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Abstract

Keywords in french: Microscopie a force atomique, microscopie électrochimique
a balayage, canaux ioniques, biologie cellulaire, micro fluidique.

Keywords in english: Atomic force microscopy, scanning electrochemical
microsopy, ion channels, cell biology, micro fluidic.

Many important biological activities like electrical impulses in nerve cells and
cell metabolism are strongly related to the transport of molecules into and
out of biological cells. Consequently, there is great interest in understanding
these cellular transport mechanisms. The patch clamp technique gives a
guantitative insight in cellular transport. This method generally uses a glass
pipette to measure the electrochemical current across the cell membrane.
Atomic force microscopy (AFM), on the other hand, has been applied to
study the topography of membranes. To get a quantitative and qualitative
comprehension of the cellular transport it would be advantageous to ob-
serve the topographic and local electrical information simultaneously. This
could be achieved by a setup that combines the conventional patch clamp
technique and AFM. However, the combination and implementation of these
two techniques requires the contrivance of new tools. This thesis is devoted
to the fabrication and characterization of such tools. In a first step the glass
pipette used in patch clamp has been replaced by a planar sample support,
which is more adapted to the requirements of AFM. The supports feature a
nanometer scaled aperture in order to enable measurements on suspended
membrane patches. Their electrical, mechanical and biological characte-
ristics were investigated and designed to fit the requirements of the aimed
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application. In order to keep the biological cells functional, the experiments
need to be performed in a liquid environment. Therefore a special conduc-
tive AFM probe allowing local electrical measurements in liquid environment
has been designed and realized. The probe is electrically insulated except
at the very apex of the tip, which has a radius of curvature smaller than
10nm. The imaging quality of the probe has been assessed and nano-
meter lateral resolution on biological membranes has been achieved. The
electrochemical behavior of the tip has been investigated by cyclic voltam-
metry. Moreover the probes were employed to perform combined AFM and
scanning electrochemical microscopy (SECM) experiments. It was possible
to simultaneously acquire the topography and the electrochemical current
images with a lateral resolution below 10nm. Measurements through the
submicron scaled aperture in the planar sample support were used to in-
vestigate the distance dependency of the electrochemical current. First
measurements on biological cells absorbed on the planar sample support
showed an excellent correlation between topography and electrochemical
current. In order to gain a deeper insight into the relation between the tip
geometry and the resulting electrochemical current and imaging resolution,
a finite element simulation model has been built. The simulations agreed
with the measurements and theory. This results proved the accuracy of the
finite element model.
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Chapter 1

Theory

This chapter will introduce the major principles and methods used for the
presented work. Characterization of the microfabricated tools and experi-
ments are presented in the core part which is based on publications in re-
ferred journals. The microfabrication of the different parts is then discussed
in more detail in the appendix.

1.1 Cell Biology

All organisms consist of small cells, typically too small to be seen by naked
eye, but big enough for an optical microscope . Each cell is a complex sys-
tem consisting of many different building blocks enclosed in a membrane
bag. There are unicellular (consisting only of one cell) and multicellular or-
ganisms. Bacteria and baker’s yeast are examples of unicellular organisms
able to survive and multiply independently in an appropriate environment.
The human body contains about 6x10%2 cells of about 320 different types.
For instance there are several types of skin cells, muscle cells, brain cells
(neurons), among many others. The cell size may vary depending on the
cell type and circumstances. For instance, a human red blood cell is about
5 microns (0.005mm) in diameter, whereas neurons can be as long as 1m
(from spinal cord to leg). Typically the diameter of an animal and plant cell
is between 10 and 100 microns.
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membrane protein

Figure 1.1: The fluid-mosaic model of the cell membrane.

There are two types of organisms: eukaryotes and prokaryotes. Most or-
ganisms we see, such as trees, grass, flowers, weeds, worms, flies, mice,
cats, dogs, humans are eukaryotes. Prokaryotes are single cellular organ-
isms and are sometimes also known as microbes. Prokaryotic cells are
smaller than eukaryotic cells (a typical size of a prokaryotic cell is about 1
micron in diameter) and have simpler structure. In both cases, a membrane
separates the cell from the outside environment. As shown in figure 1.1
membranes are complex structures and an effective barrier to the environ-
ment. They regulate the flow of food, energy and information in and out of
the cell. This will be detailed in the following section which is based on the

textbook "Molecular Biology of the Cell".!

1.1.1 Cellular Transport

Cellular transport refers to the movement of compounds across the outer
wall or membrane of the cell. This transport is critical in two respects. First,
transport allows a cell to take in and release compounds in accordance
with its biological function, i.e. uptake and release of oxygen by red blood
cells. Second, it allows cells to regulate functions and activity, i.e. increased
transport of glucose into muscle cells during activity. The cell membrane is
primarily composed of a bilayer of various types of lipids and proteins. The
two general characteristics of a molecule that will prevent it from passing
through the membrane are size and polarity. Large molecules will not pass
due to their size, and polar molecules will not pass both because of their

4
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high affinity to the extra-cellular water molecules in which they are dissolved
and because they cannot easily pass through the non polar membrane core.
However, due to random vibrations occurring in the membrane, small polar
molecules such as water can pass through. Triggered by diffusion, the net
movement of molecules through the cell membrane occurs from regions of
higher concentration to regions of lower concentration. For example, the
flow or osmosis of water across a cell membrane will produce an equal con-
centration of solutes on both sides of the membrane. Therefore a cell will
swell when placed in distilled water, and its membrane will eventually rup-
ture. This would not be the case if the cell membrane would contain specific
channel or transporter proteins which could equilibrate the solute concen-
tration. These proteins facilitate the passage of a molecule across the mem-
brane. In general, there are two types of transporters: Passive transporters,
which do not need additional energy, and active transporters that generally
employ energy in form of adenosine triphosphate (ATP) to drive the trans-
port. Passive transporters, like glucose permease move molecules from
higher concentration regions to lower concentration regions. The transport
is believed to happen in three steps: binding, conformal change, release (fig-
ure 1.2). In the case of glucose permease the transport is reversible, thus
it allows the passage of glucose molecules in both directions. An example
of an active transporter that plays a very interesting physiological role is the
sodium-potassium ATPase pump. In contrast to passive transporters, active
transporters can move solute from areas of lower concentration to areas of
higher concentration, hence against equilibrium. To achieve this, the trans-
porter protein consume energy in form of ATP. The sodium-potassium AT-
Pase pump transports more sodium ions out of the cell than potassium ions
into the cell (figure 1.3). Therefore the exterior of the cell becomes posit-
ively charged relative to the interior of the cell. Thus the sodium-potassium
ATPase pump maintains an ionic concentration difference, i.e. an electric
potential, across the membrane. This so-called resting potential allows the
propagation of electrical impulses along nerve cells and across synaptic
clefts between nerve cells: An electrical signal causes voltage gated ion
channels to open, enabling sodium and potassium ions to flow across the
membrane. This results in a localized reversal of the electric potential to
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outside of cell

inside of cell

(a) (b) (c)

Figure 1.2: The passive membrane transport is believed to happen in three steps:
a) binding of the molecule, b) conformal change of the channel and c) release of the
molecule.

Figure 1.3: Principle of the sodium-potassium ATPase pump, which uses the energy
gained from the transformation of adenosine triphosphate (ATP) to adenosine diphos-
phate (ADP).
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which neighboring ion channels respond and open, causing the electric po-
tential to spread. As the sodium-potassium ATPase pump restores the rest-
ing potential after a short lag of time, the impulse travels towards the syn-
apse like a wave. Once at the synapse the signal is transmitted via a neuro-
transmitter. Again the resting potential is restored by the sodium-potassium
ATPase pump. When these pumps are not working properly, it takes a longer
time to restore the resting potential, and an uncontrolled firing of additional
nerve impulses occurs. This is the case for people diseased with myotonia,
which is a so-called channelopathie. Diseases are only one of several mo-
tivations that drive scientists to investigate the function of channel proteins.
The patch clamp technique is probably the most used procedure to gain in-
sight in the behavior of membrane proteins. Atomic force microscopy (AFM)
on the other hand, has been applied to measure the topography of mem-
branes and to monitor topography changes.? These two techniques will be
discussed in more depth in the following paragraphs.

1.2 Patch Clamp

In the previous section we saw one example of how the cell function can
be linked to the electrical potential across its membrane. This potential, in
turn, depends on the lipids and proteins of the membrane, such as ion chan-
nels and transporters. These kind of proteins are responsible for a variety
of cell function. Consequently there is a great interest to understand how
they work. The patch clamp technique is probably the most used method to
study ion channels and transporter proteins. It basically consists of meas-
uring the electric current through the mentioned proteins embedded in the
cell membrane. This technique provides the means to study the state of the
channels (open/close) in the time domain and to quantitatively determines
the amount of ions transported across the membrane. This section intro-
duces the basic concepts used in performing electrical experiments on cells
and describes the tools used for making these measurements.
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1.2.1 Electrical Potentials and Currents in Cells

The potential difference across a cell relates the potential of the cell’s in-
terior to that of the external solution, which, according to the commonly
accepted convention, is zero.® This so-called resting potential is determ-
ined by the intracellular and extra cellular concentrations of ions to which
the membrane is permeable in steady-state condition, i.e. with no net flow
of electrical current across the membrane. The resting potential of most an-
imal cells amounts to typically between 30 and 90mV , and reaches between
150 and 200mV in plant cells.® These potential differences and the resulting
electrical currents are measured in electrophysiological experiments in bio-
logical systems. Usually, the measured currents range from picoamperes
to microamperes. For instance if, typically, 10°Na’ ions cross the mem-
brane per open Na" channel and millisecond, this current amounts to 1.6pA
(1.6-1071°C/ion- 10%ons/ms- 10®*ms/s). Generally, electric currents flow
through resistors or conductors. The two terms are complementary: the
former emphasizes the barriers to current flow, while the latter emphasizes
the pathways of current flow. In electrophysiology, a closed ion channel can
be approximated by a resistor and an open channel by a conductor.3* How-
ever, ion channels are non ohmic and show a nonlinear relation between
current and voltage, when opened.*

For measuring electrical currents in electrophysiology the sensing interface
of the measuring instrument to the liquid environment of the biological cells
is a metallic electrode. At the electrode, the electrochemical current is trans-
formed from a flow of electrons in the wire to a flow of ions in solution or vice
versa. The choice of the electrode thus plays an important role in electro-
physiological measurements.

