA63 and PDMS was weak as well. Fig. 6.3 b)
shows the trench of the EO pump in the NOAG63 cast. Its dimensions were reduced compared
to the PDMS master and measured 55 pm x 67 pm (height x width). This shrinkage of UV
curable polymers was known, for instance the UV curable SU8 has a volume shrinkage of
about 7.5% [142]. The taper angle of the sidewall remained at about 1° and also a spout

a) Cross section PDMS b)  Cross section NOA63 c)  Top view NOAG63
ho % T — r

e

Fig. 6.3 Scanning electron microscope (SEM) images of the fabrication results. a) Cross section of the EO pump
capillary, PDMS cast of SU8 structure. b) Cross section of the EO pump capillary, NOA63 cast of PDMS struc-
ture. ¢) Top view of a rounded corner of the microfluidic stopvalve in the NOA63 cast.




6.3 Fabrication results and discussion 69

remained with a length of 2 um. Fig. 6.3 c) shows the corner rounding of the NOA63 cast of
the microfluidic stopvalve, which is important for the fluidic stopping and transmitting
properties of the stopvalve. The dimensions of the electrode capillaries and the EO pump, as
well as the microfluidic stopvalve in the NOA63 cast are summarized in Table 6.1.

Tabel 6.1: Dimensions fluidic system

Electrode capillary Width, w, 395 um Height, h, 65um  Length, L, 3.5 mm

EO pump Width, Wy 65 um Height, hp 55 um Length, L, 600 pm

Microfluidic stopvalve Width, wy 65 pm Height, o, ~ 55 um  Corner radius, R, 7 um

6.3.2 Electroless Ag deposition

One of the major problem encountered during the fabrication was to homogeneously
deposit a conductive Ag electrode. In order to generate a deeper understanding of the
deposition process, the conductivity between the Cord End terminals was measured during
the Ag deposition, as shown in Fig. 6.4. At the beginning of the deposition no connecting path
between the Ag grains on the capillary sidewall was measured. After about 300 s the
conductivity increased linearly. At a conductivity of 0.2 S, the electroless solution was
replaced with deionized water and the conductivity slowly decayed until the complete
electroless solution was flushed out of the capillary and the conductivity stabilized around
0.26 S.

From optical observation, it was concluded, that the Ag layer homogeneously deposited
inside the capillary, except at the contact points to the Cord End terminals. There, the reaction
was suppressed and the gap closed slowly during the deposition. This was explained by the
high contamination sensitivity of the Ag deposition. As a consequence, the conductivity was
reduced and dominated by the thin connection to the Cord End terminals, which made the
estimation of the Ag layer thickness not very conclusive.

The structuring with the microfluidic stopvalve was investigated according to the model
developed in chapter 5. The contact angle of NOA63, which was not treated by an oxygen
plasma, was measured to be in the range of 6; = 75°, determined on an entrapped air bubble
inside the dead end capillary of the microfluidic stopvalve. This was in good agreement with
Kim et al [134], who reported a contact angle of 70°. A successful stop of the capillary filling
is shown in Fig. 6.5 a). The meniscus was stopped at an opening angle of about k = 45°. In
order to compare this value with the model, the Young-Laplace pressure with regard to the
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deposition time. A formation of an interconnected Ag
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Fig. 6.5 a) Optical microscope image of a microfluidic stopvalve successfully stopping water. The opening
angle was determined to be 45°. b) Total Young-Laplace pressure p; of the microfluidic stopvalve as a function
of the opening angle k. At the transition from negative to positive total Young-Laplace pressure p,, the meniscus
was expected to stop, according to the theory developed in chapter 5. ¢) Structuring of the Ag/AgCl electrode
with the microfluidic stopvalve. The stopvalve was overcome by external pressure and the EO pump was filled
with water.

capillary height p;, (Eq. 5.2) needed to be modified to
cos; + cos6,
Ppn=Viem 5 >
S
in order to include two different contact angles 6; and 0, for the NOA63 and glass
surface. The capillary height and the liquid-air surface tension are denoted by /g and v,,,
respectively. With the measured contact angles for NOA63 and glass surfaces, a stop at an
opening angle of about k = 70° was expected, as shown in Fig. 6.5 b). This mismatch could
be explained by only an approximative measurement of the opening angle and the contact
angle of the NOAG63 surface. A slight increase of the contact angle to 6; = 80° matches with
the predicted opening angle k = 45° from the model, as shown in the second graph in Fig.
6.5 b). Finally, a successful deposition and structuring of an electroless deposited Ag layer is
shown in Fig. 6.5 c¢). The Ag layer can be seen as the highly reflective and bright surface on
the left side of the optical microscope image. The stopvalve was overcome by applying an
external pressure. A void free filling of the stopvalve was not achieved in this case, as it can
be seen by the entrapped air bubble in the top. The design for void free filling, as suggested
in chapter 5, could not be implemented here due to its comparatively large footprint.

(6.3)

6.3.3 Electroless Ag transformation into AgCl

The transformation of the Ag into the AgCl electrode pose a challenge since the
electrode tended to delaminate or crack, as e.g. shown in Fig. 6.6. The growth of AgCl
resulted in compressive stress in the electrode due to the lower molar density of AgCl
(38 mmol-cm'3) than Ag (97 mmol~cm'3) (Molar mass: Ag(108 g-mol'l) [135] and AgCl
(143 g'mol™") [135]; Density: Ag (10.5 g-em™) [135] and AgCl (5.6 g-em™) [136]). It turned
out that a mechanically stable Ag/AgCl electrode could be fabricated by limiting the
transformation to 20% of the initial Ag layer thickness. The transformation process was
investigated in details on larger glass u—capillariesl. The Ag layer was deposited according to
chapter 5 into a capillary with a radius of 500 um, to avoid any influence of the ends they

1. Hirschmann, p-capillary 25 ul
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Fig. 6.6 SEM image of crack formation in the electrode
during the transformation from Ag into AgCl. It was
assumed that these cracks occur due to compressive stress
attributed to the lower molar density of AgCl than Ag. It
turned out that a mechanically stable Ag/AgCl electrode
could be fabricated by limiting the transformation to 20%
of the initial Ag layer thickness.

were removed after the deposition to a total capillary length of 2 cm. An Ag layer of 130 nm
was deposited inside the capillary. In order to increase the measurement time, another and
weaker oxidation agent, ferric(III) chloride, was employed, as used by Polk et al. [137]. The
concentration was 0.01 g-1"! and the flow rate 10 ml's’'. The transformation process was
again monitored by measuring the conductance. The conductance decreased nonlinear during
the transformation process, as shown in Fig. 6.7 a), left ordinate. With the geometry and the
specific conductivity, this was directly transformed into the remaining thickness of the Ag
layer, since AgCl did not contribute to the conductance [140]. Hence, the diminishing Ag
layer, as shown on the right ordinate in Fig. 6.7 a), was a measure for the increasing thickness
d of AgCl layer.

The nonlinearity in the AgCl growth was at first surprising and, therefore, investigated
in more details. A similar growth characteristic can be found for silicon dioxide (SiO,). Deal
and Grove [141] investigated and modelled the oxidation of silicon (Si). At thin SiO, layers,
the oxidation is limited by the reaction rate. A linear SiO, growth can be assumed. At
increasing SiO, thicknesses, the growth rate is limited by the diffusion of the oxidizing agent
through an increasing SiO, layer. Transferring their model to the here presented case, predicts
the increasing AgCl thickness d during the transformation time ¢

2
d“+4d = Bt, (6.4)
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Fig. 6.7 a) Measured conductivity (left ordinate) and calculated Ag layer thickness (right ordinate) as a function
of the transformation time. The transformation was started after 100 s. The conductivity decayed nonlinear. At
about 210 s, the transition from reaction limited to diffusion limited transformation can be detected. After 500 s,
parts of the electrode were completely transferred into AgCl. b) The AgCl layer growth was modelled in the dif-
fusion limited part, according to the Deal-Grove model adapted to the present situation. The Deal-Grove parame-
ters for the linear part of the shown graph were deduced to 4 =-0.3 pm and B = 0.6 um2'h'1.
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where 4 was a measure for the oxidation agent diffusion and the reaction rate, and B
was a measure for the oxidation agent diffusion and the oxidation agent bulk concentration.
The transition point from reaction limited to diffusion limited transformation process was
reached after about 110 s after the transformation processes started. Fig. 6.7 b) shows the
linearized plot for the Deal-Grove model adapted to the present situation. At the beginning of
this graph the reaction limited transformation process can be seen by the data points at the
higher abscise and lower ordinate values. The Deal-Grove parameters for the linear part of
the shown graph were deduced to 4 = -0.3 pm and B = 0.6 pm>h!. For a conductance of less
than 0.2 S (equivalent to an average of 30 nm Ag layer thickness) the Deal-Grove plot slowly
saturated since parts of the Ag layer were completely transferred into AgCl.

6.4 Electroosmotic flow measurement

The EO flow was determined by measuring the speed of monodisperse carboxylated
microspheres1 with a radius of 0.7 pum. For this purpose, the chip with the EO pump was
mounted with the glass slide towards an inverted fluorescent microscopez. The employed
testsolution contained 10 mmol-1"! potassium chloride (KCl) and 2 mmol-1-!
tris(hydroxymethyl)aminomethane, at a pH of 10 adjusted with NaOH. It was prepared
freshly before each experiment and its specific conductivity was measured’ to be
6,=0.197 Sm™".

The speed v, of the carboxylated microspheres was the result of two
electrohydrodynamic effects: The electrohydrodynamic voltage drop U, induced an EO
flow of the testsolution in the capillary and an electrophoretic movement of the microspheres
itself. The electrohydrodynamic voltage U, drop was determined by the electrical
conductivity of the EO pump and the conductivity of the remaining electrical system. The
electrical conductivity of the EO pump was determined by the product of the testsolution’s
specific conductivity and the EO pump geometry, and the conductivity of the remaining
electrical system was mainly determined by the Ag/AgCl electrodes and the critical
connection between the Ag/AgCl electrodes and the Cord End terminals. The electrical
conductivity of the system was evaluated by applying different voltages U ranging from -3 V
up to 3 V at the Cord End terminals. The current depended linearly on the applied voltage U,
and a complete electrical system conductivity of G, = 0.5 uS was determined. From the
solution’s specific conductivity and the geometry, the conductivity over the EO pump was
determined to be G,, = 1.15 uS. Therefore, the electrohydrodynamic voltage drop over the
EO pump was calculated to be U,;, = Uy G,/ G-

The average speed v of the microspheres was measured as a function of the voltage drop
over the EO pump U,;,. The average speed of six microspheres was taken, at different
positions within the capillary cross section. The microsphere’s speed v was split into two parts
for better illustration, v, and v, for negative and positive applied voltage drops U, over the
EO pump, respectively. In Fig. 6.8 the measured average speed v of the microspheres is
shown as a function of the electric field £, within the EO pump, where £, = U,,/L,,. The
two linear fits of the microsphere speed revealed two important parameters: (i) The offset of
the two linear fits at £, =0 V-m™! were Vo =-12.8 um~s‘1 and v, =-5.4 pm's'l. (i1) The
gradient of the two linear fits represented the apparent mobility of the microspheres were

1. Polyscience, Flouresbrite YG Carboxylated Microspheres, diameter 1.5 um
2. Zeiss, Axiovert S40 with a mounted camera AxioCam Mrm and a metal halide lamp HXP 120
3. Conductivity meter, Radiometer Copenhagen, CDM80
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=-44x108m>v! and M, = -4.6 % 10 m?V-ls"!. The difference in the offset of the
velocmes Vhy,p = 74 pms” I at E =0V m™! was speculated to be a remaining hydrostatic
pressure difference. The hydrostatic pressure induced flow was calculated to be
Opy =26 pl's™!, which equaled an average height difference of the two electrode reservoirs of
6.1 pm. Both apparent microsphere mobilities p,, and p,, were not significantly different, the
average apparent mobility resulted in p,, = -4.5 x 108 m?v-1s"!. This was a good indicator
of a similar transformation into AgCl for both electrodes. Finally, plotting a line with the
gradient of the average apparent microsphere mobility p,, and the average offset of the
microsphere speed at £, =0 V-m™! crosses the x-axis at an electric field £, within the EO
pump of £,,=10.2 V-mm™'. This slight offset E} defined the minimum applied voltage
which was necessary to initiate an electrokinetic movement of the microspheres, i.e. the
minimum required applied voltage U, between the Cord End terminals was Uy =0.27 V to
initiate EO pumping. This was speculated to be the result of the electrochemical reaction at
the electrode.

