<]
TUDelft

Delft University of Technology

Electrical characterization of nanoparticle and protein networks

Holovchenko, Anastasia

DOI
10.4233/uuid:4b1f83ad-df5c-4f7f-9dde-d3ea2abb79ec

Publication date
2017

Document Version
Final published version

Citation (APA)
Holovchenko, A. (2017). Electrical characterization of nanoparticle and protein networks. [Dissertation (TU
Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:4b1f83ad-df5c-4f7f-9dde-d3ea2abb79ec

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:4b1f83ad-df5c-4f7f-9dde-d3ea2a6b79ec
https://doi.org/10.4233/uuid:4b1f83ad-df5c-4f7f-9dde-d3ea2a6b79ec

ELECTRICAL CHARACTERIZATION OF
NANOPARTICLE AND PROTEIN NETWORKS






ELECTRICAL CHARACTERIZATION OF
NANOPARTICLE AND PROTEIN NETWORKS

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,
op gezag van de Rector Magnificus prof. ir. K.C.A.M. Luyben,
voorzitter van het College voor Promoties,
in het openbaar te verdedigen op dinsdag 4 juli 2017 om 12:30 uur

door

Anastasia HOLOVCHENKO

Master of Science in Physical and Biomedical Electronics, Sumy State University, Sumy,
Ukraine
geboren te Sumy, Ukraine.



This dissertation has been approved by the promotor

Prof. dr. ir. H. S. J. van der Zant

Composition of the doctoral committee:

Rector Magnificus, voorzitter

Prof. dr. ir. H. S.J. van der Zant Technische Universiteit Delft
Independent members:

Prof. dr. H. W. Zandbergen Technische Universiteit Delft
Prof. dr. M. Dogterom Technische Universiteit Delft
Prof. dr. P.J. Peters Maastricht University

Prof. dr. ir. L. M. K. Vandersypen Technische Universiteit Delft
Prof. dr. P. G. Steeneken Technische Universiteit Delft

] \ .y
TUDelft Gy & Casimir

T Eurapean
"'" Research

: _erc —

N O

Nederlandse Organisatie voor Wetenschappelijk Onderzoek

Keywords: charge transport, two-terminal measurements, protein conductance,
biosensors, protein networks, nanoelectrodes

Printed by: Gildeprint - Enschede
Front & Back: ~ A.Holovchenko

Copyright © 2017 by A. Holovchenko
Casimir PhD series, Delft-Leiden 2017-23

ISBN 978-90-8593-307-6

An electronic version of this dissertation is available at
http://repository.tudelft.nl/.


http://repository.tudelft.nl/

It is only with the heart that one can see rightly;
what is essential is invisible to the eye.

Antoine de Saint-Exupery






INTRODUCTION

In this chapter, a classification of nano-objects is introduced. The starting point is to give a
definition of nano-objects and classify them by means of size and material they are made
of. After that, we discuss ways of studying physical and chemical properties of these ob-
jects. Finally, we describe known applications of nano-objects in electronics and biosens-
ing and suggest new ways of their operation.



2 1. INTRODUCTION

1.1. CLASSIFICATION OF NANO-OBJECTS

People throughout time have been trying to understand and explain the environment
they live in. Driven by this curiosity, and most importantly by finding answers to the
questions “Why?” and “How?”, scientists have made a chain of brilliant discoveries in
physics, chemistry and biology. However, there is still more to discover. Feynman’s lec-
ture “There’s plenty of room at the bottom” given in 1959 drew attention of the scientific
world to the physics at the nanoscale (10°9m). In subsequent years, scientific tools were
getting more and more advanced allowing to reveal the hidden properties of very small
objects such as DNA, proteins or molecules, which was not possible before. In this the-
sis, these small objects will be referred to as “nano-objects”. Importantly each object has
its own unique size, shape and properties, most of which are yet to be discovered.

One may ask: “How do scientists study nano-objects if they are so small?” At the be-
ginning, they did that simply by visual inspection, i.e., by observing it. Of course, because
the objects are so small, it cannot be done by the bare eye and special tools have to be
used. If one wants to know the size or the shape of a nano-object, transmission-electron
microscopy (TEM) is the best tool to go for. In a TEM an beam reaches the specimen
which contains the small object. Based on electron-specimen interaction an image is
formed, from which the size and shape of the object can be extracted. In Chapter 2 dif-
ferent technologies used for studying nano-objects are described in more details.
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Figure 1.1: Material-based classification of nano-objects: (a) Transmission electron microscopy (TEM) image
of gold nanoparticles representing inorganic nano-objects. Scale bar is 50 nm. Image adapted from [1]. (b)
TEM image of CdTe/ZnS nanoparticles with an average size of 30 nm. Image adapted from [2]. Scale bar is
50 nm. Organic nano-objects represented by (c) a micelle,[3] which is a supramolecular assembly with hy-
drophilic regions. (d) Metalloprotein ferritin contains both an organic shell and a ferrihydrite mineral core,
which contains about 4500 iron (Fe3+) atoms. Image adapted from.[4]

The material composition of nano-objects can be either inorganic or organic, with
metallic (e.g. gold) nanoparticles and semiconducting (e.g. GaAS) quantum dots be-
ing examples of the former. Organic nano-objects (e.g. polypeptide chains of a protein)
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are generally speaking less conductive than metallic ones, but they are biologically com-
patible and mostly come from nature or can be chemically synthesized. In addition, to
the above-mentioned examples, there is another subset of nano-objects that has both
organic and metallic components, which can be called hybrid nano-objects. This class
is extremely interesting because it combines both biocompatibility of the organic com-
ponents and the high conductivity of the metallic part. Figure 1.1 shows nano-object
classification based on the material composition. Several examples of such objects will
be described in this thesis in Chapter 4, Chapter 5 and Chapter 6.