1.2.2 Electrodes

Several types of electrodes are used in electrophysiological measurements.
The most common one is a silver/silver chloride electrode (Ag/AgCl), which
is a silver wire coated with silver chloride. The Ag/AgCl electrode performs
well only in solutions containing chloride ions. If electrons flow from the
copper wire through the silver wire to the electrode AgCl pellet, they convert

8
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the AgCl to Ag atoms and the CI~ ions become hydrated and enter the
solution. If electrons flow in the reverse direction, Ag atoms in the silver
wire that is coated with AgCl oxidize (one electron per atom) and combine
with CI~ ions that are in the solution to make insoluble AgCIL.>® Therefore,
this is a reversible electrode, i.e., current can flow in both directions. The
major drawback of Ag/AgCI electrodes is that the AgCl can by completely
consumed by the current flow. In this case bare silver could come in contact
with the solution and silver ions leaking from the wire could poison many
proteins.® Also, the measurement becomes dominated by unpredictable,
poorly reversible surface reactions due to other ions in the solution and trace
impurities in the silver.> Other frequently used types of electrodes are made
of platinum (Pt). Compared to the Ag/AgCI, Pt electrodes aren’t exhaustible,
however, their reaction is not reversible.®

1.2.3 Capacitors in Cells

Biological membranes are typically less than 10nm thick. Consequently, a
transmembrane resting potential of about 100mV produces a very sizable
electrical field of about 10°V/cm across the membrane. This is close to
the value at which most insulators irreversibly break down because their
atoms become ionized. Changes in these transmembrane fields are pre-
sumably sensed by the gating domains of voltage-sensitive ion channels
and determine their opening and closing.>* Therefore, the ion channels
limit the electric field across the cell membrane. Another consequence of
the membrane’s thickness is that it makes an excellent capacitor. As the ca-
pacitance is proportional to the area, the membrane capacitance increases
with cell size. Most lipid bilayer membranes of cells have a capacitance of
1|1F/cm2 (O.OlpF/pmz)?v7 As long as the voltage across a membrane re-
mains constant, one can ignore the effect of the membrane capacitance on
the currents flowing across the membrane through ion channels. However,
when the voltage changes, there are transient capacitive currents in addi-
tion to the steady-state currents through the conductive channels. These
capacitive currents have a major influence on the time-dependent electrical
properties of cells. It is important to keep in mind that the stored charge



Chapter 1.2

Figure 1.4: The electrical behavior of an ion channel in a cell membrane can be rep-
resented by a resistance in parallel with a capacitor.

Figure 1.5: Changes in voltage across the membrane are dominated by the high ca-
pacitance of the lipid bilayer membrane. Thus a voltage pulse is delayed by the time
constant defined by the equivalent RC circuit.

on the membrane capacitance accompanies the resting potential and any
change in the voltage across the membrane is accompanied by a change in
this stored charge. Indeed, if a current is applied to the membrane, either by
channels elsewhere in the cell or by current from the electrode, this current
first satisfies the requirement for charging the membrane capacitance, then
it changes the membrane voltage. Formally, this can be shown by repres-
enting the membrane as a resistor of value R in parallel with capacitance C
(figure 1.4). Thus like in a RC circuit, changes in the membrane voltage are
not reached immediately. Instead, they are approached with the time con-
stant T, given by T = RC (figure 1.5). Therefore when the duration impulse
is less than T the specific activation threshold voltage might not be reached.

10
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Figure 1.6: SEM micrograph of a patch clamp micro pipette. The inner diameter is
lum

1.2.4 Current Clamp and Voltage Clamp

In a current-clamp experiment, one applies a known constant or time-varying
current and measures the change in membrane potential caused by the ap-
plied current. This type of experiments are often used to mimic the cur-
rent produced by a synaptic input.’ In a voltage clamp experiment one
controls the membrane voltage and measures the trans-membrane current
required to maintain that voltage.® The patch clamp technique is a spe-
cial voltage clamp that aims to resolve currents flowing through single ion
channels. Compared to the voltage clamp, the currents recorded during the
patch clamp experiences are of the order of picoamperes in single-channel
recording and usually up to several nanoamperes in whole-cell recording.
The patch clamp technique is applied in different configurations. It consists
of carefully placing a pulled glass micro pipette (figure 1.6) on the mem-
brane of a living cell (figure 1.7a). The part of the cell membrane within
the inner diameter of the micro pipette extremity is called patch. By ap-
plying a gentle suction to the pipette, the membrane patch forms a tight
seal with the glass pipette. The electrical characteristics can now be in-
vestigated with the help of an electrode inserted in the solution filled glass
micro pipette and a second electrode in the bath. This is the so-called cell-
attached configuration (figure 1.7b), where the cell remains intact. When
a higher suction is applied to the pipette, the patch can be broken. This
is the so-called whole-cell configuration, which enables to characterize the

11
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Z

(a)
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() (b) (d)

Figure 1.7: Three different patch clamp configurations: a) the pipette approaches the
biological cell; b) cell-attached configuration; c) whole-cell configuration; d) inside-out
configuration.

whole cell membrane (figure 1.7¢). If after reaching the cell-attached con-
figuration, the patch wasn'’t broken, but the pipette is taken off gently from
the cell, the part of the membrane present under the pipette extremity is
separated from the cell and remains on the pipette. The formerly internal
side of the cell membrane is now pointing outwards into the solution, while
the formerly outside of the membranes now inside the pipette. This is the
so-called inside-out configuration (figure 1.7d).

1.2.5 Glass Microelectrodes and Tight Seals

Successful electrophysiological measurements strongly depend on the fab-
rication and quality of the glass micro pipettes. Successful patch recording
requires a tight seal between the pipette and the membrane.”® Although
there is not yet a satisfactory molecular description of this seal, we can
describe its electrical characteristics: The quality of the measurement de-
pends on minimizing perturbations of the cells. For the case of patch re-

12
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leakage leakage

ion channel

Figure 1.8: Leakage current for a badly sealed cell membrane patch induces additional
noise in the measurement.

cording, currents through the seal do not distort the measured voltage or
current, but they do add noise to the current (figure 1.8). If a current of N
ions/ms passes through an open channel, then the current will fluctuate with
a standard deviation of v/N. These fluctuations produce noise on the single-
channel recorded traces. If a leakage current is flowing in parallel through
the seal it causes an increase in the standard deviations. For instance, if the
current through the seal is ten-fold larger than through the channel, then the
statistical fluctuations in current flow produced by the seal are V10 (316%)
larger than they would be for a "perfect” seal.

1.3 Combining AFM and Patch Clamp

In the beginning, atomic force microscopy® (AFM) was mostly applied to
hard materials to analyze the topographical, electrical, magnetic, thermal
and elastic properties. Soon after, the AFM started also to be used for
the characterization of the surface of living cells and biomembranes.?10-12
Today AFM is commonly used to study the elastic and plastic properties of
cultured cells,*>16 to directly image neurons and glial’ and even to study
the binding forces between individual molecules and their subunits respec-

13
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tively.’® AFM has also directly been combined with the patch clamp tech-
nique.’®=2® Using an AFM probe with a tip diameter of only few nanometers
it was possible to displace individual stereocilia of cochlear hair cells res-
ulting in opening of single transduction channels.?* However, AFM experi-
ments on the tip apex of a patch clamp micropipette are quite demanding in
matters of complexity and stability of the setup.?®> Therefore the aim of this
work is to fabricate dedicated tools to facilitate the combination of AFM and
patch clamp techniques in a conventional AFM setup. Figure 1.9 shows the
schematic representation of the proposed setup. To fit the requirements of
AFM, the conventional patch clamp pipette was replaced by a planar sam-
ple support featuring a sub micrometer scaled patch site (aperture) and an
integrated electrode. The sensing electrode is integrated at the tip of a spe-
cial conductive AFM probe. In combination with a reference electrode the
electric currents are measured by a potentiostat and the topography is ac-
quired by a conventional laser feedback system. This setup should thus be
capable of simultaneously acquire the topography and map the electrical
properties of cell membranes. Indeed, the setup needs to fulfill special re-
quirements: The materials used to fabricate the planar sample support need
to be biocompatible or at least not toxic. To ensure a good seal between
membrane and support and to achieve high resolution images of the mem-
brane patches, the upper surface of the support should be smoother than
the observed biological sample, i.e. posses a mean roughness below 1nm.
A small patch site (< 1um) further improves the sealing and makes ima-
ging on suspended membranes less critical. In addition, the total capacity
of the sample support should preferably be smaller than the capacity of the
investigated cell, in order to not further increase the RC time constant of
the system (figure 1.5). As cell membranes are soft and fragile the force
applied by the conductive AFM probe needs to be as small as possible, i.e.
the probes need to have spring constants below 0.1N/m. In order to keep
cells alive, they need to be held in physiological buffer, therefore all meas-
urements must to be performed in liquid. To obtain local electric information
in liquid, the exposed portion of the metal electrode of the used probes need
to be as small as possible. Also here, all materials used for microfabrication
need to be non toxic. This is especially the case for the metal electrode as it

14
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topography
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computer
segmented :
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Figure 1.9: Schematic representation of the combined AFM- patch clamp setup. The
AFM probe simultaneously acquires topography and electrical characteristics of the
observed sample. The electric currents are measured by a three electrode system, i.e.
W = working, C = counter and R= reference electrode.

will be in contact with biological materials. In addition the electrodes need to
be electrochemically characterized. During the electrochemical characteriz-
ation | realized the geometrical similarity of the conductive AFM probe to the
probes used in scanning electrochemical microscopy (SECM). The following
paragraph will introduce SECM and elucidate the advantage of combining it
with AFM.

1.4 Scanning Electrochemical Microscopy

SECM is a scanning probe microscope (SPM) like atomic force microscopes
(AFM),° but more related to the familiar scanning tunneling microscopes
(STM). SECM allows to map in-situ the topography of surfaces that are im-
mersed into liquids as well as a visualization of spatially-confined variations
in the chemical reactivity.?>?® Typically imaging occurs in an electrolyte solu-
tion with an electrochemically active mediator, e.g. redox agent. In most
cases, the SECM sensor is an ultra micro electrode (UME)?® and the sig-
nal is a faradaic current. The chemical sensitivity of the UME and the use of
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o~ R —
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|
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Figure 1.10: a) Homemade SECM realized by V. Auger and M. Koudelka-Hep; b)
Schematic representation of the SECM: Working (W), Reference (R) and Counter (C)
electrodes are connected to the potentiostat. The PC reads out the values measured
by the potentiostat and controls the UME sample distance by a feedback system. The
stepper motors for the x, y and z displacement are also PC controlled.

solution phase ions or molecules as the imaging signal, distinguishes SECM
from related methods such as electrochemical STM or AFM.