6.4.1 Electroosmotic induced speed of the microspheres

In order to extract and model the EO flow contribution, the EO mobility p,, needed to
be determined. With Eq. (1.14) from chapter 1, the EO mobility p,, can be linked to the
zeta-potential { of the charged surface. In the presented case, the capillary consisted of a glass
capped NOA63 trench. The zeta-potential Gy of the glass slide was expected to be in the same
range, as reported by Scales et al. [143] for a 10 mmol- 1" KClI solution on a fused silica glass
capillary, at pH 10, G,y = -74 mV. The usage of NOA63 for microfluidic devices was a recent
development and not many experimental results on the EO mobility p,, were available in
literature. From literature, it was known that NOA63 was based on polyurethane [134]. The
derived zeta-potential £y 443 for the NOA63 surface from a polyurethane surface represents
only a rough estimate, since the NOA63 surface charge o, might be strongly influenced by
any eventual functional sidegroups as well as the degree of polymerization. Voigt et al. [144]
investigated the zeta-potential C of a polyurethane surface! for pH values up to 9 at a NaCl
concentration of 1 mmol-I"". In their experiments, it can be seen that the zeta-potential C
remained relatively constant, around -50 mV from pH 6 to -55 mV at pH 9, hence, it was
assumed that the zeta-potential € at pH 10 could be approximated by a value of -55 mV. For
a low concentration c of counter ions, the zeta-potential £, depending on this concentration c,
could be approximated by  ~ -log ¢ [145]. This resulted in an estimated zeta-potential of the
NOA®63 surface and the testsolution of Cyp43 = -36 mV. A comparison of the contact angle

v [um's'l]

Fig. 6.8 Average speed of the microspheres as a
function the electric field £;, within the EO pump.
The average was taken for six measured micro-
sphere speeds at different positions within the capil-
lary cross section. The microsphere speed v was split
into two parts for better illustration, v, and v,,.

1. VEB, SYSpur
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between the NOA63 surface and the polyurethane surface investigated by Voigt et al. [144]
gives an additional idea on the validity of this estimated NOA63 zeta-potential {y443- The
theory of Owens and Wendt [147], especially suitable for a polymeric surface, determines the
contact angle according to the disperse and the polar component of the free surface energy,
Vg and vy, respectlvely With this theory, the contact angle of water (y; = 21.8 mN- m and
Vpr=21.8 mN-m” [146]) on the polyurethane surface (y ,=32.2 mN-m~ ! and
Vps = 2.6 mN'm 1) investigated by Voigt et al. [144] was determined to be 6 = 87°. This
contact angle was higher than the one measured on the NOA63 surface (0 = 75°).
Nevertheless, the contact angle of the NOA63 surface for the highly polar liquid, water, was
still higher than the one measured on the glass surface, which was in the range of 6 = 50°. To
conclude, a zeta-potential {yp 43 =-74 mV for the NOA63 surface was chosen. This was
slightly too low since its potential should be slightly higher than for the polyurethane surface
(-74 mV) measured by Voigt et al. [144] and significantly lower than for the glass surface
(-36 mV) measured by Scales et al. [143]. The average zeta-potential C . for the capillary
surface was determined by the weighted fraction of the cross sectional perimeter to
Cos = [+ Cypae3(2d + )1/ (2d +2w) = —48 mV, where w and % denote the width and the
height of the EO pump, respectively. With Eq. (1.14) from chapter 1, the EO mobility p,, was
determined to
NS o
ueo=—n——-33><10 m>v-! (6.5)

where € g; and 1 denote the dielectric constant of water (¢ = 78) and the viscosity of
water (1] = 1 mPa-s), respectively. Since the EO pump was integrated into a fluidic system,
the hydraulic resistances of the capillaries connecting the EO pump to the outside, the
electrode capillaries, imposed a hydraulic load on the EO pump. This reduced the EO flow
rate and it can be modelled by assuming a reduced EO mobility p*,,,

Rhyp Rhyp R J
W oo = Moo L — =23x108m>vlsl, (6.6)
hy, s hy,e " “hy,p

according to Eq. (6 2). The capillary’s hydraulic resistance were
Ry 0 =6.97 % 10'! Pa-s'm™ and Ry, p=1.64 % 10'? Pa-s'm™ after fabrication, according to
Eq (1.4) and Table 6.1.

6.4.2 Electrophoretic induced speed of the microspheres

The electrophoretic mobility p,, of carboxylated latex microspheres (Interfacial
Dynamics Cooperation, radius = 155 nm) was measured to be

Mgy =65 108 m2v-lsl) (6.7)

for a solution of 10 mmol-1 KCI at pH 10 by Behrens et al. [148]. An electrophoretic
experiment for a rough estimation, performed with the microspheres used in this research,
indicated a similar electrophoretic mobility. Furthermore, for both radii, 155 nm and 0.7 pm,
the Smoluchowski limit of r / A, >>1 was reached, where A, represents the thickness of the
Debye layer.

6.4.3 Combined velocity of the microspheres

The contribution of the EO effect and electrophoretic effect needed to be combined to
obtain the estimated apparant mobility p,,,, of the microspheres. Both surfaces, the surface of
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the chip and the surface of the microspheres, were negatively charged. This resulted in an
opposing effect of electroosmosis and electrophoresis, hence the estimated apparent mobility
of the microspheres resulted in

= Ry, Wy =-42X 108 m* Vs, (6.8)

Himm

lVLI'}’H'}’Z

This estimated apparent mobility p,,,, of the microspheres was in good agreement with

the measured average apparent mobility p,, of the microspheres, 1, = -4.5 x 108 m2-v-lsl,
Finally, the EO pump rate Q,, was calculated with Eq. (6.2) by inserting Eq. (6.8), the
measured average apparent mobility p,, of the microspheres and assuming that the
electrophoretic mobility p,, of the microspheres was correct. This resulted in an EO pump
rate 0, as a function of the voltage drop over the EO pump Uy, as Q,, = 0.12 nl:s"-V1 U,

6.5 Electrochemical measurement

First experiments were performed to use the Ag/AgCl electrode inside a p-capillary as
an electrochemical sensor. A simple experiment to verify the quality of the Ag/AgCl
electrode was to replace the reference electrode of a pH-meter! with the microfabricated
electrode and to perform a pH measurement. In this case, it was an indirect verification since
the pH sensitivity was not caused by the Ag/AgCl electrode, but by the ion-sensitive glass
membrane of the pH meter. For this purpose, the Ag/AgCl electrode inside a p-capillary and
the pH-meter electrode were placed into solutions with a constant KCI concentration of
3 mol-I"! at a varying pH value. The electrical loop was, in this case: Ag/AgCl electrode
inside a p-capillary || solution || ion sensitive glass membrane || indicator Ag/AgCl electrode
of the pH meter. The double bars represent transitions between the different medias. The
measured pH response is shown in Fig. 6.9, for a temperature of 22.7° C. The pH response
curve increased linear with the pH value. The sensitivity was determined to be 57.4 mV'pH'] s
which was in good agreement with the expected Nernstian behavior of 58.6 mV'pH'].

6.6 Conclusions and outlook

A quick, easy and cheap fabrication of an EO pump based on polymer casting, flow
electroless Ag deposition and a transformation into AgCl electrodes was shown. The
hydrophilic capillaries (hydraulic dimension in the range of 65 pm) of the EO pump were
fabricated by NOAG63 trenches capped with a microscope glass slide. The Ag electrodes were
deposited out of a flow of electroless Ag deposition solution and structured with microfluidic
stopvalves. The transformation process to obtain Ag/AgCl electrodes was investigated in
detail. It was found that the transformation process was similar to the oxidation of Si and can

300 E[mV] Fig. 6.9 The quality of the Ag/AgCl electrode
inside a p-capillary was verified by replacing the
200 F reference electrode of a pH-meter with the
100 E Ag/AgCl electrode inside a p-capillary. The elec-
trical loop was closed with the ion-sensitive indi-
2‘ “‘ é 16 1‘2 cator electrode of the pH-meter. The graph shows
-100 £ pH the measured potential £, measured as a function
200 & of the pH value. The slope of the measured pH
response curve was determined to be

=300 - 57.4 mV-pH! at 22.7 °C.

1.  Mettler Toledo, SG 2
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be described by the Deal-Grove model [141]. The final EO pump was modelled and
characterized by measuring the velocity of fluorescent carboxylated microspheres inside the
EO pump. From that, the EO flow rate was determined to be Q,, = 0.12 nl-s7 vl U,
depending on the voltage drop U,;, over the EO pump. Finally, a first experiment of testing
the Ag/AgCl electrodes as an electrochemical sensor were performed, where the Ag/AgCl
electrode was placed as a reference electrode for a pH-meter. A pH sensitivity of 57.4 mV
pH'1 at 22.7° C was determined, which was in good agreement with the expected Nernstian
behavior. The combined electrohydrodynamic effects on the microspheres, electroosmosis
and electrophoresis, might be used for a promising approach to reduce the applied voltage (in
the range of kV) needed in conventional capillary electrophoresis and integrate it as an
electrochemical sensor into the SIP. In capillary electrophoresis, high voltages are applied
over the entire capillary and a separation of bio-molecular solutions is achieved due to
different electrophoretic mobilities of various molecules. In order to sufficiently separate
individual bio-molecules, a long capillary is required, hence, to maintain a high enough
electric field, a high voltage needs to be applied. By the use of a manifold of electrodes
initiating electroosmosis and electrophoresis on shorter capillary segments, this applied
voltage V) can be reduced. A sketch of a possible electrochemical sensor for the integration
into the SIP is shown in Fig. 6.10. The sample, containing the solution of bio-molecules
aspired through the tip, is injected in the center of the modified capillary electrophoresis
element. The electrophoretic separation capillary is divided into two sections 1 and 2 with two
different capillary cross sections 4; and A4, since electroosmosis depends linearly on the
capillary cross section and electrophoresis is independent of the capillary cross section. Since
a low concentration of bio-molecules is expected the EO mobility is mainly determined by
the used buffer solution, hence, it is bio-molecule concentration independent. By adjusting
the capillary section lengths /; and /, according to the capillary cross section 4 and A4,, the
EO backpressure of two consecutive segments can be adjusted as such that the solution is
propelled towards the outlet. The average EO velocity of the solution must be sufficiently
high to transport bio-molecules with both charges towards the outlet and it must be low
enough to achieve the highest separation. Nevertheless, the serial configuration causes a
recirculation flow in the wider segment as a consequence of the EO flow at the capillary
sidewall and a total hydrostatic pressure induce laminar back-flow in the center of the
capillary. This results in a non constant solution velocity profile within the capillary cross
section. Therefore, the influence of this recirculation flow on the electrophoretic velocity of
the bio-molecules needs to be reduced, this can be done with a large number of segments in
series. This also increases the total sensitivity since the bio-molecules remain longer in the
capillary electrophoresis sensor.
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Chapter 7

Imaging and dispensing with the
scanning ion pipette

A successful experiment with dispensing and scanning force microscope (SFM)
imaging at the same time was impressively demonstrated by the work of Meister et al. [149].
They showed the ability of the scanning ion pipette (SIP) to image living cells and selectively
introduced a fluorescent dye into the cell. Especially, imaging of living cells requires the
operation of the SFM in challenging conditions, in contact mode and in liquid, as well as on
a very delicate sample. Furthermore, it requires a highly sensitive force-feedback in order to
distinguish between imaging the cell and perforating the cell membrane to introduce the dye.
The process to fabricate their SIPs was similar to the one described in chapter 2. Here, my
own experience with the SIP for imaging and fluid dispensing is presented.

7.1 Scanning force microscopy imaging with the scanning ion pipette

The SFM properties of the SIP sensor chip were: A measured cantilever resonance
frequency of 159 kHz and a quality factor of 186, as well as a calculated stiffness of
6.5 N'm™!. These cantilever properties allow scanning force microscopy imaging in contact,
as well as tapping mode. The SisNy tip height was measured to 2.4 pm with a measured tip
radius in the range of 40 nm. To increase the signal of the reflected laser beam, the cantilever
was coated with a 10 nm Au layer from the backside. For a first experience with the SIP
mounted on a SFM!, a less delicate sample, in less challenging conditions, was chosen. The
imaging capabilities were illustrated by measuring a fixed and dried Escherichia Coli bacteria
in tapping mode, as shown in Fig. 7.1. The color z-scale for this image was 550 nm. The
surface topology can be seen with a resolution down to the 10 nm range.

Fig. 7.1 Scanning force microscopy image
of a fixed and dried Escherichia Coli bacte-
ria obtained by the SIP. The z-data scale
ranges up to 550 nm. The SFM characteris-
tics of the SIP were: A measured cantilever
resonance frequency of 159 kHz and a
quality factor of 186, as well as a calcu-
lated stiffness of 6.5 N'm™!. The Si3Ny tip
had a height of 2.4 um with a tip radius in
the range of 40 nm.

1. JPK Instruments, Nanowizard
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7.2 Fluid dispensing with the scanning ion pipette

7.2.1 Interface: scanning ion pipette and scanning force microscope holder

The backside of the SIP, as shown in Fig. 7.2 a), was mounted to the SFM holder. The
exterior dimensions on the backside surface were 1.5 mm X 3.5 mm with positively inclined
sidewalls, 54.7°. The thickness of the SIP was about 390 pm. The fluidic connection from the
SIP to the SFM holder was established by the potassium hydroxide (KOH) etched through
wafer hole, serving as a connection to the fluidic system. It had the shape of an inverted
truncated pyramid with a square shaped baseplate, having a width of 580 um. The fluidic
connection was separated from the outline of the SIP by a small rim of 30 um to the front and
a wider rim of 80 um to the sides. On the sampleside, the fluidic through wafer connection
led to the fluidic system. The fluidic system and the cantilever consisted of two parallel
capillaries with a length of 500 um and a cross section of 2 um x 4 um, which were
connected to the sample by an outlet hole in the tip. In order to increase the dispensing flow
rate in these first experiments, the diameter of the outlet hole was increased to 1 pm from the
originally designed 100 nm. This decreased its hydraulic resistance and decreased the
retaining capillary pressure at the exit of the outlet hole.

The alignment of the SIP to the SFM holder was defined by the laserspot from the SFM.
It had to be placed on the backside of the SIP tip for an appropriate SFM operation. Fig. 7.2 b)
shows a sketch of the SFM holder. The used SFM holder was a commercially available liquid
cell! from a veeco SFM2. The SIP was placed on an about 1.5 mm wide recess, which was
inclined by 20° from the horizontal sample plane. The SFM holder needed to be modified in
order to establish the fluidic connection to the SIP. A hole with a diameter of 250 um was
drilled into the channel, already existing in the SFM holder and buried underneath the recess.
To avoid leaking of that channel, the original outlet was sealed with a glass slide. The
drawback of this solution, the drilled hole in the SFM holder had a distance of 1.5 mm to the
laserspot, which does not match the dimensions of the SIP chip. The fluidic outlet of the SFM

a)

. b) .
o Tip / Laser spot Sealing

liquid cell
Front rim Buried
channel
Side rim
Laser spot
P Sealed [~ °© - ==
Fluldlc- channel I ~ Q
connection < ~ _——— .
N
Fluidic Recess SIP
outlet

Fig. 7.2 a) Sketch of the SIP’s backside showing the fluidic connection. The SIP needed to be aligned to the SFM
holder such that the laser spot from the SFM was placed on the tip. b) Sketch of the modified SFM holder.

1. Veeco, NanoScope liquid cell
2. Veeco, NanoScope V
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holder was misalignment by about 0.5 mm to 1 mm relative to the fluidic inlet of the SIP. This
misalignment had to be compensated by an improvised interface.

7.2.2 Sealing agents and procedure

For the sealing between the SIP and the SFM holder, UV curable glues with a low
viscosity1 and a high viscosityz, as well as polydimethylsiloxane3 (PDMS) were used. The
UV curable glue had the advantage of providing enough time for alignment underneath the
stereo microscope before it hardened out. Especially, the low viscous glue had strong
capillary forces between the silicon dioxide (SiO,) surfaces of the SIP and the SFM holder
which allowed reliably closing tiny gaps. The UV glue formed a strong bond between SiO,
surfaces of the SIP and the SFM holder, but it did not bond to the second sealing agent PDMS.
The downside of the UV glue was that it dissolved and swelled in water or ethanol based
dispensing solutions. As a consequence, the solution and the capillaries were contaminated
with patches of glue and the bond-strength of the gluing deteriorated during exposure to the
dispensing solution. To circumvent this problem, PDMS was used to shield the UV glue from
the dispensing solution. PDMS provided an elastic sealing material with good sealing
properties to the SiO, surfaces which did not dissolve in the dispensing solution. It prevented
capillary filling of the interface between PDMS and SiO, for distances larger than 50 um. For
shaping, it was easily cut by the tip of a syringe needle or casted as described in chapter 6.
Nevertheless, it did not provide a sufficient mechanical bond, hence, a combination of UV
glue and PDMS was necessary.

The mounting and sealing procedure of the SIP to the SFM holder is shown in Fig. 7.3.
a) The SIP was placed in an oxygen plasma for 20 min., right before starting the sealing
procedure, in order to clean it and activate the SiO, surface, as well as improve the capillary
filling. b) To increase the width of the small rim at the front of the SIP’s fluidic connection,
small glass bars with a width of about 100 um were placed on the SIP. These glass bars were
glued to the SIP, by placing a minute droplet of low viscous UV curable glue on the outside
of the glass bars, at the interface between glass and SIP. Capillary forces sucked the UV glue
into the interface between SIP and glass and then the UV glue was cured. ¢) To form an elastic
seal and to create the connection channel between the fluidic connection of the SIP and the
hole in the SFM holder, narrower PDMS bars were placed on the glass bars. This reduced the
contact area between the dissolvable UV glue and the dispensing solution. d) A thin layer of
high viscous UV glue was dispensed on the glass bars outside the PDMS ring and not cured
yet. It was important that the layer of UV glue was thinner than the PDMS ring, to not cover
the PDMS bars in the subsequent step. €) The SIP was aligned on the SFM holder and the non
cured UV glue formed a meniscus between the SiO, surface of the SIP to the SiO, surface of
the SFM holder. After curing, this formed a reliably strong mechanical bond between the SIP
and the SFM holder. f) Finally, the recess and the close surrounding of the SIP was filled with
low viscous UV glue in order to seal any leakages. In case there was a thin layer of UV glue
in between the SFM holder and the SIP tip, a sufficient feedback signal to the SFM was not
achieved, due to the intensity loss of the laser beam in the glue layer. Hence, this glue layer
needed to be removed mechanically.

1. Loctite, 3491 UV curable glue
2. Loctite, 4305 UV curable glue
3. Dow Corning, Sylgard 184
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a) b)

Fig. 7.3 Mounting and sealing procedure of the SIP on the SFM holder. a) The SIP is placed in the oxygen plasma
to clean and activate the SiO, surface. b) To increase the width of the small rim at the front of the SIP’s fluidic
connection, small glass bars are placed on the SIP. These glass bars are glued to the SIP with low viscous UV cur-
able glue from the outside of the glass bars. ¢) To form an elastic seal and to create the connection channel
between the fluidic connection of the SIP and the fluidic connection of the SFM holder, narrower PDMS bars are
placed on the glass bars. d) A thin layer of high viscous UV glue is dispensed on the glass bars outside the PDMS
ring and not cured yet. e) The SIP is aligned on the SFM holder and the UV glue is cured. f) Finally, the recess and
the close surrounding of the SIP is filled with low viscous UV glue in order to seal any leakages.

7.3 Dispensing results and discussion

In total, six SIPs were fluidically connected to the SFM holder and in only one case a
flow out of the SIP tip could be detected. The main sources of failure were, either breaking
of the SIP cantilever during the mounting procedure or a non filling of the capillary. Fig. 7.4
shows a typical fluorescent image of a filled fluidic through wafer connection and the non
filling of the capillary. In most cases, traces of dissolved and subsequently dried glue residues
were found in the capillary, which probably caused the non filling. A known approach to
reduce the solubility of the UV glue in the dispensing solution was to bake it overnight at
80° C. Nevertheless, the capillaries were still not filled yet, probably due to the long time
passed since the cleaning and activation of the capillary surface by the oxygen plasma. A
satisfying and reliable solution was not found, other than reducing the contact area of UV glue
by the PDMS spacers.

Fig. 7.4 Fluorescent microscope image of a non
Non filled capillary filling of the SIP’s fluidic system. The
capillary main causes for that were either patches of dis-
solved and re-dried glue residues inside the cap-
illary or a reduced capillary wetting due to a
long time gap from the oxygen plasma treat-
ment.
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Fig. 7.5 Fluorescent microscope image of a dispensing experiment with the SIP. An external pressure of 100 Pa is
applied to dispense fluorescein solution out of the tip. A slow generation of a bubble next to the tip hole can be
seen. The time span between the images was 1s.

For the successful dispensing, the SIP was mounted into the SFM holder, following the
previously described procedure. Instead of mounting the holder into the SFM, it was mounted
on a fluorescent microscope, to observe the filling of the capillary and the flow out of the tip.
The dispensing solution consisted of 10 mmol-I"! fluorescein in water. A dispensing pressure
was generated by attaching a flexible silicone tube to the SFM holder and filling the tube up
to a level of about 10 cm higher than the SIP, which equals a hydrostatic pressure of 100 Pa.
A flow of fluorescein solution out of the SIP tip was detected, as shown in Fig. 7.5. A slow
generation of a fluorescein bubble at the outlet hole of the SIP tip is shown in a sequence of
five consecutive images with a time span of 1 s. The image quality could not be improved
since the images were taken at the resolution and magnification limit of the fluorescent
microscope. A long working distance objective with a magnification of 50 times was used
which provided just enough depth of focus to observe the complete SIP tip and bubble

topography.

7.4 Summary and conclusions

A successful scanning force microscopy imaging of a fixed and dried Escherichia Coli
bacteria with the SIP was shown. The obtained images had a horizontal resolution in the
10 nm range. Moreover, no special skills in handling the SFM were required, since it did not
perform differently with a mounted SIP than with a mounted standard commercially available
SFM chip. In order to scan more delicate biological samples, the stiffness of the cantilever
should be reduced. This seems feasible by, first, using only one capillary as a cantilever
instead of a doubled hairpin capillary, second, reducing the SiO, sidewall thickness of the
capillary and finally, increasing the length of the cantilever.

The fluidic mounting of the SIP into the SFM holder needs to be improved. With the
currently used method of gluing the SIP to the SFM holder, no satisfying and reliable mount
was achieved. Furthermore, this mounting procedure required full concentration and working
underneath a stereo microscope for at least two hours. An alternative mounting procedure is
presented in the following section, which requires an additional deep reactive ion etching
(DRIE) step.
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7.5 Outlook: Alternative sealing approach

From the previous experiments it turned out, that the following problems needed to be solved:

1. The alignment mismatch between the fluidic connection of the SIP and the SFM holder
needed to be reduced. The alignment mismatch can be overcome by placing the SIP’s
fluidic connection into the SIP’s center. As a consequence, the hydraulic resistance is
increased due to the longer fluidic system’s capillaries. However, this increase is still
negligible compared to the hydraulic resistance of the outlet hole in the tip.

2. The bond-strength between SIP and SFM holder needed to be improved. No glue should
be in contact with the solution. To improve the mechanical bond-strength between SIP
and SFM holder, the backside of the SIP should be prestructured with a sealing and
clamping structure. This modified SIP backside can then be PDMS casted, as described
in chapter 6. This PDMS cast provides an elastic and soft intermediate sealing layer in
between the SIP and the SFM holder, which is mechanically strong enough to omit the
UV glue.

3. The alignment of the SIP to the SFM holder should be facilitated, preferably by self-
alignment.

This should result in an easier and faster mounting, in order to keep the enhanced wetting of

the capillaries by the oxygen plasma.