1.4.1 Instrumentation

The SECM (figure 1.10) uses stepper motors to position the UME in any-
one of its 3 orthogonal axes. In addition the positioners allow movements
between 0.1 and 300 pmduring SECM imaging. Oftem the UME and sub-
strate potential must be simultaneously controlled while the faradaic cur-
rent flow is monitored during imaging. This is enabled by means of a bi-
potentiostat.

1.4.2 Electrodes

Undoubtedly, the most crucial component of the SECM is the UME. Since
the achievable spatial resolution of SECM imaging strongly depends on the
shape and size of the electrochemically active UME.?>27-2° |ts basic imple-
mentation is a metal disc, having one side exposed to the electrolyte and

16
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the rest being embedded in an insulator (figure 1.11). Such UMEs have
been widely used in electroanalytical chemistry and SPM techniques. The
quality of the insulation is essential for producing a good probe.*® UMEs
are commonly made by heat sealing microscopic wires (gold, platinum, and
carbon) into glass tubes. The end is then polished to expose the embed-
ded end of the wire. In addition different coating materials have been used:
electropolymerisation,3-3? electrophoretic deposition,33-3¢ RF sputtering,®’
dip-coating in varnish®®3° or paraffin,*° translation through a bead of molten
glass,*' poly(alpha-methylstyrene),** apiezon wax*>** and perfluoropoly-
ether.*® Typically the metal disc of a UME has a radius of 5 to 25 um An
insulator radius of 3 to 10 times the electrode radius is desirable.*®

1.4.3 SECM Imaging

A requirement of all SPM techniques is that the signal probed by the tip
must be influenced in a reproducible way by the presence of the surface of
the sample under investigation. In addition this interaction should strongly
depend on the probe sample distance. This will allow to take constant in-
teraction contour plots by means of a feedback mechanism which stabilizes
the interaction. In SECM the two major imaging methods are the "feedback"
and "generation/collection" (G/C) methods.

Feedback Imaging

The unique voltammetric response of ultra micro electrodes, or UMEs, are
an essential part of the SECM feedback or G/C methods.?>?® Shown in
figure 1.12 is a idealized cyclic voltammogram (CV) when the UME is at a
large distance from the substrate (i.e. several UME diameters away). The
curve shows that the current reaches a plateau from a certain voltage on.
Between this voltage and the point of hydrolysis the faraday current ( I «)
caused by the electrochemical conversion of the redox active species, is in-
dependent of voltage and time.?®

This faraday current provides the signal, which is exploited in the feedback
mode of SECM imaging. When the UME is brought very close to a surface,
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— ¥

200 um

Figure 1.11: a) SEM micrograph of a 5pumdisc ultra micro electrode; b) Zoom onto the
metal disc.
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Figure 1.12: Schematic cyclic voltammogram.

this electrochemical signal is perturbed in a characteristic way for electro-
chemically active or passive surface, respectively. Negative Feedback (fig-
ure 1.13b) occurs through physically blocking the diffusion of mediator mo-
lecules to the UME by an electrochemically passive surface. This results
in a current drop, when reducing the distance to the sample. In contrast,
the positive feedback (figure 1.13a) process occurs when the redox active
mediator is restored to its original oxidation state at the substrate by an
electrochemical, chemical, or enzymatic reaction. As the distance to the
electrochemically active surface decreases, the local concentration of con-
verted mediator at the UME increases. Thus, the regeneration of the me-
diator between UME and substrate becomes more efficient and the current
It increases. Positive and negative feedback modes are extreme situations
which define the contrast of the electrochemical feedback image and are
highly distance-dependent. Approach curves (figure 1.13) can be used to
position the UME at an appropriate working distances inside the regime of
the electrochemical "near field".

A three-dimensional SECM image (figure 1.14) is obtained by scanning the
UME in the x-y plane at a user-defined fixed height above the sample and
monitoring the UME current, I, as a function of the UME location. A parti-
cular advantage of SECM in imaging applications, compared to other types
of scanning probe microscopy, is that the observed response can be in-
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Figure 1.13: Schematic SECM approach curves: a) Positive feedback; b) Negative
feedback.



Thesis M. R. Gullo

terpreted based on fairly rigorous theory,?>27~2° and hence the measured

current can be employed to estimate the UME-substrate distance. A fur-
ther advantage of the SECM is the ability to design experiments in which
the chosen mediator can be used to provide chemical and electrochemical
activity maps with micrometer resolution. However, constant-height SECM
imaging has limits on heterogeneous surfaces with variations in both, con-
ductivity and topography since current changes associated to distance vari-
ations cannot simply be distinguished from those due to alterations in con-
ductivity. Furthermore, the UME'’s are easily crashed into the sample without
a distance control on tilted or rough surfaces. This is especially the case
when decreasing the size of the UME for imaging at higher resolution. A
solution to these limitations can be achieved by combining SECM with other

Figure 1.14: Real SECM micrograph on 5pimwide and 5umspaced gold lines depos-
ited on silicon dioxide and connected as counter electrode. There is a clear difference
between the positive feedback on the gold lines and the negative feedback on the si-
licon dioxide. The measurement was made with the SECM shown in figure 1.10 and
with the UME shown in figure 1.11.
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SPM techniques, i.e. AFM.#

Generation/Collection Imaging

In the generation/collection (GC) mode (figure 1.15a), the signal arises from
a species generated at the surface of the imaged material . Ideally, the UME
acts only as a passive sensor with the ability to produce concentration maps
of a particular chemical species near the substrate surface. In amperometric
GC, the electro active species emitted, "generated”, by the substrate are
detected, "collected", at an UME.

1.4.4 Surface Modification by SECM

In addition to imaging, the UME can be a microscopic source or sink of
electrons and chemical reagents. With the UME positioned close to surface,
these chemical reagents react at the surface on a microscopic scale (figure
1.15b), turning the SECM into a versatile microfabrication device.

1.4.5 SECM Applications

This section will give an overview on several application of SECM in its dif-
ferent operation modes.

a) b)

Figure 1.15: a) Generation Collection Mode: the UME is sensing the mediator diffusing
through pores; b) Surface Modification by SECM: local electrochemical oxidation.
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Characterization of Thin Films and Membranes

SECM is a useful technique for studying thin films on interfaces. For ex-
ample, polyelectrolytes, electronically conductive polymers, passivation films
on metals and dissolution processes have been extensively investigated by
SECM.*8-74 Another interesting applications of SECM is the study of charge
transport at the interface between two immiscible electrolyte solution.”>-82
Unlike conventional techniques, SECM allows for studying both ion and elec-
tron transfer at the interface.

Generation Collection Mode in Medicine and Biology

Generation Collection Mode SECM has been used to spatially resolved
guantitative measurement of ion flux through porous material such as mouse
skin or dental material. In particular SECM has been actively employed to
probe artificially or naturally patterned biological systems.®3-°3 In addition,
SECM also showed the ability to image an enzymatic reaction over a local-
ized surface region.%*

Electrochemical Patterning

Electrolytic generation of an oxidizing agent at the UME can precisely etch
metal and semiconductor surfaces. Local pH changes caused by an elec-
trochemical reaction at the UME have been used to deposit metal oxides
and polymers. Deposition of metal and polyaniline lines as thin as 0.3 pm
has been reported.®®
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This part will cover the implementation of the nanotools introduced in the
previous part. In the first chapter the fabrication of a special sample holder
for AFM patch clamp experiments and a particular conductive AFM probe
for local electrochemical experiments will be addressed. I'd like to mention
here that the design and microfabrication of the AFM probes were realized
by Dr. T. Akiyama. A detailed fabrication process for both tools is presented
in the Appendix. The second chapter will deal with the experiments con-
ducted with the microfabricated tools. In particular the chapter will focus on
combined SECM-AFM experiments.
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Chapter 2.1

2.1 Towards a Planar Sample Support for in-situ Ex-
periments in Structural Biology 2@

This section reports about the development of a planar support for biolo-
gical samples. It's aim is to combine AFM and patch clamp measurements,
in order to simultaneously acquire topography and electrical properties of
biological membranes. The fabrication of Sub-micrometer apertures using
standard MEMS techniques and the assessment of the electrical quality of
the support are presented.

2.1.1 Introduction

Channel proteins that are embedded in cell membranes, are responsible for
several elementary cell functions. Consequently, there is a great interest
in understanding the working principle of these channels. The patch clamp
technique can give insight in the electrical behavior of such proteins.! In
method a glass pipette is used to aspirate a patch of a cell membrane. A
pair of electrodes are positioned across the membrane, such that an ion
current can be measured as function of the applied voltage. Atomic force
microscopy (AFM), has excessively been applied to measure the topography
of membranes and to monitor topographical changes as function of pH or
globally applied electrical potentials.?® In order to learn more about the cor-
relation between the structure and the functionality of membrane channels,
it is advantageous to simultaneously observe the electrical and topographic
information. This could be achieved by means of a setup that combines
conventional patch-clamp technique and AFM.*® However, it is difficult to
operating an AFM at the apex of a pipette tip. This problem can be solved
by a planar sample support featuring a micro metric aperture, which allows
accessing the absorbed membrane from both sides. Figure 2.1 shows the
schematic representation of the proposed setup. The biological membrane
is adsorbed onto a thin SkNy film, featuring a sub micron sized aperture.

8This section was the base for a publication submitted to Microelectronic Eng.: M. R.
Gullo, T. Akiyama, P.L.T.M. Frederix, A. Tonin, U. Staufer, A. Engel, N. F. de Rooij, Microelec-
tronic Eng., 78-79, 571-574 .
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One electrode is embedded in the micro channel beneath the aperture and
the SNy membrane; the counter electrode is implemented into a conduc-
tive AFM probe.® By applying an electric potential between these two elec-
trodes it is possible to acquire the electrical characteristic of the biological
membrane.

2.1.2 Fabrication

The difficulty in the fabrication of a planar patch clamp supports for biolo-
gical applications is the tight, giga ohm seal needed between the biological
membrane and the support.”~® In most planar supports the sample is only
laid onto the surface, compared to patch clamping, where the membrane is
partially sucked into the aperture and hence, uniformly covers a large sur-
face. We therefore assume that the surface roughness of the planar support
plays a great role for achieving a good seal. AFM measurements of SiNy
films deposited onto bare Si, showed a roughness of 5nmrms. However,
using the contact side of the interface that is accessible after removing the
Si, improved that value to 0.12nmrms (figure 2.2). Low values of RC noise

PC

Laser

Conductive Probe

Photodiode @\

Sample

Sample Holder Amplifier
O

Figure 2.1: Schematic representation of the setup. The biological membrane is ad-
sorbed onto the patch-clamp support. One electrode is embedded in the micro chan-
nel beneath the aperture; the counter electrode is implemented into conductive AFM
probe.

/
\
-
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are crucial for obtaining highly accurate single channel recordings. Noise of
parasitic capacitances can easily mask the current generated by a single ion
channel.l® Therefore, keeping the parasitic capacitance and series resist-
ance of the supports low is important for single channel recordings. To fab-
ricate our sample supports we used a two-mask process: A SkNy film was
deposited onto a Si (100) wafer by low-pressure chemical vapor deposition
(LPCVD). Micron sized holes were structured into the SkNj film by standard
photo lithography and reactive ion etching (RIE) (figure 2.3a). The patterned
SikNy film was then released by KOH. The holes in the freestanding SikNy
membrane were shrunk to sub micron-size by a second SiNy LPCVD de-
position (figure 2.3b). Alternatively, before releasing the SiNy, membrane
a blanked RIE followed a by second SkNy LPCVD deposition, formed an
annular inlay in the aperture, which reduced the aperture diameter as well
(figure 2.3c). The optimum diameter for biological membranes patches var-
ies depending on the particular application and the size of the biological
sample it self. Biological membrane patches such as Bacteriorhodopsin
have generally diameters of 1um Thus aperture diameters are 0.1umto
0.5umare usable. The batch fabrication process presented in this section
was designed in order to fabricated apertures in this size range, without
changing the mask set just by simply varying the thickness of the second
LPCVD deposited SkNy film. The wafer was then anodically bonded onto
a pyrex wafer, featuring trough holes connected by a micro channel that
provides access to the backside of the biological sample. This channel was
manufactured by lithography and etched in 20% HF,

2.1.3 Experiments

The additional parasitic capacitance of the system for patch clamp record-
ings should preferably be less than the capacitance of the membrane patch,
such that the membrane is dominant.*! In order to extract the series resist-
ance and capacitance of the supports, a phase gain analyzer with Ag/AgCI
electrodes was used. The samples were placed in a testing apparatus and
electrically isolated. The micro channel and the front side of the support
were filled with 50mM KCl electrolyte solution. The Ag/AgCl electrodes were
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Onm 512nm Onm 512nm

Figure 2.2: a) AFM measurement of the front side surface of the SkNy membrane. The
z-range is 6nmand the rms roughness is 5Snm b) AFM image of the released backside
surface of the SikNy membrane. The z-range is 1.2nmand the rms roughness has
improved to 0.1131m

then immersed into the liquid from both sides of the membrane. The imped-
ance spectra were acquired by using a 200 mV excitation voltage with a 1
Hz to 1 kHz frequency sweep. The equivalent circuit used to model the im-
pedance spectra is a resistance and a capacitor connected in parallel. The
measured impedance spectra were then fitted to the model in order to obtain
the resistance of the aperture and the support capacitance. The overall sys-
tem resistance is dominated by the conductance of the aperture due to its
small dimension compared to the rest of the conducting path. Therefore, the
systems resistance can be acceptably modeled by only taking into account
the resistance of the aperture. The later can be modeled as a conductor with
a resistivity matching that of the KCI solution.'? The resistances of supports
with three different aperture radii were measured. The results presented
in figure 2.4 shows good agreement between the calculated resistance and
the measured aperture resistance. The capacitance of the support is gener-
ated by the conducting parallel plates of KCl solution separated by the SNy
dielectric and is given by

€A
d

where C is the capacitance, & is the relative permeability of the SikNy, €o
is the vacuum permeability, d the thickness of the SikNy, membrane (1.2um)

C:

(2.1)
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Figure 2.3: a) SEM image of the aperture in the freestanding SikNy film realized by
photo lithography and RIE. The diameter of the aperture is 1.5um b) The same aper-
ture after a deposition of 650nm of SNy by low-pressure chemical vapor deposition
(LPCVD). The diameter of the aperture has shrunken to 290nm c¢) SEM image of an
aperture after a second LPCVD of 600nm SNy and a blank RIE before releasing the
SikNy membrane. The annular inlet reduced the aperture diameter by 1um

and A is the area of the suspended SikNy, membrane (3.1mn?). This model
overestimates the capacitance, as there will be an additional straight capa-
citance from the non-suspended portion SikNy membrane. This additional
capacitance is in parallel with our model capacitance and should thus in-
crease the overall capacitance. The capacitances of supports with three
different aperture radii were acquired. 5 devices were measured for each
hole size and the resulting mean capacitance was 167pF with a variation
of 63pF. The measured capacitance shows a reasonable agreement with
the calculated capacitance (191pF). The high variation in the experimental
value results from the different size of the micro channel and, hence, the
different areas of fluid contact.
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Figure 2.4: Measurement of the ionic resistance through the aperture vs. the radius
of the aperture. The line represents the theoretical values and the points represent
the values measured for the three different hole sizes. The apertures with the radii
150nm, 300nmand 500nm showed an ionic resistance of 3.5MQ, 6MQ and 17.6MQ
respectively.

2.1.4 Conclusion

A planar sample support for combining patch clamp and AFM measure-
ments on biological membranes was developed and fabricated. The ca-
pacitance of the supports need to be smaller than the capacitance of the
biological membrane confined by the aperture in order to make single chan-
nel detection possible. The capacitance of a membrane patch is about
1.3uF/Cm2 (Ref.19). The corresponding capacitances for biological mem-
brane patches with an area corresponding to our three different aperture
radii (150nm 300nm 500nm) are 0.9fF, 3.7fF and 10fF respectively.
The current device will therefore hardly allow single channel measurements.
Increasing the SikNy membrane thickness and reducing the surface of the
membrane exposed to the liquid could mitigate these effects. Nevertheless,
it will be possible to visualize conformal changes of the membrane protein
channels with the present device.
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2.2 Latest Results for the Sample Support

The planar sample support chip had to be redesigned in order to improve
the issues addressed in the previous section. The objectives were to further
reduced the aperture size and to decrease the capacitance of the support.
The first issue was solved by structuring the aperture by means of e-beam
lithography and RIE. In order to have an optimal aperture size without in-
creasing the resistance of the current flowing through it, a size of 100nm
was selected. A reduction of the capacity was achieved by reducing the
area of the freestanding membrane and by increasing its thickness with an
additional silicon oxide layer. For a detailed fabrication process flow please
refer to the appendix. The mentioned criteria of new planar support chips
were investigated with the same setup and fitting method described in the
previous section. Figure 2.5 shows the resulting phase/gain plot and the fit
to the electric model corresponding to the planar sample support. Based
on the fit of the respective chips it was possible to determine the resistance
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Figure 2.5: Phase/gain plot of the planar sample support in 1M KCI. The dotted lines
show the linear-square fit of the phase/gain plot.
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Figure 2.6: Resistances of the aperture, determined by the linear-square fit of the
phase/gain plot. The line represents the theoretical resistance in function of the aper-
ture diameter for 1M KCI.

of their aperture (figure 2.6). The theoretical curve was calculated with the
following equation®
| +0.8d
R— 4@7
Tkd?2

where | is the aperture depth (100nm), k the conductivity of the electro-
lyte (measured previously to the experiment: 1.12 108 1/Qnm for 1M KCI)
and d the aperture diameter. The measured resistances correlate with the
theoretical value and confirm the accuracy of the fitting model. Compared
to the previous planar sample support chip, the resistances are 100 times
smaller. This is due to the local thinning of the suspended membrane (down
to 100nm) and thus to a less deep aperture. This was necessary to en-
able the e-beam patterning and RIE to etch through the membrane (see
appendix). The otherwise thicker membrane and its reduced area com-
pared to the previous chip design allowed to drastically decrease the mem-
brane capacitance. Figure 2.7 shows the capacitances deduced from the fit

2.2)
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Figure 2.7: Capacitance of the new planar sample support chips derived from the
fitting of the respective phage gain plot. The dotted line indicates the mean capacitance
of 3fF and the straight line shows the predicted value based on the design of the chip.

of the respective phase gain plots. Even if the mean capacitance (3fF) is
above the predicted capacitance (2.3fF) it fulfills the requirements for single

channel recording described in the previous section. First experiments with
biological samples will be shown later.
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2.3 Insulated conductive probes for in situ experi-
ments in cell biology °

This section reports about the development of a multifunctional AFM probe,
which allows to perform simultaneous measurements of topography and
electrical properties of biological samples in a buffer solution. The quality
of the AFM probes has been experimentally assessed: Topography and
electric current images of HOPG in buffer solution and topography meas-
urements of bacteriorhodopsin membranes in buffer solution.

2.3.1 Introduction

Channel proteins, which are embedded in cell membranes, are respons-
ible for a variety of elementary cell functions, e.g. nutrient or ion transport.
Consequently, there is a great interest in understanding the transport mech-
anism through these channels. The patch clamp technique gives insight in
the electrical behavior of the proteins.! This method generally uses a glass
pipette to mount a cell membranes and an electrode pair positioned across
the membrane to measure the ion current across the membrane at different
applied voltages. With the patch-clamp technique the conductance through
the membrane can be measured, ranging from the conductance of a whole
cell to estimate the number of channels down to the single channel conduct-
ance to determine its opening and closing characteristics.® Atomic force
microscopy (AFM) has been applied to measure the topography of mem-
branes and monitor changes at the surface of active membrane proteins,
with sub-nanometer lateral resolution.?>® Because samples in the atomic
force microscope can be operated in fluid the proteins can be monitored
in a native environment. To learn more about the structure-function rela-
tionship of membrane channels it would be advantageous to observe the
electrical and topographic information simultaneously. This can be done

bThis section was the base for a publication submitted to Scanning Tunneling Micro-
scopy/Spectroscopy and Related Techniques: M. R. Gullo, T. Akiyama, P.L.T.M. Frederix,
A. Tonin, U. Staufer, A. Engel, N.F. de Rooij, Scanning Tunneling Microscopy/Spectroscopy
and Related Techniques, American Institute of Physics, 166-171.
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Figure 2.8: Experimental setup.

using a setup that combines the conventional patch-clamp technique and
AFM.*> However, the application of scanning probe techniques over the
end of the patch-clamp pipette is technically demanding, due the pipette
geometry. This problem can be overcome by using a planar patch clamp
support.® Figure 2.8 shows a schematic representation of a setup that uses
a planar patch clamp support for combined electrical and topographic meas-
urements. One electrode is embedded in the support, under the membrane.
To enable the sensing of local variations in the electrical properties over the
membrane, the counter electrode is implemented in the cantilever. This
section will focus on the fabrication and characterization of the conductive
cantilever.