The sealing structure enlarges the surface of the SIP and, hence, increases the interface

area to the PDMS. The clamping structure provides a buried and recessed structure for a

strong mechanical bond. Its fabrication is based on DRIE with subsequent KOH etching,

similar to the process presented by de Boer et al. [150] for buried microchannels. For the
sealing and clamping structure, the process flow of the SIP base-wafer as described in chapter

2 needs to be slightly extended, as shown in Fig. 7.6. The modification starts with outlining

)

Sealing structure
Clamping structure
d) Top view Cross section
T ] Sealing structure
ety -
| N ’ ———a — | A A’
IIII Fluidic , / \/
A=l Jconnection| 7 A Fluidic connection
.......... Clamping
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e ] B Si3N4

Si0, I:lSi

Fig. 7.6 Modification of the SIP process flow to integrate sealing and clamping structures in the SIP backside.

a) In addition to the fluidic connection, the sealing structures are outlined with RIE into the KOH etch mask. Only
the Si;Ny layer is removed. The remaining SiO, layer protects these openings from the DRIE etching and creates
a shadow mask b) The clamping structure is outlined with DRIE etching. ¢) The SiO, of the shadow mask is
opened with BHE. The process flow is continued with KOH etching and without any further modifications. d)
Shows a sketch of the resulting sealing and clamping structures integrated into the SIP backside after the complete
base-wafer fabrication.
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the KOH mask for the fluidic connection by reactive ion etching (RIE) into the SizN4 and
Si0,, step c) of the base-wafer fabrication. a) The rim surface around the fluidic connection
can be enlarged with a sealing structure. Narrow rectangles should be placed around the
fluidic connection. These rectangles are outlined in the same RIE step as the fluidic
connection. The RIE etches only the Si;N4 layer and not as previously designed also the SiO,
layer. Etching only the SisN4 layer reduces the stepheight for the subsequent
photolithography for deep DRIE structure. It also serves as a shadow mask, which can be
opened without a photolithography step. b) The clamping structure is outlined with DRIE
etching. ¢) The SiO, of the shadow mask is opened with buffered hydrofluoric acid (BHF)
and the process flow is continued without any further modifications. After the KOH etching,
the sealing structure results in long trenches with a triangular cross section and the clamping
structure results in recessed diamond structures buried in the bulk Si backside of the SIP as
shown in Fig. 7.6 d). The clamping structures facilitates the alignment and maybe even
allows self alignment.

In order to adequately PDMS cast the recessed structure, freshly prepared PDMS
should be used. The extraction of entrapped air in the buried recessed clamping structure can
be supported by placing the cast into a vacuum chamber. This enables entrapped air bubbles
to grow and to escape through the liquid PDMS. After the air bubbles escaped and the PDMS
surface smoothened, the cast should be brought back to atmospheric pressure and cured at
room temperature overnight. The mechanical bond-strength between PDMS and the SIP’s
Si0, surface can be increased by an oxygen plasma bond [151]. The SIP should be cleaned
in the oxygen plasma for 20 min. Then, the fully cured PDMS cast should be exposed for
short time to a low plasma power, in order to initiate the PDMS SiO, plasma bond. Instead
of curing this bond for usually 16 h, the SIP should be used immediately to keep the
capillaries wetting properties of the oxygen plasma. For the SFM holder only a few minor
modifications are required. The roughly milled surface of the recess for the SIP should be
polished in order to support the sealing of the intermediate PDMS layer. In order to provide
sufficient clamping pressure, three pins instead of one should be used to press the SIP into the
SFM holder.
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Chapter 8

Conclusions and recommendations

8.1 Conclusions

The primary aim of this research was to built a tool to investigate at the nanometer scale
surface changes induced by locally administering chemically or biologically active solutions,
the so called scanning ion pipette (SIP). For this purpose, an already existing technology of a
micropipette integrated into a scanning force microscope (SFM)-chip was enhanced by the
use of electrodes for on-chip electrochemical sensing and electroosmotic (EO) pumping. The
integration of an EO pump offered the possibility of storing, selecting and dispensing
multiple different liquids with the SIP chip. For a high density and convenient electronic
integration, an EO pump with a small footprint (less than 100 pm x 100 pm) and low
actuation voltage (less than 10 V) had to be developed. During the time frame of this
dissertation thesis, two important steps in the development of the SIP were achieved. First,
the development and analysis of an EO pump within a fluidic system comparable to SIP
capillary dimensions and second, the fabrication and the electrode integration into the SIP
itself.

An EO pump with platinum (Pt) electrodes, based on a simplified fabrication process
resulting in comparable SIP capillary dimensions, was experimentally analyzed and
modelled. The EO pump achieved a flow rate of 50 p1~s'1 at a low actuation voltage of 5 V.
The developed corresponding model of the flow within the fluidic system was in good
agreement with the measured values. According to the model, an EO pump with a high
backpressure (3.6 kPa V1), enabling a high dispensing flowrate of 1.5 pl-V'l~s'l (SIP
immersed in water, outlet hole radius of 100 nm) can be built. For the design of the EO pump,
a SIP specific on-chip solution was required to remove the emerging electrolyzed gases from
the Pt electrodes. This was achieved by integrating the electrodes into a liquid-gas (LG)
separator. The novel concept of the LG-separator reliably separated the gas bubbles from the
liquid and guided them away from the EO pump. The LG separation was solely based on the
LG-separator’s geometry of a tapered sidewall. This took advantage of the high capillary
pressure occurring at the bubble’s liquid gas interfaces in this small scale. For a deeper
understanding, the development and the propagation of the bubble within the LG-separator
was analytically described in three dimensions. The model and the derived design guidelines
showed that Pt electrodes combined with the LG-separator open an interesting new field for
complex high density electrohydrodynamic and electrochemical microfluidic applications.
Among others, valves and displacement pumps with high actuation pressures, as well as,
sensor structures for voltammetry can be designed.

The second approach aimed for a direct integration of silver/silver chloride (Ag/AgCl)
electrodes into the SIP. At the beginning of this Ph.D. thesis, a process to fabricate the SIP
capillaries was already developed by Hug et al. [152]. A further improvement achieved a
process suitable for the design of a network of capillaries with a complex geometry for a
multifunctional microfluidic system. The crucial point in this fabrication process was a high
temperature step to form the silicon dioxide (SiO,) capillary sidewalls which favoured an
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implementation of the electrodes as a postprocess. The advantage of the Ag/AgCl was that

during actuation no electrolyzed gases emerged compared to Pt electrodes. Hence, the

footprint of the EO pump could be further reduced since no LG-separator is required. The
processflow to integrate the electrodes as a post SIP capillary fabrication step was:

1. The adhesion of the Ag electrode to the capillary sidewall was improved by using an
intermediate polymeric layer. This turned out to be essential for reliably stable Ag elec-
trodes in a capillary dimension of less than 10 um, since the strong capillary force tended
to delaminate the electrode.

2. The electroless deposition process solved the challenges to deposit electrodes in closed
capillaries. One of the main requirements for the development of the electroless deposi-
tion process was to deposit thick electrodes out of a minute available capillary volume.
Thick electrodes were required for a continuous actuation of the Ag/AgCl electrode,
since, depending on the electrode polarization, either Ag or AgCl was consumed. The
best process control was achieved with an improved Tollens solution, additionally con-
taining sodium citrate and sodium hydroxide to control the reaction speed. Two different
methods of electroless deposition were employed: First, a dip process of multiple deposi-
tions which enabled a batch fabrication of the electrodes and second, a single electrode
flow deposition providing continuously fresh electroless solution. Despite the individual
electrode deposition, the flow deposition was favourable since the concentration could
be kept constant throughout the capillary during the complete deposition time. This pro-
vided a better reaction control due to a lower concentration. It also reduced the effect of
the minute available capillary volume and it compensated more effectively the high con-
tamination sensitivity of the electroless deposition process.

3. The electrode structuring was performed by controlling the filling of the capillaries with
electroless plating solution by means of microfluidic stopvalves. The requirement on the
stopvalve had to be twofold, the solution was reliably stopped during the electroless
deposition and afterwards the stopvalve had to be filled in a void free way to ensure cor-
rect fluidic actuation of the final device. Therefore, the stopvalve was designed such that
a switching from stopping to transmitting the solution was induced by a change in the
solution’s surface tension and its corresponding change in the contact angle. This behav-
ior was modelled by improving the previous two dimensional model [153] to a three
dimensional one, additionally including also the fabrication specific corner rounding and
low capillary cross section’s aspect ratio.

4. After the electroless deposition and structuring, the Ag electrode was further transformed
into an Ag/AgCl electrode. In a similar process as to the electroless Ag deposition, the
electrode transformation was performed with a flow of either sodium hypochloride
(0.3 mmol-l'l) or ferric(IIT) chloride (0.1 g~1'1). The electrochemical transformation was
limited to 20% of the initial Ag layer thickness, due to stress-related electrode delamina-
tion or cracking, originating in the density difference of Ag and AgCl.

Electrodes were deposited into three different capillaries: a) into the SIP capillary itself (cross

section 2.2 um x 3.7 um), b) for larger availability and easier accessibility, into

commercially available round capillaries (radius up to 520 pm), and c) a polymeric
microfluidic system with rectangular capillaries (cross section 55 um X 65 um). Inside the

SIP, a successful electroless deposition in a dip like process and stopvalve structuring of Ag

electrodes, as well as a subsequent void free filling of the stopvalve was shown. In the round

capillary, multiple electroless dip-depositions revealed that each deposition increased the Ag
layer thickness by 51 nm. The deposited Ag layer had a high specific conductivity of
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6x 107 S'm™, indicating a high purity and density. The further transformation into Ag/AgCl
provided electrodes for electrochemically measuring different pH values. A linear pH
sensitive of 57.4 mV'pH'1 at 22.7° C with a good agreement of Nernstian behavior was
reached, indicating the usefulness of the electrode as an electrochemical sensor. Into the
polymeric fluidic system, Ag/AgCl electrodes were electrolessly flow deposited, forming an
EO pump. Its pump rate was experimentally determined to 0.12 nl's"'-v!. From the
experience obtained during these experiments, three main conclusions can be drawn for the
SIP: First, an Ag electrode deposition and structuring is possible, but second, especially at the
small SIP cross section, the reliability of the electroless deposition process is highly sensitive
to contaminations. Third, with further research, it seems feasible that Ag/AgCl electrodes can
be further downscaled and used for EO pumping and electrochemical sensing inside the SIP’s
microfluidic systems.

Comparing both approaches, the integration of Pt electrodes and the post Ag/AgCl
electrode deposition, showed that the focus of further research should be placed on the
integration of the Pt electrode into the SIP. Despite the fact, that Ag/AgCl electrodes enable
the fabrication of an EO pump with a smaller footprint and facilitate an improved
electrochemical sensing, a reliable batch fabrication of Ag/AgCl electrodes requires a
stronger investigative effort. Whereas, Pt electrodes can be deposited and structured with
standard microfabrication techniques. Once the Pt electrodes are integrated and the design
guidelines for an on-chip EO pump turn out to be valid, the problems during dispensing with
the SIP, encountered in chapter 7, should be overcome. This should provide a unique and
powerful SFM chip with an on-chip integrated active microfluidic and electrochemical
system.

8.2 Recommendations

A first assessment of the upcoming challenges for the Pt electrode integration into the
SIP revealed, that an investigation is needed for the choice of the appropriate intermediate
adhesion and diffusion barrier layer, the surface self-diffusion of the Pt electrode and the
influence of the Pt layer on the thermal fusion bonding. An adhesion and diffusion barrier
layer between Pt and silicon (Si) is required, since Pt shows a high in-diffusion into Si [154,
155]. A formation of Pt silicides (Pt,Si and PtSi) at the diffused Pt/Si interface further
deteriorates the Pt layer [156]. Several adhesion and diffusion barrier layers have been
investigated, among others titanium (Ti), tantalum (Ta) and zirconium (Zr) [157]. The most
commonly used Ti should not be employed, since at elevated temperature (450° C), it
strongly diffuses into the Pt and, hence, its purpose as an intermediate layer is lost.
Furthermore, the resistivity of the Pt layer strongly increases due to electron scattering at the
newly formed Pt/Ti interfaces [158]. An additional failure source is imposed by the oxygen
(O,) rich atmosphere during the thermal fusion bonding step. The O, itself diffuses through
Pt [159] and reacts with the Ti to titanium oxide, causing the electrode to further deteriorate
[160]. These problems can be overcome by using Ta instead. First, Ta does not form an
eutecticum with Pt, for temperatures below 1635° C and remains as an intermediate layer. It
forms during the exposure to O, a strong oxide layer underneath the Pt electrode. In addition,
Ta also has a sufficiently higher melting temperature (3000° C) [161] than the thermal fusion
temperature (1100° C).

Even though the melting temperature of Pt (1772° C) [161] is higher than the thermal
fusion temperature, surface self-diffusion of Pt occurs, which deteriorates the electrode [162].
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First experiments of a 100 nm thick Pt layer at 1100° C for a 1.5 um thick SiO, layer (5.5 h)
demonstrated this strong self-diffusion, resulting in a sponge like electrode, as shown in Fig.
8.1 a). Reducing the temperature to 900° C does not solve the problem, as shown in Fig.
8.1 b), where the resulting SiO, layer was reduced to 0.7 um (7 h). It is assumed that capillary
forces support the growth of a groove along the grain boundaries. This problem was
addressed by the research of Firebaugh et al. [163], who suggested to use a thick Pt layer
(about 1 pm). This should be sufficiently thicker than the equilibrium groove depth and,
hence, results in a stable Pt electrode. In their report, a layer of 10 nm Ta and 400 nm Pt, had
already an average lifetime of 2881 min at 900° C, where the average lifetime was determined
by a 5% increase of electrical resistance. This average life time is more than sufficient to grow
the required capillary sidewall of about 1.5 pm SiO, at 900° C.

Concerning the thermal fusion bonding quality, the experienced gas built up underneath
the Pt electrodes and the resulting non bonded area is not expected, in contrast to what was
observed for anodic bonding in chapter 4. The bonding mechanism requires oxygen to form
the SiO, and, hence, it is in direct contact with the surrounding atmosphere. More critical is
the steric hindrance of the thick Pt electrode. Therefore, it is favourable to bury the Pt
electrode in a trench to regain a continuously flat bonding surface. So far, the Pt electrode
degradation, due to a Pt/SiO, interface, is considered the most critical. This interface occurs
at the Pt electrode sides and top, since it is required to hydraulically seal the electrode. At this
interface, the electrode might degrade, for instance, as competing reaction between the SiO,
formation and the aforementioned formation of platinum silicide [164].

Herewith, I would like to finish my dissertation thesis and I thank the interested reader
for his patience.

Fig. 8.1 Scanning electron images of a 100 nm thick Pt layer after: a) 5.5 h at 1100° C and b) 7 h at 900° C. Sur-
face self diffusion of Pt deteriorates the electrode, forming a sponge like layer.
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Summary

In this thesis, sub-10 um fluidic systems with integrated electrodes for pumping and
sensing in nanotechnology applications were developed and analyzed. This work contributes
to the development of the scanning ion pipette (SIP), a tool to investigate surface changes on
the nanometer scale induced by locally administering chemically or bio-active solutions. For
this purpose, the already existing technology of a micropipette integrated into a scanning
force microscope (SFM)-chip was enhanced by the use of electrodes for on-chip
electrochemical sensing and electroosmotic (EO) pumping. The integration of an EO pump
offered the possibility of storing, selecting and dispensing multiple different liquids with the
SIP chip. For a high density and convenient electronic integration, an EO pump with a small
footprint (less than 100 um % 100 um) and low actuation voltage (less than 10 V) had to be
developed.

The thesis starts with a detailed analysis of the microfabrication process to build the
SIP’s network of capillaries, the freestanding cantilever and the tip. The fabrication was
based on standard micromachining, from well established MEMS processes. The main
innovation, previously developed by Hug et al., was to outline the capillaries of the fluidic
system, the cantilever and the tip in one wafer, and fabricating the fluidic through wafer
connections and the SIP chip outline in another wafer. By bonding the two wafers together,
the former trenches were capped and by a subsequent high temperature oxidation, the
hydrophilic silicon dioxide (SiO,) capillaries were formed. Afterwards, the buried fluidic
system and the cantilever were released, providing optical access to the capillaries. Finally,
the outlet hole was drilled next to the tip apex with a focussed ion beam. This SIP fabrication
process was highly versatile with regards to the capillary geometry, allowing the design of a
complex capillary geometry for a multifunctional microfluidic system.

To obtain a first experience with these small capillary dimensions, the integration of an
evaporation based micropump into the SIP was investigated. Its actuation did not require any
electrodes and hence, it could be directly implemented into the SIP fabrication process,
without any additional fabrications steps. The working principle of an evaporation based
micropump is as follows: The hydrophilic capillaries of the SIP were spontaneously filled
with a water based solution. Once the fluid reached the capillary outlet inside, it started
evaporating. The capillary pressure kept the outlet of the capillaries wetted, and thereby,
automatically replaced the evaporation loss by drawing additional water through the
capillaries. This resulted in a unidirectional pump, which could be controlled by the
temperature at the evaporation area. The evaporation induced flowrate was experimentally
determined to range from 7 pl-s'l at 23° Cup to 53 pl-s'1 at 65° C depending exponentially
on the temperature.

A more advanced bidirectional EO pump with platinum (Pt) electrodes, based on a
simplified fabrication process, resulting in comparable SIP capillary dimensions, was
experimentally analyzed and modelled. The current-coupling between the Pt electrodes and
the solution required a SIP specific on-chip design to ventilate the emerging electrolyzed
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gases. This was achieved by integrating the electrodes into a novel liquid-gas (LG) separator.

The LG-separator separated the gas bubbles from the liquid and guided them away from the

EO pump. Its operation principle is solely based on the LG-separator’s geometry of tapered

sidewalls, taking advantage of the high capillary pressure occurring at the bubble’s liquid gas

interfaces at this small scale. The LG-separator was experimentally analyzed and modelled.

In the experimental analysis, the maximum backpressure of the LG-separator was determined

to be 0.6 kPa. It was able to reliably separate and ventilate an emerging gas flow of 2 pl~s'1.

For a deeper understanding, the development and the propagation of the bubble within the

LG-separator was analytically described in three dimensions. The model and the derived

design guidelines show that Pt electrodes, combined with the LG-separator, open an

interesting new field for complex high density electrohydrodynamic and electrochemical
microfluidic applications. A microfluidic system, containing two LG-separators sandwiching
an EO pump, was also analyzed and modelled. The EO pump achieved a flow rate of 50 pl‘s'1
at a low actuation voltage of 5 V. The developed corresponding model of the flows within the
fluidic system was in good agreement with the measured values. According to the model, an

EO pump with a high backpressure (3.6 kPa-V~!) enabling a high dispensing flowrate of

1.5 p1~V'1's'1 (corresponding to a SIP immersed in water, outlet hole radius of 100 nm) can

be built.

The performance and integration of a second type of electrodes, based on
silver/silver chloride (Ag/AgCl), into the SIP was investigated. These electrodes had the
outstanding advantage that during electrode actuation the electrochemical reaction continued
to transform Ag into AgCl and vice versa, rather than electrolyzing the liquid. Moreover,
these electrodes could be integrated in a post SIP capillary fabrication step, circumventing
electrode instability caused by the high temperature oxidation step to form the SiO, of the
capillary sidewalls. The general processflow to integrate the Ag/AgCl electrodes into the
fabricated SIP capillary fabrication step was:

1. The adhesion of the Ag electrode to the SiO, capillary sidewall was improved by using
an intermediate polymeric layer consisting of 3-mercaptopropylmethyldimethoxy silane
(MPS). This silanization step turned out to be essential for reliably stable Ag electrodes
in a capillary dimension of less than 10 um, since the strong capillary force tended to
delaminate the electrode. Crucial for a successful silanization was the use of a gas phase
deposition on a dehydrated surface, to avoid the formation of polymeric MPS globuly.

2. Electroless deposition provided a highly flexible and unique tool to deposit the
electrodes in the closed SIP capillaries. The general idea was to fill a solution of Ag ions,
as well as a reducing agent into the capillary. During the electrochemical reaction, the
Ag clectrodes started to grow on the capillary sidewall. The deposition of thick
electrodes was required since during the electrode actuation, either Ag or AgCl was
continuously consumed. This deposition of thick electrodes was especially challenging
due to a minute available capillary volume, hence high concentrations within the
electroless solution were used. The best electroless deposition process control was
achieved with an improved Tollens solution and the reaction speed was controlled with
the sodium citrate concentration (decrease) and the sodium hydroxide concentration
(increase). Two different methods of electroless deposition were employed: First, a
batch-like dip process of multiple electroless depositions, and second, a single electrode
flow deposition process providing continuously fresh electroless solution.

3. The electrode structuring was performed by controlling the capillary filling of the
electroless solution within the fluidic system by microfluidic stopvalves. The stopvalve
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functionality was twofold, the solution was reliably stopped during the electroless
deposition and afterwards the stopvalve was void free filled to ensure correct fluidic
actuation of the final device. This should be done preferably without applying any
external pressure. The switching from stopping to transmitting the solution was induced
by a change in the solution’s surface tension. The stopvalve performance was modelled
by improving the previously two dimensional model to three dimensions including,
additionally, the design fabrication specific corner rounding and low capillary cross
section’s aspect ratio.

4. After the electroless deposition and structuring, the Ag electrode was further transformed
into an Ag/AgCl electrode. Similarly to the electroless Ag deposition, the electrode
transformation was performed with a flow of either sodium hypochloride or ferric(III)
chloride. The transformation should be limited to 20% of the initial Ag layer thickness,
due to stress related electrode delamination or cracking, originating in the density
difference of Ag and AgCl. Interestingly, the electrochemical transformation process
from Ag into AgCl could be described by the Deal-Grove model for the oxidation of
silicon. The growth of AgCl depended nonlinearly on electrochemical reaction time.
After an AgCl thickness of about 40 nm, the electrochemical reaction was dominated by
the diffusion of the oxidizing species through an increasing layer of AgCl.

Electrodes were deposited into three different capillaries: a) into the SIP capillary itself (cross

section 2.2 um x 3.7 um), b) for larger availability and easier accessibility, into

commercially available round capillaries (radius up to 520 pm), and c) a polymeric
microfluidic system with rectangular capillaries (cross section 55 um X 65 um). Inside the

SIP, the functionality of the microfluidic stopvalve was experimentally verified, a binary

solution of 20% ethanol in water (contact angle 82°) was stopped and a binary solution of

40% ethanol in water (contact angle 58°) filled the stopvalve void free. In addition, a

successful dip electroless deposition and stopvalve structuring of Ag electrodes was shown.

Inside round capillaries, multiple electroless depositions revealed that each deposition

increased the Ag layer thickness of 51 nm. The deposited Ag layer had a high specific

conductivity of 6 x 107 S'‘m™!, indicating a high purity and density. The further
transformation into Ag/AgCl provided electrodes to electrochemically measure different pH
values. A linear pH sensitivity of 57.4 mV'pH'1 at 22.7° C with a good agreement of

Nernstian behavior was reached. During these experiments, it turned out that the electroless

Ag deposition was highly contamination sensitive which was strongly enhanced by the small

capillary cross section. Therefore, the deposition into the polymeric fluidic system was

performed with a flow of electroless solution instead of previously used multiple depositions.

Despite the individual electrode deposition, the flow deposition had the advantage that the

concentration could be kept constant throughout the capillary during the complete deposition

time. This provided a better reaction control due to a lower concentration and in addition, it
reduced the effect of the minute available capillary volume. The EO pump inside the
polymeric fluidic system had an experimentally determined pump rate of 0.12 nl-s"1-V~1.
First, experiments with the SIP for imaging and dispensing were performed. In order to
get a first hand-on experience, a less delicate sample, in less challenging conditions, was
chosen, then anticipated for the expected SIP imaging of a living cell. The imaging
capabilities were illustrated by imaging in tapping mode a fixed and dried Escherichia Coli
bacteria. The obtained images had a reasonable image quality and resolution. Moreover, no

special skills in handling the SFM were required, since it did not perform differently with a

mounted SIP than with a mounted standard commercially available SFM. In case of
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dispensing, with an externally applied pressure, the development of a bubble at the outlet hole
of the tip was observed. With the currently used method of gluing the SIP to the SFM holder,
no satisfying and reliable mounting was achieved. The main reasons of failure were leakage
afflicted sealing between the SIP and the SFM holder, contamination of the SIP capillaries
and finally breaking of the SIP cantilever during the complex and lengthy mounting
procedure. This, again, shows the necessity of improving SIP techniques towards
autonomous on-chip fluid handling.
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Samenvatting

In dit proefschrift zijn micro-fluidische systemen in het bereik onder 10 pm ontwikkeld
en geanalyseerd met geintegreerde elektroden voor het pompen en aftasten in
nanotechnologische toepassingen. Dit werk levert een bijdrage aan de ontwikkeling van de
scanning ion pipette (SIP), een apparaat voor het onderzoeken van oppervlakteveranderingen
op nanometerschaal veroorzaakt door lokaal aangebrachte chemische of bioactieve
oplossingen. Voor dit doel is de bestaande technologie van een in een scanning force
microscope (SFM)-chip geintegreerde micropipet verder ontwikkeld door toepassing van
elektroden voor on-chip elektrochemisch aftasten en elektro-osmotisch (EO) pompen. Het
integreren van een EO-pomp maakte het opslaan, selecteren en doseren van een aantal
verschillende vloeistoffen met de SIP-chip mogelijk. Om een hoge dichtheid en een
doelmatige elektronische integratie te bewerkstelligen, moest een EO-pomp worden
ontwikkeld met een kleine basisoppervlakte (minder dan 100 pum x 100 pm) en een lage
aandrijfspanning (minder dan 10 V).