2.3.2 Probe Design

The challenge in fabricating conducting probes for biological applications is
to keep the characteristics of the mechanical part, (spring constant, reson-
ance frequency and tip radius) as close as possible to the currently available
silicon-nitride (Si3N4) cantilevers. Furthermore, the exposed materials must
be biocompatible and the cantilever must be operable in buffer solution. To
avoid leakage currents through the buffer solution, the tip and the lead must
be electrically insulated from the buffer solution by a dielectric film except
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Figure 2.9: Schematic representation of the conductive AFM probe.

(b) —1186.3 nm

Figure 2.10: Silicon-nitride cantilever probes with embedded electrical lead from a
contact pad to the metal (platinum) tip. b) The tip diameter is about 15nm and the
exposed height amounts to 90nm

at the very apex of the tip. Kueng et al. have recently reported about gold-
coated SizNg-cantilevers, which were insulated by a vapor deposited poly-
mer (parylene).” They opened the parylene coating at the apex by means
of a focused ion beam. This formed a square-frame shaped electrode of a
side-length of about 800nm at about 300nm behind the tip apex. This probe
might be used for our application. However, more local measurement of the
electronic properties would be desirable. Therefore only the tip-apex itself
should be conductive. The here presented conductive probe (see Fig. 2.9)
shows a metal electrode embedded in an electrically insulating SizN4 layer.
The tip is shielded by silicon-oxide. Only the very apex of the tip is electric-
ally conducting. The electrical connection can be established by a contact
pad located on the handling chip.
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Figure 2.11: Approach curve to an HOPG surface in air, the upper graph shows the
deflection signal and the lower image shows the current signal.

2.3.3 Fabrication

The following full wafer batch process was developed . A Si(100) wafer was
oxidized and a SizN4 film was deposited by a low pressure chemical vapor
deposition (LPCVD) process. Squares were then opened in it by photo-
lithography and reactive ion etching (RIE), exposing the underlying Si sur-
face. Etching the wafer in KOH was carried out to form a pyramidal mold.
A thermal wet-oxidation step at 950°C, called oxide-sharpening, was then
performed to narrow the pit. Electrodes consisting of Ta 5Snm/ Pt 130nm
were delineated by means of the lift-off technique. A second LPCVD SizNg4
film was deposited to completely encapsulate the metal. The two nitride
films were then etched at the same time to define the cantilever shape. As
in the case of standard SizN4 cantilevers, pyrex-chips are anodically bonded
to the nitride, which will be used as handling chips. After the bonding, the Si
is completely removed in KOH and the oxide around the tip was opened at
the apex by means of a timed etch in buffered HF. Finally a reflective coating
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Figure 2.12: a)AFM topography image of the intracellular side of Bacteriorhodopsin,
imaged with a conductive tip in buffer solution (Z range: 0.88nm 128 m x 128 m
rectangle). b) FFT spectrum of image. Circle: Inmresolution; arrow heads: Diffraction
spots: (4,3) =0.88nm(6,1) = 0.82nm (6, —1) = 0.96nm

Onm {a} 256nm Onm {b) ?Eﬁ;uurn

Figure 2.13: Simultaneous measurement of (a) topography (Z range: 8 nm) and (b)
electrical current (Z range: 10uA) of HOPG in buffer solution.

is evaporated on the top side of the probe.

2.3.4 Experiments

The mechanical characteristics of the probe were investigated. The canti-
levers have a spring constant of typical 0.1N /mand a resonance frequency
around 15kHz These values are comparable to the conventional SigNg-
cantilevers. SEM photographs (see Fig. 2.10) showed that tip radii below
8nm have been routinely achieved. Several AFM experiments have been
performed to investigate the imaging quality and the conductivity of the metal
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tip. All the measurements have been performed with a commercial AFM.
Figure 2.11 shows an approach curve of the conductive probe to a HOPG
surface in air. It can be seen that an electrical contact was established when
the tip came into contact with the surface. During retracting, the electric
contact was lost when the tip snaps out from the HOPG surface. The same
measurements were performed in deionized water and buffer solution with a
pH of 7.8. All measurements showed similar curves as in Fig. 2.11. Figure
2.12 shows an AFM image of bacteriorhodopsin (purple membrane) recor-
ded in buffer solution. The buffer solution was optimized for having sharper
images® and consists of 20mM Tris-HCI, 150mM KCI, 25mM MgCl,. A suffi-
cient resolution below 1nmfor imaging biological membranes was achieved.
The single proteins can be observed. Figure 2.13 shows a simultaneously
recorded topography and electrical current image of HOPG in buffer solu-
tion. It can be seen from this image that the topography correlates to the
conductance image. The higher plateau shows a higher conductance.

2.3.5 Conclusion

The fabrication of a conductive probe, which is electrically insulated except
at the very apex of the tip has been presented. It has been shown that the
mechanical characteristics and the sharpness of the platinum tip sufficed to
obtain subnanometer lateral resolution on a biological sample in buffer solu-
tion. Conductance images recorded in buffer solutions showed the capability
to measure local current variations with a few nanometer spatial resolution
and that a good correlation existed with the in parallel recorded topography.
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3.1 Microfabricated Probes for Combined Atomic Force
and Scanning Electrochemical Microscopy 2

This section will present a combined atomic force and scanning electro-
chemical microscope (AFM-SECM) probe. The probe is electrically insu-
lated except at the tip apex, which has a radius of curvature of 10-15nm.
Steady-state cyclic voltammetry and feedback experiments for the reduction
of Ru(NH3)gCl3, showed a distinct and reproducible response of the elec-
trode. These experimental results agreed well with the finite element simu-
lations for the corresponding diffusion process. Sequentially topographical
and electrochemical studies of microfabricated Pt lines spaced 100nm apart
(edge to edge) and deposited on SizN4 showed a lateral electrochemical im-
age resolution of 10 nm.

3.1.1 Introduction

Scanning Electrochemical Microscopy (SECM), is part of the scanning probe
microscopy (SPM) family. In SECM, ultra microelectrodes (UME) with a dia-
meter of less than 10um are used to perform in situ electrochemical exper-
iments. The implementation of this method has been demonstrated for sev-
eral applications.>™?® The achievable spatial resolution strongly depends on
the shape and size of the UME? as well as on the distance between UME
and sample.? A way to reduce the size of the electrodes and thus improve
the resolution is to microfabricate the UMEs. Furthermore by microfabric-
ation it is possible to combine SECM with other SPM techniques, such as
Atomic Force Microscopy?’ (AFM) or Scanning Nearfield Optical Microscopy
(SNOM). This would help to simultaneously obtain complementary informa-
tion.?8 In particular, combining SECM and AFM offers the possibility to cor-
relate chemical surface activity with topography. The AFM allows probing
the surface topography with relative low forces (< 1 nN), preventing dam-

8This section was the base for a publication submitted to Analytical Chemistry: M. R.
Gullo, P. L. T. M. Frederix, T. Akiyama, A. Engel, N. F. deRooij and U. Staufer, Characteriza-
tion of Microfabricated Probes for Combined Atomic Force Microscopy and High-Resolution
Scanning Electrochemical Microscopy, Anal. Chem., 78, 5436-5442.
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age to probe or sample, which is crucial e.g. for imaging biological mater-
ial.1* Moreover, the probe to sample distance can be controlled more accur-
ately by measuring the cantilever deflection. Several fabrication strategies
for such probes have already been reported. These probes proved to be
functional, and combined AFM and SECM images could be recorded.82°-39
However, the achievable resolution which is related to tip sharpness and size
of the electrochemically active site is still of concern in these applications.
The following section presents the electrochemical characterization of batch
microfabricated AFM-SECM probes, which are electrically insulated except
at the tip apex (figure 3.1). The conically shaped PtcSiy metal tip electrode
exposed to the electrolyte featured a base width of ~100nm, a tip radius of
curvature between 10nm and 15nm. The cantilever had a spring constant
of <0.1N/m (Ref.}%). The fabrication process has been described in more
detail in publications.*®*! Finite element simulations of the diffusion lim-
ited currents, resulting from the diffusive mass transport towards the metal
electrode, agreed to the corresponding measurements for Ru(NH3)sCl3 in
aqueous solution and supporting electrolyte. Simultaneous topographical
and electrochemical imaging studies proved a clear correlation between the
surface structure and its electrochemical activity: the electrochemical image
showed a lateral resolution of 10nm.

3.1.2 Experimental Setup and Finite Element Model
Brief Introduction to the Fabrication Process of the AFM-SECM Probes

Figure 3.1a shows a schematic representation of the conductive AFM-SECM
probe. The fabrication process of this probe is based on a molding technique
and is described in more detail in Appendix B. Figures 3.1c-3.1f show trans-
mission electron microscope (TEM) micrographs of two fabricated PtySiy
probe tips. The SiO; insulation (zone 1) and the metal (zone 3) tip are
clearly discernable. A gap (zone 2) between the insulation and the metal
tip can be observed at the end of both tips. The gap in figure 3.1e is much
smaller compared to the gap in figure 3.1c. This gap is due to a preferen-
tial etching of BHF along the metal/SiO» interface. The geometrical values
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Figure 3.1: a) Schematic representation of the conductive probe: The metal is embed-
ded between two Si3zNg4 thin films and the tip is insulated by SiO». b) Scanning electron
micrograph of the fabricated probes, the height of the tip is 5 pm. c) TEM image of the
PtySiy tip apex. The contrast in zone 1 and 2 arises from the SiO2-shell, which forms a
gap to the PtySiy tip. The difference between zone 1 and 2 reflects the different amount
of material that has to be transmitted when imaging at the border or across the hollow
part; the contrast from the PtySiy tip is in zone 3. d) Close-up view of the tip. e) Like c)
but of a tip with a much smaller gap between the insulation and the metal. f) Close-up
of e).
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Tip1l Tip 2 Tip 3 Tip 4
Ccv (Fig. 3.4a) (Fig. 3.4b) (Fig. 3.4c) (Fig. 3.5)
AC (Fig. 3.7b) (Fig. 3.7a)  (Fig. 3.8)
TEM (Fig. 3.1e) (Fig. 3.1c)
H 15 25 3 2
RG 2.6 2.3 2.2 2.3
r (nm) 9 10 12 10
a (nm) 21 55 105 50
acy (hm) 10 40 112 45
IT .00 (PA) 14 71 221 73
172 (pA) 29 08 208 81
Ca(pF) 25 30 75 80

Table 3.1: The presented parameters of the tips are deduced from the corresponding
TEM images. CV, AC and TEM reference the corresponding figures for the measured
CV, Approach curve and TEM image respectively. H is the tip height aspect ratio,
RGthe insulation aspect ratio, r is tip radius of curvature, a the tip base radius at the

point where the metal tip is no more surrounded by the insulating shield, acy the tip

base radius calculated from CVs. It is the measured diffusion current and ItTrf,ory

the calculated diffusion current using equation 3.7 with constants from table 3.2 ‘and
corrected according to the text. Cais the probe capacitance,

for the tips have been deduced from these or similar TEM images and are
presented in table 3.1.