Het proefschrift begint met een gedetailleerde analyse van het microfabricageproces
voor het bouwen van het SIP-netwerk van capillairen, de vrijstaande bladveer en de tip. Voor
de fabricage is uitgegaan van gewone microbewerkingen met behulp van beproefde
MEMS-processen. De belangrijkste innovatie, eerder ontwikkeld door Hug et al., was het
aftekenen van de capillairen van het fluidisch systeem, de bladveer en de tip in één waver, en
het fabriceren van de fluidische verbindingen door de waver en het aftekenen van de SIP-tip
in een andere waver. Door de twee waver op elkaar te bevestigen werden de sleuven afgedekt
en door daaropvolgende oxidatie bij hoge temperatuur werden de capillairen gevormd uit
hydrofiele siliciumdioxide (SiO,). Vervolgens werden het ingekapselde fluidisch systeem en
de bladveer vrijgemaakt zodat optisch toegang werd verkregen tot de capillairen. Tenslotte
werd vlakbij de bovenkant van de tip het uitlaatgat geboord met behulp van een
geconcentreerde ionenbundel. Dit SIP-fabricageproces bood veel mogelijkheden met
betrekking tot capillaire geometrie en maakte een complexe capillaire geometrie voor een
multifunctioneel microfluidisch systeem mogelijk. Om eerste ervaringen op te doen met deze
kleine capillaire afmetingen, is de integratie onderzocht van een verdampings-micropomp op
de SIP. De aandrijving ervan vereiste geen elektroden zodat hij rechtstreeks en zonder enige
aanvullende fabricagestappen kon worden geimplementeerd in het SIP-fabricageproces. Het
werkingsprincipe van deze verdampings-micropomp is als volgt: De hydrofiele capillairen
van de SIP vulden zich vanzelf met een waterige oplossing. Bij de uitlaat van de capillairen
aangekomen, begon de vloeistof te verdampen. Door de capillaire druk bleef de uitlaat van
de capillairen vochtig en werd de verdampte vloeistof automatisch aangevuld doordat de
capillairen extra vloeistof opzogen. Zo is een éénrichtingspomp gerealiseerd die kon worden
geregeld door middel van de temperatuur in het verdampingsgebied. Experimenteel is
vastgesteld dat het door verdamping opgewekte debiet varieerde van 7 p1~s'l bij 23° C tot
53 pl-s'l bij 65° C, exponentieel evenredig met de temperatuur.

Een meer geavanceerde bidirectionele EO-pomp met platina (Pt) elektroden
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vervaardigd in een vereenvoudigd fabricageproces waarbij SIP-capillairen met vergelijkbare
afmetingen ontstonden, is experimenteel geanalyseerd en gemodelleerd. Aangezien er stroom
loopt door de Pt-elektroden en de oplossing, was een SIP-specifieke voorziening op de chip
nodig om de door elektrolyse gevormde gassen af te voeren. Dit werd gerealiseerd door de
elektroden op te nemen in een geavanceerde vloeistof-gasscheider (Ig-scheider). De
lg-scheider verwijderde de gasbellen uit de vloeistof en voerde ze weg van de EO-pomp. Het
werkingsprincipe van de lg-scheider is uitsluitend gebaseerd op diens geometrie met taps
toelopende zijwanden en gebruikmaking van de hoge capillaire druk die bij deze kleine
afmetingen optreedt op het scheidingsvlak tussen vloeistof en gas van de bellen. De
lg-scheider is experimenteel geanalyseerd en gemodelleerd. Bij de experimentele analyse is
de maximale tegendruk van de lg-scheider vastgesteld op 0.6 kPa. Hij kon betrouwbaar een
vrijkomend gasdebiet van 2 p1~s'1 scheiden en afvoeren. Voor een beter begrip is de
ontwikkeling en voortplanting van de bel binnen de lg-scheider analytisch beschreven in drie
dimensies. Het model en de afgeleide ontwerprichtlijnen laten zien dat Pt-elektroden in
combinatie met de lg-scheider een interessant nieuw gebied openen voor complexe
hogedichtheid-elektrohydrodynamische en elektrochemisch microfluidische toepassingen.
Ook is er een microfluidisch systeem geanalyseerd en gemodelleerd dat bestond uit twee
lg-scheiders aan weerszijden van een EO-pomp. De EO-pomp bereikte een debiet van
50 pl s~ bij een lage aandrijfspanning van 5 V. Het ontwikkelde corresponderende model van
de stromingen binnen het fluidisch systeem kwam goed overeen met de gemeten waarden.
Volgens het model kan een EO-pomp worden gebouwd met een hoge tegendruk
(3.6 kPa~V'1) waardoor een hoog doseerdebiet van 1.5 pl~V'1's'1 mogelijk is (overeenkomend
met een SIP ondergedompeld in water, uitlaatgatstraal van 100 nm). Ook is onderzoek
gedaan naar de werking en integratic van een tweede type elektroden op basis van zilver/
zilverchloride (Ag/AgCl) in de SIP. Deze elektroden hadden het belangrijke voordeel dat, als
de elektrode actief was, de elektrochemische reactie bleef voortduren waarbij Ag werd
omgezet in AgCl en omgekeerd in plaats van de vloeistof te elektrolyseren. Bovendien
konden deze elektroden worden geintegreerd in een fabricagestap na productie van de
SIP-capillairen waardoor de instabiliteit van de elektrode werd vermeden die wordt
veroorzaakt door de oxidatie bij hoge temperatuur voor de vorming van het SiO, van de
zijwanden van de capillairen. Het algemene productieproces voor het integreren van de Ag/
AgCl- elektroden in de geproduceerde SIP-capillairen was:

1. De adhesie van de Ag-elektrode aan het SiO, van de capillairwand is verbeterd door
toepassing van een polymeer tussenlaag bestaande uit 3-mercaptopropylmethyldimethoxy-
silaan (MPS). Het bleck dat deze silaniseringsstap van vitaal belang was voor betrouwbaar
stabiele Ag-elektroden bij capillaire afmetingen van minder dan 10 um, aangezien de
elektrode de neiging had te delamineren door de sterke capillaire kracht. Essentieel voor
succesvolle silanisering was toepassing van gasfasedepositie op een gedehydrateerd
oppervlak om vorming van bolletjes MPS-polymeer te voorkomen.

2. Chemische depositie bleek een zeer flexibel en uniek hulpmiddel te zijn voor
depositie van de elektroden in de gesloten SIP-capillairen. Het algemene idee was om de
capillairen te vullen met een oplossing van Ag-ionen met een reductiemiddel. Tijdens de
elektrochemische reactie begonnen de Ag-elektronen te groeien op de capillairwand. Het was
nodig dikke elektroden te vormen aangezien voortdurend ofwel Ag of AgCl werd verbruikt
als de elektroden actief waren. Deze depositie van dikke elektroden was in het bijzonder een
uitdaging doordat er slechts een zeer beperkt capillair volume beschikbaar was zodat hoge
concentraties chemische oplossing werden gebruikt. De beste procesbeheersing van de
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chemische depositie werd bereikt met een verbeterde Tollens-oplossing en de reactiesnelheid
werd geregeld met geconcentreerd natriumcitraat (vertragen) en geconcentreerd
natriumhydroxide (versnellen). Er werden twee verschillende methoden voor chemische
depositie gebruikt: Allereerst een discontinu dompelproces met meervoudige chemische
deposities en in de tweede plaats een enkelvoudig continu depositieproces waarbij
voortdurend verse chemische oplossing werd toegevoerd.

3. Structurering van de elektroden werd gerealiseerd door het regelen van de vulling van
de capillairen met de chemische oplossing binnen het fluidisch systeem met microfluidische
afsluitkleppen. De afsluitkleppen hadden een tweevoudige functie, de oplossing werd
betrouwbaar afgesloten tijdens de chemische depositie en naderhand was de afsluitklep
gevuld zonder holtes voor een goede fluidische aansturing van het uiteindelijke apparaat. Dit
moet bij voorkeur worden gedaan zonder uitwendige druk toe te passen. Het schakelen tussen
stoppen en doorlaten van de oplossing werd geactiveerd door een verandering in de
oppervlaktespanning van de oplossing. De werking van de afsluitkleppen werd gemodelleerd
door verbetering van het oorspronkelijk tweedimensionale model tot drie dimensies en
daarbij rekening te houden met de door het ontwerp bepaalde hoekronding en de kleine
capillaire doorsnede.

4. Na chemische depositie en structurering werd de Ag-elektrode vervolgens omgezet
in een Ag/AgCl-elektrode. Net als bij de chemische Ag-depositie, werd de
elektrodetransformatie uitgevoerd met een stroom van ofwel natriumhypochloride or
ferric (III) chloride. De transformatie dient beperkt te blijven tot 20% van de oorspronkelijke
Ag-laagdikte vanwege door spanningen veroorzaakte deliminatie of barsten van de elektrode
als gevolg van het verschil in dichtheid tussen Ag en AgCl. Interessant genoeg kan het
elektrochemische transformatieproces van Ag in AgCl worden beschreven met het
Deal-Grove-model voor de oxidatie van silicium. De aangroei van het AgCl was niet-lineair
athankelijk van de elektrochemische reactietijd. Vanaf een AgCl-dikte van ongeveer 40 nm,
werd de elektrochemische reactie overheerst door de diffusie van het oxiderende materiaal
door een toenemende laag AgCl.

Elektroden werden afgezet in drie verschillende capillairen: a) in het SIP-capillair zelf
(doorsnede 2.2 um x 3.7 pm), b) voor grotere beschikbaarheid en eenvoudiger
bereikbaarheid, in commercieel leverbare ronde capillairen (straal tot 520 um), en c) een
polymeer-microfluidische systeem met rechthoekige capillairen (doorsnede 55 pm x 65 pm).
Binnen de SIP is de functionaliteit van de microfluidische afsluitklep experimenteel
geverifieerd, een binaire oplossing van 20% ethanol in water (contacthoek 82°) is afgesloten
en een binaire oplossing van 40% ethanol in water (contacthoek 58°) heeft de afsluitklep
gevuld zonder holtes. Bovendien is de succesvolle chemische dompeldepositie en
structurering van de afsluitklep van Ag-elektroden aangetoond. In ronde capillairen liet
meervoudige chemische depositie zien dat bij elke depositie de laagdikte van het Ag met
51 nm toenam. De afgezette Ag-laag had een hoge specifieke geleidbaarheid van
6 x 107 S'm™!, wat wijst op een hoge zuiverheid en dichtheid. De verdere transformatie in Ag/
AgCl resulteerde in elektroden voor elektrochemische meting van verschillende pH-waarden.
Er werd een lineaire pH-gevoeligheid bereikt van 57.4 mV-pH™! bij 22.7° C met een goede
overeenkomst met Nernst-gedrag. Tijdens deze experimenten bleek dat de chemische
Ag-depositie zeer gevoelig was voor vervuiling, wat aanzienlijk werd versterkt door de kleine
capillaire doorsnede. Daarom werd de depositie in het polymeer-fluidische systeem
uitgevoerd met een continue stroom chemische oplossing in plaats van de eerder gebruikte
meervoudige deposities. Vergeleken met de individuele elektrodedepositie, had de continue
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depositie het voordeel dat de concentratie in het capillair gedurende de gehele depositietijd
constant gehouden kon worden. Hierdoor kon de reactie beter worden gestuurd dankzij een
lagere concentratie en daarnaast verminderde dit het effect van het minuscule beschikbare
capillaire volume. De EO-pomp binnen het fluidisch polymeersysteem had een
experimenteel bepaald pompdebiet van 0.12 nls vl

Eerst zijn experimenten uitgevoerd met de SIP voor beeldvorming en doseren. Om een
eerste praktijkervaring op te doen is een minder gevoelig monster onder minder moeilijke
omstandigheden gekozen, en vervolgens is vooruitgelopen op de verwachte
SIP-beeldvorming van een levende cel. De mogelijkheden voor beeldvorming zijn
geillustreerd door het maken van beelden onder amplitudemodulatie van een gefixeerde en
gedroogde Escherichia Colibacterie. De verkregen beelden hadden een redelijke
beeldkwaliteit en resolutie. Bovendien waren er geen speciale vaardigheden vereist voor het
bedienen van de SFM aangezien die zich niet anders gedroeg met de geplaatste SIP dan met
een geplaatste standaard leverbare SFM. Bij het doseren onder externe druk werd de
ontwikkeling van een luchtbel bij het uitlaatgat van de tip waargenomen. Met de momenteel
toegepaste methode waarbij de SIP wordt vastgelijmd aan de SFM-houder, werd geen
afdoende en betrouwbare bevestiging bereikt. De belangrijkste storingen waren lekkage van
de afdichting tussen de SIP en de SFM-houder, vervuiling van de SIP-capillairen, en tenslotte
het bezwijken van de SIP-bladveer tijdens de complexe en langdurige plaatsingsprocedure.
Dit toont nogmaals de noodzaak aan van het verbeteren van SIP-technieken om te komen tot
de autonome on-chip vloeistofbehandeling.
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Symbols
A Cross sectional area [m?] p. Young-Laplace pressure or [Pa]
capillary pressure

Bo Bond number [] Ppy Hydraulic pressure [Pa]

bp Bubble parameter [1] Din: Internal pressure [Pa]

¢ Concentration [mol1"!] py Partial vapor pressure [Pa]

D Diffusion constant [m2~s'1] pH Negative logarithm of the [ ]

hydronium concentration

d  Depth [m] O Flowrate (m3s7!]

E  Electric field [Vm'] R Radius [m]

G  Gibbs free energy [7] R, Corner radius [m]

g  Gravity [ms?] Re Reynolds number []

H,,, Evaporation enthalphy [N'mmol!] R,; Electrical resistance [Q]

h Height [m] Ry, Hydraulic resistance [Pa-s-m'3]

1,; Electrical current [A] T  Temperature [K] [°C]

I, Second moment of inertia [m*] t Time [s]

k Stiffness [N~m'1] U Voltage drop [V]

/ Length [m] U Internal energy [J]

[, Characteristic cross [m] V' Volume [m’]
sectional length

M Molarity [kg-mol'l] v Velocity [m-s'l]

Ng  Evaporation rate [m01~m'2-s' l] w  Width [m]

p  Pressure [Pa] Y  Young’s stiffness modulus [Pa]

pp  Backpressure [Pa] Z  Valence of charged ion [ ]
LG-separator

Constants

e  Elementary charge 1.6 x 10'% ¢ kg Boltzmann constant 1.38 x 1023 JK!

gy Electrical permittivity 8.85 x 10712 R Avogadro constant 6.02 x 102 mol’!
in vacuum A-sVim!
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Greek Symbols
Taper angle [deg] He, Electroosmotic mobility [m2~V“1~s'1]
Y  Surface tension [N-m'l] Uep Electrophoretic mobility [mz-\/“1 -s'l]
¢  Hydraulic resistance [Pa~s~m'3 ] v  Evaporation induced [m3~s'1]
depending on electrode flow

misalignment within the
LG-separator

€  Zeta potential [V] p.; Specific electrical [Q2'm]
resistance
n  Dynamic viscosity [Pa-s] p; Liquid density [kg-m'3 ]
0  Contact angle [deg] o, Surface charge [C~m'2]
Opening angle at a rounded [deg] o, Specific conductivity  [S'm]
corner
Ap Debye layer thickness [m]

Abbreviations and Acronyms

CCD Charged Coupled Device NADIS Nanoscale Dispensing
CMOS  Complementary Metal Oxide NFP Nano Fountain Probe
Semiconductor
DPN Dip Pen Nanolithography NOA63 UV Curable Polymer
DRIE Deep Reactive lon Etching PECVD Plasma Enhanced Chemical
Vapor Deposition
EDX Energy Dispersive X-ray RIE Reactive Ion Etching
Spectroscopy
EO Electroosmotic SEM Scanning Electron Microscope
FIB Focussed Ion Beam SFM Scanning Force Microscope
FPN Fountain Pen Nanochemistry SIP Scanning Ion Pipette
LG Liquid-gas SUS8 Negative Photoresist
LPCVD Low Pressure Chemical Vapor la liquid-air
Deposition
MEMS  Micro Electro Mechanical sa solid-air
System

MPS Polymeric-mercapto-silane sl solid-liquid
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Chemicals and chemical compounds

Ag Silver NaH,PO, Sodium hypophosphite

AgCl Silver chloride NaOH Sodium hydroxide

AgNO; Silver nitrate NH,OH  Ammonium hydroxide

AgO, Silver oxide PDMS Polydimethylsiloxane

Au Gold Pt Platinum

BHF Buffered hydrofluoric acid PtSi, Pt,Si  Platinum silicide

DNA Deoxyribonucleic acid Si Silicon

Ga Gallium SizNy Silicon nitride

H,0 Water SiO, Silicon dioxide

OH" Hydroxide ion SiO” Silanoate

H3O+ Hydronium ion SiOH Silanol group

H,0, Hydrogen peroxide Ta Tantalum

H;POy4 Phosporic acid Ti Titanium

HEPES 4(2-hydroxylethyl)-1-piperazine- TMAH Tetramethylammonium
ethansulfonic acid hydroxide

KCl Potassium chloride 0, Oxygen

KOH Potassium hydroxide Zr Zirconium

MPS 3-mercaptopropyldimethoxy-

methyl silane
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In this thesis, sub-10 um fluidic systems, with integrated electrodes for
pumping and sensing, in nanotechnology applications were developed and
analysed. This work contributes to the development of the scanning ion
pipette (SIP), a tool to investigate on the nanometer scale surface changes
induced by locally administering chemically or bioactive solutions. For this
purpose, the already existing technology of a micropipette integrated into a
scanning force microscope chip was enhanced by the use of electrodes for on-
chip electrochemical sensing and electroosmotic pumping. The integration of
an eo pump offered the possibility of storing, selecting and dispensing
multiple different liquids within the SIP chip. For a high density and
convenient electronic integration, an eo pump with a small footprint (less than
100 um x 100 um) and low actuation voltage (less than 10 V) had to be
developed.
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	2.2 Design considerations and fabrication results
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	Fig. 2.5 SEM image of: a) a clamped 155 µm long SiO2 cantilever. b) The cross section of a cleaved cantilever. The interior cross section was measured to be 3.7 µm × 2.2 µm. c) The molded 2.4 µm high Si3N4 tip and d) a closer view of the tip, sh...
	Fig. 2.6 SEM image of: a) a stable 50 µm wide square shaped membrane. b) A small radius of curvature in the fluidic system’s capillaries yielded a high stress and induced cracks into the capillary sidewall.

	2.2.4 Specific design for anisotropic KOH etching
	Fig. 2.7 SEM image of a) the base-wafer side of SIP chip, the breaking beams protected the SIP chip corner and b) a thinned down breaking beams by a well timed opening of the breaking points. c) Fluorescent microscope image overlaid on top of a SEM i...

	2.2.5 Remarks on silicon direct bonding

	2.3 Laboratories involved
	Fig. 2.8 Infrared microscope image of stress fringes and non bonded areas at the interface between the two wafers. This image was taken after the thermal oxidation. Image taken in transmission mode, with observation from the fluidic-system-wafer.
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	3.1 Theory of evaporation induced pumping in microcapillaries
	Fig. 3.1 a) Sketch of a SIP with an integrated micropump. Evaporating water induces suction flow inside the SFM-chip. b) Different filling levels of the evaporation cell depending on flow induced pressure drop over the fluidic system psys and capilla...
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	3.2 Experimental
	3.2.1 Design of the scanning ion pipette with an integrated evaporation based pump
	3.2.2 Instrumentation and method

	3.3 Results and discussion
	3.3.1 Verification of the measurement method
	Fig. 3.2 a) Optical microscope image bottom evaporation cell including clusters microspheres (white spots). b) Filtered image to remove the background information. c) Detailed view of a cluster of microspheres. Image is further transformed into a gra...

	3.3.2 Deduction of the model parameters
	, (3.5)
	Fig. 3.3 a) Evaporation of water in inverted truncated pyramid shaped evaporation cell. b) Modelled water vapor pressure profile inside the evaporation cell.


	3.3.3 Temperature dependent pump rate
	Fig. 3.4 a) Pumped water with an increasing pump rate by increasing the temperature (experimental data, open circles o; fitted model, dots). b) Dependency of the pump rate Q on the temperature T.
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	Electroosmotic pumping with Pt electrodes
	4.1 Model of an electroosmotic pump with a liquid-gas-separator
	4.1.1 Model of the liquid-gas-separator
	Fig. 4.1 Sketch of the LG-separator. It enables the coupling of electrical current into the solution and the separation of the emerging electrolyzed gas bubbles from the functional liquid fluidic system. Its operation is based on tapered sidewalls wh...
	. (4.1)
	. (4.2)
	Fig. 4.2 Sketch of the spherical initial bubble B0. a) Vertical cross section through bubble-center revealing the height of the bubble-center Rh. b) Horizontal cross section through bubble-center revealing the maximum radius of the initial bubble . I...

	. (4.3)
	, (4.4)
	. (4.5)
	. (4.6)
	. (4.7)
	Fig. 4.3 a) Horizontal cross section of the first bubble B1 through its center. It reveals the new bubble radius R1 and its position within the capillary x1. In this sketch, the initial opening w0 = 1 µm, the taper angle b = 10° and the contact ang...

	. (4.8)
	. (4.9)
	Fig. 4.4 Sketch of the critical bubble at the bottom of the capillary. From this sketch the minimum electrode length le can be determined. In this sketch, the initial opening w0 = 1 µm, the taper angle b = 10° and the contact angle q = 52°.

	. (4.10)
	Fig. 4.5 The dimensions of the critical bubble Bc determine the minimum electrode length le and the minimum capillary height hc. a) The minimum electrode length le and b) the minimum capillary height hc as a function of the taper angle b.
	Fig. 4.6 Sketch of an horizontal cross section showing the entrapped bubble stretched over the complete cross section of the capillary. The capillary is cut along the symmetry line in its center. The sketch reveals the two menisci radii, R1 and R2 wh...

	and (4.11)
	. (4.12)
	. (4.13)
	Fig. 4.7 a) The LG-separator backpressure pb as a function of the bubble parameter. A minimum bubble length is required to have a positive backpressure pb. At long bubble lengths the backpressure pb saturates to the Young-Laplace pressure of the firs...
	Fig. 4.8 Sketch of the LG-separator showing its critical dimensions. The capillary sidewall has the opening of w0 at the electrode. The capillary sidewall is tapered with the angle b. The electrode has the length le. The small electrode edge has a di...


	4.1.2 Model of the complete fluidic system
	and , (4.14)
	Fig. 4.9 a) Schematic sketch of fluidic system including the EO pump with LG-separator. b) Equivalent electrical circuit for the determination of flow and pressures within the fluidic system.
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	4.2 Fabrication
	4.2.1 Process flow
	4.2.2 Fabrication results and discussion
	Fig. 4.10 Process flow for the integration of Pt electrodes into the microfluidic capillaries. a) double sided polished 525 µm wafer. b) Outlining the capillaries as DRIE trenches. c) Thermal oxidation in order to narrow down the width of the capill...
	Fig. 4.11 a) Scanning electron microscope (SEM) image showing that the depth of the DRIE trenches depended on the width of the capillaries. b) The normalized depth with respect to a 20 µm wide capillary, extracted from a).
	Fig. 4.12 SEM images of: a) Top view of a DRIE and thermally oxidized pump inlet with the exhaust capillary on the top and part of the EO pump at the bottom. The corners were rounded with a radius of 2.2 µm. The width of the EO pump was determined t...


	4.3 Experiments, results and discussion
	4.3.1 Liquid-gas-separator
	Fig. 4.13 Optical microscope image of: a) an entrapped air bubble in tapered capillary and b) of the static contact angle q inside the capillary. c) Ratio between the radii of two opposing mensici in a capillary with two different taper angles b1 and b2

	4.3.2 Electroosmotic flow determination
	Fig. 4.14 Optical microscope image of an active LG-separator with a driving current of 20 nA. The time difference between the images was 7 s. The hydrogen evolution is estimated to generate a flow of 2 pl·s-1.
	Fig. 4.15 a) Fluorescent microscope image of the flow of fluorescein solution into the fluidic system replacing deionized water. Images taken with a time difference of 200 ms in a 400 µm long capillary. b) Greyscale distribution in the center of the...
	. (4.20)
	. (4.21)
	Fig. 4.16 a) Voltage current curve of the EO pump. At low voltages the system is mainly determined by the current-coupling of the electrode. The higher the applied voltage the higher the voltage drop over the fluidic system. The curve approaches the ...