Electrochemical Experiments and Combined AFM-SECM Measurements

All electrochemical experiments were performed with a commercial AFM,
equipped with a quartz glass wet cell and a Ag/AgCI reference electrode.
A commercial potentiostat or a homebuilt bipotentiostat (Based on a design
proposed by Bard et al.8) were used to command the voltage and measure
the currents for cyclic voltammetry and SECM measurements. In the mono-
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Photodiode Laser

Reference Glass cell Conductive Probe
electrode
Counter vl
electrode L Electrolyte
AFM
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Figure 3.2: Schematic representation of the setup. The conductive probe (working
electrode) was mounted on a quartz glass cell and held in a meniscus of electrolyte
between the glass cell and the sample. The reference electrode was emended into a
channel of the glass cell, whereas the counter electrode was within the sample.

potentiostat configuration (figure 3.2) the sample was used as a combined
counter electrode and substrate. The sample consisted of a 1 cm? Si chip
coated with a 200 nm thick SizN4 film onto which several 2 pm wide, 100
nm thick and 100nm spaced (edge to edge) Pt lines had been deposited by
means of the lift-off technique. In the bipotentiostat setup the sample was
highly oriented pyrolytic graphite (HOPG) which served as second working
electrode. A Pt wire was employed as counter electrode. In both setups
the AFM-SECM probe was mounted to the quartz glass cell and held in a
meniscus of electrolyte formed between the quartz glass cell and the sam-
ple surface. The reference electrode contacted the electrolyte via a channel
in the glass cell filled with electrolyte. The output of the (bi-)potentiostat
was recorded with the data acquisition card of the AFM controller electron-
ics. The bending of the cantilever was detected by means of laser beam
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Substrate

7 Metal
H Si0

Figure 3.3: a) Sows the diagram of a conical electrode represented in cylindrical co-
ordinates. For practical reasons the geometry of the simulation space shows only the
very apex of the tip where z is the axis of symmetry. b) Same diagram for a tip with
conically shaped insulation. c) like b) but for a tip with conically shaped insulation and
corresponding more precisely to the real fabricated tips, i.e. showing a gap at the apex
of the tip between the metal and the insulation.

deflection,***> and was used for controlling the force feedback in the con-

stant force mode. During the acquisition of the electrochemical data the
AFM feedback was switched off and the tip scanned the sample at constant
height.

Finite Element Simulation

The theoretical models were simulated with the finite element-modeling pack-
age FEMLAB. The geometry of conical tips with cylindrically shaped insula-
tion (figure 3.3a) is described by the radius a at the base of their cone, the
cone height h and the insulation radius rg. For tips with conical insulation
(figure 3.3b) we need to consider the cone angle O¢. For an additional gap
between insulation and metal (figure 3.3c) the gap depth dy must be taken
into account. The calculations were performed with values normalized to
the base radius: H = h/a, RG=rg4/a, DG = dg/a The redox reaction,
taking place at a finite conical electrode surface surrounded by insulation is
modeled to be entierly dominated by diffusion.®*! For practical reasons the
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steady state diffusion equation is solved in the cylindrical coordinate system:

0°c 1oc d%
D* (c7r2+rr7r+(722) :O, (3.1)
where r and z are the coordinates in direction parallel and normal to the elec-
trode base plane, respectively (see figure 3.3), D* is the diffusion constant
of the reactive species and c(r,z) its concentration. The diffusion-limited
current was found by solving equation (3.1) with the following boundary con-
ditions:

A) Exposed metal surface of the tip:

c=0, (3.2)
B) Insulated area of the Tip:

oc

—=0 3.3

av ) ( )

where V is the normal vector to the respective surfaces.
C) Simulation borders which are sufficiently far away from the tip in order to
allow the bulk concentration to recover naturally:

c=c", (3.4)

were C* is the bulk concentration of the reactive species.
D) Depending on the reactivity of the substrate,

c=c" (3.5)

was selected for an electrically conductive substrate and

dJc
3= 0 (3.6)

for an electrically insulating substrate. The electrochemical current gener-
ated at the electrode surface was obtained by integrating the flux over the
area of the exposed metal cone.’
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H=1.5 H=2 H=2.5 H=3

1.4874 1.6769 1.8677 2.0585
0.4018 0.5240 0.7075 0.8910
0.3150 0.1794 -0.0053 -0.1900
-0.9647 -0.9857 -1.0073 -1.0288

OO0 wm>

Table 3.2: Numerical constants as indicated by Zoski and Mirkin,’® where the values
for H=2.5 were interpolated.

3.1.3 Experimental and Simulation Results

Cyclic Voltammetry

Figure 3.4 represents the cyclic voltammograms (CV) for 3 different tip sizes
recorded in 5mM Ru(NH3)gCl3 (332 nm3/molecule) with 1M KCI in aqueous
solution. The CV in figure 3.4a was acquired with the tip shown in figure
3.1le. In order track down the source of the capacitive and half-wave po-
tential hysteresis between the back and the forward sweep, the CV’'s were
performed at different rates (100mV/s, 10mV/s and 2mV/s). The results
clearly show that the both hysteresis decreased when increasing the sweep
rate. Figure 3.5 shows the CV of a PtSiy tip with gap (figure 3.1c) in the
same electrolyte as described in the previous measurement, and in addition
a background CV in 1M KCI aqueous solution only. The signal was recor-
ded at a sweep rate of 2mV/s and showed a half-wave potential hysteresis
between the forward and backward sweep direction. Due to the comparison
with the TEM micrographs and following the indications of Zoski et al.? we
attribute the half-wave potential hysteresis to the imperfect sealing between
the SiO» and the tip metal. The capacitive hysteresis was attributed to the
thin insulation film encapsulating the metal lines of the cantilever.!* Table
3.1 shows the estimated capacitances of the measured probes. All CVs
showed a plateau in the voltage range of the redox reaction. The recorded

67



Chapter 3.1

T T T T
a) or oo 100 miils
=== 10mVis
— 2m\is

-4 4

-500 -400 -300 -200 -100 0
E, mV vs AglAgCl

20F T T T T ]
coee- 100 mMVYs PRI

ok |- 10 mvis
—  2ZmWis

120 L L s
-500 -400 -300 -200 -100 0

E, mV vs AglAgCl

50 T T T T

300 1 . .
-500 -400 -300 -200 -100 0
E, mV vs AglAgCl

Figure 3.4: a) shows the cyclic voltammogram for the PtSiy tip (figure 3.1€) in 5mM
Ru(NH3)gCl3 with 1M KCI. b) and c) are the voltammogram for two similar PtySiy
tips performed under the same conditions described in a). The voltammograms were
recorded with different sweep rates.
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Figure 3.5: Cyclic voltammogram for a PtSiy tip with gap (figure 3.1c) performed
in 5mM Ru(NH3)sCl3 (332 nm3/molecule) and 1M KCI, 1M KCI background. This
voltammograms were acquired at a sweep rate of 2mV/s.

steady state diffusion current It o for the tip at an infinite distance from the
surface held at the redox potential of Ru(NH3)gClz (VR = —230mV) was de-
duced from the corresponding CV's (figures 3.4 and 3.5) and reported in
table 3.1. The electric currents were between 14pA and 220pA. The theor-
etical steady-state diffusion current for a conical tip apex on a cylindrically
shaped insulation (figure 3.3a) is given by®

IT = 4nFD*c*a(A+B(RG—C)P) 3.7)

where n is the number of electrons transferred during the reaction, F the
Faraday constant, D* the diffusion constant of Ru(NH3)gClz (D* = 5.3
10*6¥) (Ref.?), c* the bulk concentration of Ru(NH3)sClz (C* = 5mM).
A,B,C and D are numerical constants as indicated by Zoski and Mirkin®
(see table 3.2). The diffusion currents It and the related concentration
gradients were obtained by solving the previously described finite element
simulation model. The simulations were also carried out for the standard
conical tip with a cylindrical insulation.'®*! To investigate the influence of a
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gap between tip and insulation, the simulation were solved for tips with and
without a gap. The simulated steady state diffusion current for the cylindric-
ally insulated tip (figure 3.3a) was 1.25 times higher than the current of the
conically insulated tip (figure 3.3b). This can be caused by a better access
from the side for the tube shaped probe and a therefore higher current. The
simulated steady state diffusion current for the conically insulated tip with
gap (figure 3.3c) also showed a 1.03 times higher current than the conically
insulated tip without gap, which is due to the bigger exposed metal surface.
For this reason the currents calculated with equation 3.7 had to be corrected
by the corresponding proportionality factor (0.8 for conical insulation, figure
3.3b; 0.824 for conical insulation and gap, figure 3.3c). These corrected val-
ues were summarized in table 3.1 together with the respective tip base radii
acyv deduced from the measured redox current. The values of acy were
within 50% of the geometrical values obtained from the TEM micrographs.

SECM Simulations and Measurements

Figure 3.6 shows the simulated concentrations for the three models (figure
3.3), when the probe is at an infinite distance from the substrate. The lines
are iso-concentration curves. For a conically insulated tip (figure 3.6b) the
70% line is further away (A1) from the tip than for a cylindrically insulated tip
(figure 3.6a) and hence, the probe with a conical insulation is supposed to
sense the surface earlier when approaching to the sample. When we com-
pare the conically insulated tip (figure 3.6b) with one that has the same insu-
lation but with a gap (figure 3.6c), the shift is smaller (A2 < A7) and in favor
of the tip with gap. Consequently, the later should sense the surface even
earlier. In SECM feedback experiments the electrochemical current is meas-
ured as function of the probe to sample distance. In our case, we could addi-
tionally record the cantilever deflection, i.e. the force interaction between the
probe and the sample. The point of contact could be defined thereby. For
each one of the presented approach curves the measured currents and dis-
tances were normalized; The normalized currentis | = It /17 ,, where 17 ., is
the steady state redox current obtained from the respective voltammograms,
recorded prior to the approach; the normalized distance is L = | /a, where
the tip base radius awas deduced from the TEM micrographs and | is the tip
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0.7¢c*

Figure 3.6: Simulated concentrations for the three models presented in figure 3.3, for
a probe at an infinite distance from the substrate. The lines of equal concentration are
spaced by 0.05c*. a) Tip with a cylindrical insulation; b) conical insulation; c) conical
insulation with gap between the insulation and metal.

to sample distance. Figure 3.7 shows several AFM-SECM approach curves
towards HOPG recorded in 5mM Ru(NH3)Cl3 with 1M KCI using the bipo-
tentiostat setup. The tip potential was set to -300mV vs. the Ag/AgCl refer-
ence electrode and the substrate was linearly approached towards the tip.
The contact point was derived from the deflection signal. Positive and neg-
ative feedback on HOPG were achieved by adjusting the sample voltage.*?
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Figure 3.7: a) Combined AFM-SECM approach curves towards conductive graphite
(HOPG) acquired in 5mM Ru(NH3)Cl3 with 1M KCI. The tip potential was held at
-300mV vs. an Ag/AgCl reference electrode and the HOPG was set to 0 mV for a
negative feedback and at 400mV for a positive feedback. The deflection signal shows
the contact point. b) like a) but for a smaller tip surface and a voltage of 500mV for
the positive feedback. The lines are the raw data (0.75pA peak to peak) which was
smoothed by 10Hz low pass filter. All curves contain 512 data points and were recorded
with an approach time of 1s.