	Tabel 4.1: Flows within the fluidic system


	4.4 Summary and conclusions
	4.5 Outlook
	4.5.1 Model of an electroosmotic pump integrated into the scanning ion pipette
	Fig. 4.17 a) Maximum EO pump backpressure per applied voltage depending on the EO pump length. b) Dispensing flow through a hole in the tip per applied voltage depending on the tip hole radius. (rel = 100 W·m, mel = 3 × 10-7 m2·V-1·s-1)

	4.5.2 Electrodeposition inside closed capillaries
	Fig. 4.18 Optical microscope image of an electrodeposition of silver inside closed microfluidic capillaries. The Pt line was used as the start electrode for the deposition. The counter electrode was placed inside the LG-separator. Conditions for this...
	Fig. 4.13 a) SEM image of a Pt lift-off fabricated tip with a opening angle of 25°. The tip rounded of with a radius of 500 nm, which defines a sufficient small feature size for the fabrication. b) Optical microscope image of a non bonded area under...
	Chapter 5



	Integration of Ag electrodes into the scanning ion pipette
	5.1 Experimental
	5.1.1 Intermediate polymeric-mercapto-silane layer
	1. Dehydrating the capillary surface and the reaction container by baking and venting it at 180° C for 20 min.
	2. The MPS layer was formed by evaporating 50 µl of 3-mercaptopropyldimethoxymethyl silane in a volume of 30 ml at 180° C for 10 min.
	3. The excessive silane was removed by venting the reaction container while continuously heating for additional 10 min.
	Fig. 5.1 Sketch (top view) of an electrolessly deposited Ag electrode. For an improved adhesion of the Ag layer to the SiO2 surface an intermediate MPS layer was employed. Structuring of the Ag layer was performed with a microfluidic stopvalve at the...


	5.1.2 Electroless Ag deposition
	1. The Ag+ ions in the form of 1 mol·l-1 silver nitrate, which was transferred into silver diamine by ammonium hydroxide 2 mol·l-1. The transfer from silver nitrate into silver diamine was necessary to avoid precipitation of silver oxide at high pH...
	2. The reducing agent was 0.1 mol·l-1 glucose. As reducing agents for the Tollens reaction, glucose and hydrazine are commonly employed. Nevertheless, for this experimental study, glucose is used, because it is less toxic and safer to handle. In add...
	3. The reaction should preferably occur at the already existing Ag layer attached to the sidewall and not inside the bulk solution [114]. This can be achieved by controlling the reaction speed, which at these high concentrations could be achieved by ...
	4. As a wetting agent, ethanol was added to a concentration of 20% vol. This was necessary, since the silanization transformed the former hydrophilic surface into a hydrophobic one. The use of surfactants was avoided, for this purpose, because of the...

	5.1.3 Configuration of the Ag electrode by microfluidic structures
	Fig. 5.2 Sketch of the microfluidic stopvalve. Due to the fabrication, the capillary with an initial width w0 opens at the lip with a rounded corner with the radius Rc. The meniscus of the liquid-air interface is bent with the radius R.
	, (5.1)
	Fig. 5.3 a) Young-Laplace pressure pw induced by the width of the microfluidic stopvalve as a function of the opening angle k at an initial width w0 of 1 µm and a constant rounding of the opening Rc of 1 µm. b) Maximum Young-Laplace pressure induce...

	. (5.2)
	. (5.3)
	(5.4)
	Fig. 5.4 Combined Young-Laplace pressure pt as a function of the opening angle k at an initial width w0 of 1 µm, a rounded corner Rc of 1 µm and a capillary height h = 3µm. The microfluidic stopvalve is able to block solutions once pt becomes posi...



	5.2 Process characterization, results and discussion
	5.2.1 Intermediate polymeric-mercapto-silane layer
	5.2.2 Electroless Ag deposition
	Fig. 5.5 a) Contact angle q as a function of the ethanol volume content in the binary solution of water and ethanol. b) Optical microscope image of the contact angle q was determined by measuring the radius of the meniscus between the water ethanol s...
	Fig. 5.6 Sketch and optical microscope image of an electroless Ag deposition without a startlayer. The Ag layer thickness diminished within 100 µm - 200 µm from the macroscopic inlet into the microscopic capillary (3 µm × 3 µm). This could be av...
	Fig. 5.7 a) EDX spectrum of an Ag startlayer deposited into a SiO2 capillary (3 µm × 3 µm). The spectroscopy result revealed a pure Ag layer on a SiO2 substrate. The inset shows an SEM image where the EDX spectrum was performed. b) SEM image showi...
	Fig. 5.8 Measurement of the conductivity s of an Ag layer electrolessly deposited into a 300 µm µ-capillary. a) For the standard solution composition the reaction is not completed after 20 min. b) The reaction speed can be reduced by increasing the...
	Fig. 5.9 Scanning force microscopy images (z-scale 105 nm) of: a) an electroless Ag deposited startlayer. The average grain size diameter is 96 nm ± 27 nm. b) An additional electroless Ag deposited layer on top of the startlayer. The average grain s...
	Fig. 5.10 a) The electrolessly deposited Ag startlayer was partially removed and a scanning force microscopy image was taken over the step (z-range 150 nm). b) Histogram of the scanning force microscopy image revealing the thickness of the startlayer...

	5.2.3 Microfluidic structuring of the Ag layer
	Fig. 5.11 a) The upper part shows a SEM image of the microfluidic stopvalve after DRIE. The lower image, after thermal oxidation and KOH release, the fully fabricated microfluidic stopvalve had in its stop S1: a width of w0 = 1 µm, an opening angle ...


	5.3 Summary and conclusions
	Chapter 6


	Electroosmotic pumping and electrochemical sensing with Ag/AgCl electrodes
	6.1 Design
	, (6.1)
	, (6.2)
	Fig. 6.1 a) Sketch of the fluidic system layout, including the fluidic and electrical connection. b) Sketch of the EO pump layout. The electrodes were structured by the microfluidic stopvalve. c) Equivalent electrical circuit of the fluidic system to...


	6.2 Process flow
	Fig. 6.2 The flow chart of the fabrication process. a) The SU8 layer was patterned by photolithography. In order to reduce t-topping of the SU8 a UV-filter was used. b) The SU8 structure was casted into the PDMS master. In order to increase the casti...

	6.3 Fabrication results and discussion
	6.3.1 Microfluidic NOA63/glass capillary
	Fig. 6.3 Scanning electron microscope (SEM) images of the fabrication results. a) Cross section of the EO pump capillary, PDMS cast of SU8 structure. b) Cross section of the EO pump capillary, NOA63 cast of PDMS structure. c) Top view of a rounded co...
	Tabel 6.1: Dimensions fluidic system

	6.3.2 Electroless Ag deposition
	Fig. 6.4 Measured conductivity between two Cord End terminals of one electrode as a function of the deposition time. A formation of an interconnected Ag layer can be measured after 290 s. The conductivity increases linearly indicating constant deposi...
	, (6.3)
	Fig. 6.5 a) Optical microscope image of a microfluidic stopvalve successfully stopping water. The opening angle was determined to be 45°. b) Total Young-Laplace pressure pt of the microfluidic stopvalve as a function of the opening angle k. At the t...


	6.3.3 Electroless Ag transformation into AgCl
	Fig. 6.6 SEM image of crack formation in the electrode during the transformation from Ag into AgCl. It was assumed that these cracks occur due to compressive stress attributed to the lower molar density of AgCl than Ag. It turned out that a mechanica...
	Fig. 6.7 a) Measured conductivity (left ordinate) and calculated Ag layer thickness (right ordinate) as a function of the transformation time. The transformation was started after 100 s. The conductivity decayed nonlinear. At about 210 s, the transit...
	, (6.4)


	6.4 Electroosmotic flow measurement
	Fig. 6.8 Average speed of the microspheres as a function the electric field Eh within the EO pump. The average was taken for six measured microsphere speeds at different positions within the capillary cross section. The microsphere speed v was split ...
	6.4.1 Electroosmotic induced speed of the microspheres
	= -3.3 × 10-8 m2·V-1·s-1, (6.5)
	= -2.3 × 10-8 m2·V-1·s-1, (6.6)

	6.4.2 Electrophoretic induced speed of the microspheres
	= -6.5 × 10-8 m2·V-1·s-1, (6.7)

	6.4.3 Combined velocity of the microspheres
	= -4.2 × 10-8 m2·V-1·s-1. (6.8)


	6.5 Electrochemical measurement
	6.6 Conclusions and outlook
	Fig. 6.9 The quality of the Ag/AgCl electrode inside a µ-capillary was verified by replacing the reference electrode of a pH-meter with the Ag/AgCl electrode inside a µ-capillary. The electrical loop was closed with the ion-sensitive indicator elec...
	Fig. 6.10 Sketch of a low voltage capillary electrophoresis sensor. The setup takes advantage of the dependency of the electroosmosis on the capillary cross section, whereas electrophoresis is independent of the capillary cross section.
	Chapter 7


	Imaging and dispensing with the scanning ion pipette
	7.1 Scanning force microscopy imaging with the scanning ion pipette
	Fig. 7.1 Scanning force microscopy image of a fixed and dried Escherichia Coli bacteria obtained by the SIP. The z-data scale ranges up to 550 nm. The SFM characteristics of the SIP were: A measured cantilever resonance frequency of 159 kHz and a qua...

	7.2 Fluid dispensing with the scanning ion pipette
	7.2.1 Interface: scanning ion pipette and scanning force microscope holder
	Fig. 7.2 a) Sketch of the SIP’s backside showing the fluidic connection. The SIP needed to be aligned to the SFM holder such that the laser spot from the SFM was placed on the tip. b) Sketch of the modified SFM holder.

	7.2.2 Sealing agents and procedure

	7.3 Dispensing results and discussion
	Fig. 7.3 Mounting and sealing procedure of the SIP on the SFM holder. a) The SIP is placed in the oxygen plasma to clean and activate the SiO2 surface. b) To increase the width of the small rim at the front of the SIP’s fluidic connection, small gl...
	Fig. 7.4 Fluorescent microscope image of a non capillary filling of the SIP’s fluidic system. The main causes for that were either patches of dissolved and re-dried glue residues inside the capillary or a reduced capillary wetting due to a long tim...
	Fig. 7.5 Fluorescent microscope image of a dispensing experiment with the SIP. An external pressure of 100 Pa is applied to dispense fluorescein solution out of the tip. A slow generation of a bubble next to the tip hole can be seen. The time span be...

	7.4 Summary and conclusions
	7.5 Outlook: Alternative sealing approach
	1. The alignment mismatch between the fluidic connection of the SIP and the SFM holder needed to be reduced. The alignment mismatch can be overcome by placing the SIP’s fluidic connection into the SIP’s center. As a consequence, the hydraulic res...
	2. The bond-strength between SIP and SFM holder needed to be improved. No glue should be in contact with the solution. To improve the mechanical bond-strength between SIP and SFM holder, the backside of the SIP should be prestructured with a sealing ...
	3. The alignment of the SIP to the SFM holder should be facilitated, preferably by selfalignment.
	Fig. 7.6 Modification of the SIP process flow to integrate sealing and clamping structures in the SIP backside. a) In addition to the fluidic connection, the sealing structures are outlined with RIE into the KOH etch mask. Only the Si3N4 layer is rem...

	Chapter 8


	Conclusions and recommendations
	8.1 Conclusions
	1. The adhesion of the Ag electrode to the capillary sidewall was improved by using an intermediate polymeric layer. This turned out to be essential for reliably stable Ag electrodes in a capillary dimension of less than 10 µm, since the strong capi...
	2. The electroless deposition process solved the challenges to deposit electrodes in closed capillaries. One of the main requirements for the development of the electroless deposition process was to deposit thick electrodes out of a minute available ...
	3. The electrode structuring was performed by controlling the filling of the capillaries with electroless plating solution by means of microfluidic stopvalves. The requirement on the stopvalve had to be twofold, the solution was reliably stopped duri...
	4. After the electroless deposition and structuring, the Ag electrode was further transformed into an Ag/AgCl electrode. In a similar process as to the electroless Ag deposition, the electrode transformation was performed with a flow of either sodium...

	8.2 Recommendations
	Fig. 8.1 Scanning electron images of a 100 nm thick Pt layer after: a) 5.5 h at 1100° C and b) 7 h at 900° C. Surface self diffusion of Pt deteriorates the electrode, forming a sponge like layer.
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