For sample voltages < 0 mV a negative feedback was observed, whereas
voltages > 300mV resulted in a positive feedback. The voltage needed
to achieve positive feedback was higher for smaller electrode dimensions.?
Figure 3.7a was recorded with a tip which gave a redox current of about
220pA (tip 3 on table 3.1). For tips with lower redox currents (<100pA) in
the CVs (tip 1 on table 3.1), the approach curves were noisier, however, still
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Figure 3.8: Simultaneous AFM-SECM approach curves of the PtySiy probe onto Pt
(b) and on Si3Ng4 (c) in 5mM Ru(NH3)eCl3 with 1M KCI. The tip potential was set to
-240nm vs. an Ag/AgCl reference electrode. The simultaneously acquired deflection
signal (a) shows the contact point. The dotted lines show the simulation results for a
conical tip with a cylindrical insulation, conical insulation and conical insulation with a
gap between the insulation and the metal. All curves show 512 data points and were
recorded with an approach time of 1s.
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Figure 3.9: Simulation results for a conical tip similar to the fabricated probes, a) at an
infinite distance from the substrate; b) and c) at 400nm from an insulating/conducting
substrate; d) and e) at 50 nm from an insulating/conducting substrate.

showed a positive and negative feedback (figure 3.7b). The noise (0.75pA
peak to peak) was due to a limitation of the amplifier. After the measure-
ment, the data was therefore smoothed by a 10Hz low pass filter. Figure
3.8 shows approach curves in 5mM Ru(NH3)sClz with 1M KCI, towards the
conducting and insulating part of the combined sample and counter elec-
trode (tip 4 on table 3.1). These measurements were performed with the
monopotentiostat. The tip potential was set to —240mV. The substrate was
linearly approached towards the tip and the contact point was again derived
from the deflection signal (figure 3.8a). The current decreased/increased,
when the tip came into proximity of the insulating/conducting surface. It
was not necessary to apply an additional potential to the substrate. The
approach curves were simulated with the finite element method described
in the previous paragraph. The simulated concentration for several different
distances from the conductive/insulating substrate for the conically insulated
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tip with gap (figure 3.3c) is shown in figure 3.9. The concentration gradient
increased/decreased when approaching a conductive/insulating substrate
resulting in a positive/negative feedback. Figure 3.8 shows the simulated
approach curves for the three models presented in figure 3.3. The geo-
metrical parameters were chosen in order to show the same aspect ratios
as the PtSiy tip for which the experimentally measured approach curve is
plotted on the same graph. The simulated approach curves for the cyl-
indrically insulated tip (figure 3.3a) has a later onset and shows a steeper
increase/decrease of current compared to the approach curves for the con-
ically insulated probes (figure 3.3b and c). The simulated approach curves
of the probe with gap showed a further decrease in steepness. Therefore
we conclude that the influence of the gap on the shape of the approach
curve is less than the influence of the insulation cone angle. These results
are in agreement with the simulated concentration profiles (figure 3.6), i.e.
the conically insulated tip with gap senses the surface earlier. The experi-
mentally acquired curves agreed well with the simulated curves for a conical
insulation. However, the presence of a gap could not be derived from these
measurements only.

Combined AFM-SECM

Figure 3.10 shows sequentially recorded images (first topography, then elec-
trochemical current) of Pt lines deposited on SizN4 and spaced by 100 nm
(edge to edge). The electrolyte was an aqueous solution of 5mM Ru(NH3)sCl3
with 1M KCI. The PtxSiy tip potential was set to -240mV vs. an Ag/AgCl ref-
erence electrode. For the electrochemical current image (figure 3.10b and
d), the probe was scanned at 30 nm +/- 5 nm above the metal at a line scan
rate of 1 line/sece. As the tip was out of contact the scan height was ob-
tained from the calibrated piezo signal. The different distances are due to an
imperfect parallelism of the sample surface to the scan plane. The dotted
line and the arrow in figure 3.10a, ¢ and d indicate contaminations spots,
which hindered the positive feedback reaction on the Pt. These imperfec-
tions were used to correlate the topography and electrochemical current
image. Figure 3.10e shows a superposition of the topography and electro-
chemical data. This representation shows that the space between the lines

75



Chapter 3.1

; b e —t

60 s At0 s 180 s 190 108

X-Position, nm

Figure 3.10: Sequentially recorded AFM-SECM image (first topography, then electro-
chemical image) of Pt lines on insulator. For a better representation of the topography,
the images are also shown in 3D: (a) and (c) topography; (b) and (d) electrochemical
current image in 5mM Ru(NH3)gCl3 with 1M KCI. The tip potential was set to -240mV
vs. Ag/AgCl. The dotted lines in (a) and (c) emphasize dirt over the edge of the left
Pt line, whereas the upper arrow points at a smaller dirt particle on the left Pt line. €)
Superposition of topography (c) and electrochemical current image (d). f) Profile of
the electrochemical current image along the horizontal line shown in (d). The distance
between 5% and 95% of the electrochemical current step is 9nm and indicates a lateral
electrochemical resolution below 10 nm. All images were recorded with 512x512 data
points and the curve with 512 data points.
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in the electrochemical image is smaller than in the topography. We attribute
this to a positive feedback occurring between the sidewall of the lines and
the tip when its position is between two metal lines. Figure 3.10f shows the
profile of the electrochemical current image along the line in figure 3.10d.
The distance between 5% and 95% of the electrochemical current step is
9nm. This indicates that a lateral electrochemical image resolution below 10
nm can be obtained.

3.1.4 Conclusion

The functionality of the presented AFM-SECM probes have been demon-
strated by means of steady state cyclic voltammetry experiments, elec-
trochemical approach curves and simultaneously recorded probe deflec-
tion curves. Sequentially acquired topographical and electrochemical im-
ages could be acquired. The experimental results demonstrated that even
for probes with dimensions in the lower nanoscale domain, the simulation
model introduced by Zoski et al. is still valid. However, the simulated diffu-
sion current |7, was overestimated by 25% for tips with conical insulation.
The gap between the tip metal and insulation showed a small effect on the
shape of the feedback curves compared to the influence of the cone angle
of the insulation. Conically insulated tips showed an earlier onset and a flat-
ter feedback in the approach curve when compared to cylindrically insulated
tips. The size of the probe was narrow enough to acquire electrochemical
current images with a lateral resolution below 10nm. This is comparable
to the topographical resolution achieved with the same probe. Such AFM-
SECM probes could be helpful for studying e.g. samples in electrochemistry,
cell and structural biology, where the electrochemical active spots are in the
nanometer scale range. For such applications, both, localizing the site and
analyzing its topography is important for studying it’s biological function.
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3.2 Latest Results

3.2.1 First Combined AFM-SECM Experiments on the Planar
Sample Support and Biological Cells

First combined AFM-SECM measurements on the planar sample support
were performed with the same setup described in the previous section.
Again the redox mediator was an agueous solution of 5mM Ru(NH3)sCl3
and 1M KCI. The AFM was operated in the so-called linear lift mode where
for each line first a scan in contact and then a scan at a defined constant
and tilt corrected height above the sample surface was performed. In this
experiment the counter electrode was not incorporated in the sample and
therefore the contrast of the electrochemical images was provided only by
a negative feedback (figure 3.11e). Figures 3.11a and 3.11b show the sim-
ultaneously acquired topography and electrochemical current image of the
microfabricated aperture in the planar sample support, respectively. When
the tip was in contact with the surface the diffusion of redox mediator to-
wards the scanning tip was blocked, however when the tip was above the
aperture the blocking was reduced, which resulted in a higher current. Fur-
thermore, the dirt particles on the left of the aperture rim additionally blocked
the diffusion towards the sidewalls of the exposed metal tip and resulted in a
drop of current in the electrochemical current image (figure3.11b). Figures
3.11c and 3.11d show the electrochemical current as the tip was scanned
at 200nm and 500nm above the surface, respectively. The images still show
an electrochemical current, however, with less contrast and details. The
next step was to make combined AFM-SECM measurements on biological
cells absorbed onto the planar sample support. But first it was necessary
to examine the biocompatibility of the sample support. Figure 3.12 shows a
microscope picture of baby hamster kidney cells grown on the sample sup-
port during 1 day in an incubator. The biological cells liked the substrate
and grew without any difficulty. In order to preserve the cell structure for fur-
ther experiments they were fixed for 15min with 4% formalin in phosphate
buffered saline solution (PBS) and conserved in only PBS. Figure 3.13a and
3.13b show AFM micrographs of fixed fibroblasts (Rat2 and Cos7 respecti-
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Figure 3.11: AFM-SECM images on the planar sample support: a) Contact AFM im-
age of the aperture on the planar sample support (data scale range is 5pm); b) Electro-
chemical feedback image simultaneously measured with a), (data scale range is 150pA
to 181pA); c) Electrochemical feedback image measured in linear lift mode at 200nm
above the surface (data scale range is 159pA to 183pA); d) Electrochemical feedback
image measured in linear lift mode at 500nm above the surface (data scale range is
166pA to 185pA); e) Approach curve showing the negative feedback, the dotted lines
show the distances at which the images were taken.
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Figure 3.12: Microscope image of baby hamster kidney cells grown on the sample
support. Courtesy of L. Sumanovsky, Biozentrum Basel.

vely) grown on the planar sample support for 2 days and 1 day respectively.

Figure 3.13c and 3.13d show simultaneously taken AFM-SECM measure-
ments on fixed Cos7 fibroblasts immersed in 5mM Ru(NH3)gClz with 1M
KCI in aqueous solution. The setup used for this experiment is the same
described earlier in this section. Again the AFM was operated in linear lift
mode and the electrochemical image in figure 3.13d was recorded at 200nm
above the surface. After 30min of measurement the fixed cells began to fall
apart everywhere on the support.

3.2.2 Venturi Effect with the Planar Sample Support

An important step was to investigate how to attach biological cells onto the
aperture in the planar sample support. One method is to aspirate the cells
by means of the Venturi effect: The drawing of a liquid through the micro
machined cannel beneath the aperture generates a lower pressure in the
channel and thus generates a flow gradient towards the hole. To induce
the Venturi effect the planar sample support was connected to a peristaltic
pump. The channel was filled with filtered (100nm filter) DI water and latex
micro beads (1pmin diameter) were suspended in a drop of the same DI wa-
ter. The peristaltic pump was operated in order to draw 0.3pl/min through
the channel. Figure 3.14a and 3.14b are snapshots of a movie recorded dur-
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Figure 3.13: AFM and combined AFM-SECM measurements on biological cells: a)
Fixed Rat2 fibroblasts (data scale range 5Um); b) Fixed Cos7 fibroblast (data scale
range 5un); c) Fixed Cos7 fibroblast (data scale range 1pm) and simultaneously re-
corded electrochemical image (d) 200nm above the surface (data scale range 160pA
to 186pA).
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Figure 3.14: Venturi effect: a) Suspended 1pmlatex beads move along the flow gradi-
entinduced by the Venturi effect towards the aperture until a bead reaches the aperture

(b).

ing the Venturi experiment. The beads were all pulled along the flow gradi-
ent towards the aperture. When the bead pointed out by the arrow in figure
3.14a reached the aperture the flow gradient dropped and the movement of
the other beads stopped (figure 3.14b). By applying an overpressure to the
channel system it was possible to remove the bead from the aperture and
repeat the experiment.
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Summary, Conclusion and
Outlook

4.1 Planar Sample Support Fabrication

The surface property of substrates for biological samples plays an impor-
tant role. Indeed, the surface needs to be biocompatible or at least non
toxic. From the AFM point of view the support must provide a good adhe-
sion for cells in order to hold them still during scanning. The most important,
however, is a low surface roughness of the support. Especially for imaging
of 2D protein crystals the roughness must be as low as possible or at least
lower than the height of the crystal layer. This has two reasons: First it helps
localizing the membrane patches on the surface and second it is needed for
achieving high resolution. This requirements had to be considered for the
fabrication of the planar sample support. By molding the surface of a plain
Si wafer it was possible to achieve a surface which was smooth enough for
the desired application. In this case molding by CVD proofed to be a power-
ful technique to reproduce not only micrometer scaled structures but also
nano and sub nanometer sized features.

In order to use the molded surface of the SkNs we need to bond the mi-
cro channel system to the SNy surface layer and dissolve the sacrificial Si
wafer in KOH. This last step required that the bonding resists KOH etching.
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Special epoxy glues were investigated for bonding, but none of the epoxies
resisted longer than 5h in KOH. Finally, anodic bonding was the solution.
However, in order to decrease the capacitance of the support it was ne-
cessary to increase the thickness of the SkN4 what made anodic bonding
difficult. Nevertheless, anodic bonding at temperatures near to the melting
point of the used pyrex glass proofed to be suitable for bonding thick dielec-
tric layers.

In the first generation of planar sample supports a final, controlled LPCVD
deposition of SNy succeeded to shrink the aperture diameter. However,
in our case this technique showed to have limitations: First, the deposition
rates of standard machines could not be reduced in a way to control the
deposition at the nanometer scale, a dedicated setup would therefore be
needed; Second, the edges of the apertures became rounded. The aper-
ture diameter was indeed in the nanometer scale, but had a funnel profile,
which wasn’t favorable for high resolution AFM; Third, the additional LPCVD
deposition increased the surface roughness again. These were the major
reasons that made it necessary to fabricate the apertures by e-beam litho-

graphy.

4.2 Experiments

The electrochemical characterization of the metal tips with cyclic voltam-
metry (CV), gave evidence that the portion of the metal in contact with the
electrolyte was larger then predicted based on SEM pictures. It was there-
fore necessary to take transmission electron micrographs, which showed the
presence of a gap between the metal tip and the surrounding insulation. CV
proved to be a powerfull tool to test electrical insulations and estimate very
precisely the amount of exposed conductive surface. The insulation of other
parts of the setup have also been tested and several points of leakage could
be found. This helped to drastically increase the quality and repeatability of
the electrochemical experiments.

First combined AFM-SECM measurements at different distances above the
aperture in the planar sample support clearly demonstrated the distance
dependence of the contrast in the SECM imaging. It also proofed that the
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used linear lift mode is probably the most suitable mode of combined AFM-
SECM imaging.

First combined AFM-SECM on fibroblast cells adsorbed on the planar sam-
ple support showed a favorable adhesion of the cells and a correlation
between topography and electrochemical image. However, further effort is
needed to find the right electrolyte mixture in order to achieve a higher topo-
graphical resolution. Although the fibroblast were fixed, they didn’t withstand
the redox reaction and fall into pieces after some minutes. Also here more
work is needed for finding a more suitable redox mediator.

Of course it is evident that a smaller tip electrode enables a higher electro-
chemical resolution. However, the amount of electrochemical current and
the feedback contrast of the electrochemical image also decreases with the
size of the tip. Also the noise in the measurements becomes a bigger issue.
Most of the tips used for SECM experiments were already so small that the
used amplifiers were working on their lower limits and the signal was nearly
hidden in the noise. Therefore it will be necessary to develop a dedicated
low noise bipotentiostat.

The finite element model used to simulate the concentration gradients and
estimate the electrochemical currents proofed to be accurate for diffusion
limited system and fast reaction kinetics. Moreover, the correlation between
measurements and numerical simulations showed that the model introduced
by Zoski et al. is still valid for nanometric tips. It was also possible to con-
firm the effect of the tip shape on the SECM approach curves for positive
and negative feedback. These kind of finite element simulations in electro-
chemistry might be a powerful tool to predict the shape of approach curves
for any kind of electrode shape.

4.3 Outlook

As a great endeavor has been undertaken to produce valuable probes and
supports, obviously the next steps will focus on applications. Indeed, the
presented setup offers the possibility of many experiments in the field of
electrochemistry and biology. Future efforts will particularly focus on simul-
taneous imaging of topography and reactivity of redox active biological sam-

91



Chapter 4.3

ples or diffusion through biological pores. Other applications like studying
the chemical reactions on non biological surfaces could be achieved, i.e.
characterization of nano electrodes or ion selective field effect transistors.
Furthermore nanolithography by induced local oxidation or local polymeriza-
tion of electro active resists can be envisaged.
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Fabrication of Pyrex Channels

2 x 200nm poly silicon on pyrex.

Backside photolithography and RIE.

Etching of the access holes in 50% HF.

Topside photolithography and RIE.

Etching of the top channel and access
holes in 50% HF until contact.

N
||

A &

S
-1
d

40% KOH to remove poly silicon mask

[l poly-silicon [ pyrex glass
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Fabrication of Top Chip

200nm Si,N, LPCVD low stress on Si wafer.

E-beam lithography and RIE.

600nm SiO, CVD on topside.

Remove Si,N, on backside by RIE

B silicon-nitride  [] silicon-dioxide [ silicon
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Assembling of the Chips

A
=]
‘ -

1) Silicon-nitride (Si3N4 ) thin film depos-
ited on a Si wafer with a nanoscaled aper-
ture protected by silicon-dioxide (SiO,).
2- 3) Pyrex chips with the fluidic network.

A

Part 1 and 2 are assembled by anodic
bonding. The bonded chip is then glued
to part 3 by means of an UV curable glue.

y

Release of the SisN4 membrane by dis-
solving the Si support in KOH (40%, 60°C)

Y

The aperture is released by a timed etch-
ing of the Si0; in buffered HF (BHF)

|1 [l | [l

%

The channels in the pyrex chip are then
accessed by fitting capillaries into the in-
and outlet and fixing them with UV cur-
able glue.

M silicon-nitride [ pyrex glass

B silicon

[] silicon-dioxide
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100nm

Figure A.1: SEM micrographs: a) 100 nm aperture patterned in PMMA, b) the same
aperture transferred into SigNg

a) b)

m— 500 pm —§-20 pm

Figure A.2: Pictures of the fabricated chips: a) Top view of the pyrex channel chip;
b) Si3zNg4 film on Si, the ring and circle (1,2) are alignment structures for the AFM, the
channel (3) is etched into the SiO».
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Figure A.3: Picture of the assembled planar sample support
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Conductive Probe Process
Flow

101



Appendix B

Thermal oxidation (200nm, 1100°C)
of a <111> Si wafer followed by
150nm low stress SixNy, LPCVD.

Photolithography, RIE through the Si,N,
and Si0; layer. KOH (40%, 60°C} to form
the piramidal tip mold.

Timed BHF etch of the SiO-.

Timed H3PO, etch of the SixNy.

Thermal oxide sharpening (1um, 950°C).

200nm poly-Si PECVD, photolithography
patterning and RIE.

500nm Pt evaporation and annealing
(950°C) to form Pt,Si,.

Ultrasound in isopropanal to remove
unreacted Pt. 500nm low stress Si,N,
LPCVD, photolitography and RIE patterning
of the cantilever shape.

N Pt M Si.N, W PtSi, [l Al
7 Poly Si  HSIO, [ Pyrex
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Blank RIE to remove SiyN, and 5i0;
on the backside.

Anodic bonding (500°C, 600V, 200N) of
a prediced pyrex glass wafer,

Backside KOH (40%, 60°C) etch of 3/4
of the Si wafer tikness.

Dicing for the release of the cantilever
topside.

Release of the cantilever in KOH
(40%, 60°C)

Opening of the tip apex by a timed etch
in BHF,

|

Evaporation of a Al reflection layer.

& Pt WSiN, MPLSi, [ Al
7/ Poly Si i Sio, | Pyrex
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Figure B.1: SEM pictures of the fabricated conductive probe: a) the arrow points at
the cantilever; b) V-shaped c) single-leg cantilevers; d) replicated mold shape from the
backside of the cantilever; e) Tip array on the contact pad; f) tip on the cantilever.
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Figure B.2: SEM pictures of the tip: a) whole tip with a base width of 5 um b) zoom-in
on the freestanding metal tip with a base width of 80 nm; ¢) High magnification on the
apex with a tip radius of 7nm.
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