1.2. CHARACTERIZATION AND APPLICATION OF NANO-OBJECTS

Once the size and shape are defined, one could perform a more detailed characterization
of the physical and chemical properties. One of the ways of addressing a small object is
to conduct “electrical measurements” on them. Like with electron microscopy, in this
method a signal is sent into the nano-object (e.g. an electron flow at a pre-set bias volt-
age) and the readout signal is received back when the electrons have passed through it
and the current is measured. The difference between the “input” and “output” signal
might indicate a unique feature of the object that can be then translated to, for instance,
a "real" biological meaning, although this is often a challenging task. Characterizing
nano-objects in any way would give us more insight on how they function, which is a
rather fundamental question.

On the other hand, it turns out that small objects with unique features can be appli-
cable, for example in electronics. Transistors, the main building blocks of electronics,
are smaller and “smarter” with every following generation. But each technology has lim-
itations, and for transistors built with silicon technology, this is their size and the heat
consumption. The idea of using small nano-objects, such as molecules or nanopar-
ticles, came after the limitations of Si-based technology became obvious.[5] The pro-
posed diode-like current-voltage (I-V) characteristic calculated in 1974 by Aviram and
Ratner[6] opened the door to the molecular nanoworld, and led to the formation of
a whole new field that is now called Molecular Electronics. Scientists became driven
by the idea that electronic components can be scaled down even more by using single
molecules or nanoparticles.

The success of Molecular Electronics in making single-molecule transistors,[7] logic
gates[8, 9] and memory devices[10] brought up another idea to use biological species
as components for electronic circuits. In fact, the first experiment in this field goes
back to 18th century with Luigi Galvani and his experiment on frog legs. That was the
first proof that animal tissues can transfer electricity. But this so called “animal elec-
tricity” phenomenon faced criticism and got forgotten till 1943,[11] when the experi-
ments in the field of biological voltaic electricity were renewed. The first steps in the
field of Bioelectronics[12, 13] were made while studying electrical transmission through
cells[14] and neurons[15] integrated into a solid-state chip platform.

This unique technology[16, 17] not only allowed to integrate the protein onto the
chip and potentially use it as an electronic component, but also to study its chemical
and physical properties; it thereby gave insight in a number of important biological pro-
cesses, such as respiration and photosynthesis[18].
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1.3. THESIS OUTLINE

The outline of this thesis is as follows:

In Chapter 2 we give an overview of the main technologies for nanogap formation,
which are then widely used for contacting nano-objects. Detailed description of graphene
electroburning and e-beam lithography techniques are also given in this chapter.

In Chapter 3 we show that graphene electrodes formed by electroburning technique
can be used for contacting single diamo-terphenyl molecule. The pre-patterning of the
electrodes by He-ion beam milling allows to localize the nanogap and to reduce the
number of the molecules attached to the electrodes after deposition. The electrical mea-
surements showed molecular signature in current and gate-voltage-dependent charac-
teristics at low temperature.

Chapter 4 presents a near-room temperature memory effect in spin-crossover(SCO)
nanoparticles. Single-layer graphene electrodes formed using electron-beam lithogra-
phy were used for contacting the nanoparticles. Reproducible hysteresis in conductance
(in temperature range of about 40 K) related to the spin-transition was observed. The
low-spin state had a noticeably higher conductance than the high-spin state.

In Chapter 5 a set of electrical measurements of hemoglobin protein networks is
shown.The protein network is connected to platinum electrodes with a 100 nm separa-
tion. The environmental-dependent current change was observed during the electrical
characterization. In particular, the current drops to below the noise level in vacuum and
shows a decrease up to an order of magnitude when exposed to nitrogen gas instead of
air.

Chapter 6 we show the electrical characterization of Alzheimer’s ferritin networks
from human brain and compare it to the physiological one at ambient conditions. The
networks with the two types of proteins coupled to platinum nanoelectrodes, showed

different levels of conductance. Particulary, the conductance of the samples with Alzheimer’s

ferritin is consistently lower than those composed of physiological protein. When a ni-
trogen atmosphere was introduced the conductance of both protein networks went be-
low the detection limit of the setup.
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NANOELECTRODES FOR
CONTACTING NANO-OBJECTS

In this chapter we introduce different approaches for the fabrication of nano-electrodes
and give some details on the several nano-objects that are further described in this thesis.
The chapter begins with an overview of existing technologies for the fabrication of such
electrodes and the areas of their application. We zoom in and explain the advantages
of two techniques in particular (electroburning of 2D materials and e-beam lithography)
which allow to contact nanoparticle- and protein networks, used for the experiments de-
scribed in the subsequent chapters of this thesis. In the second part, we introduce the three
different types of nano-objects used in this thesis work, describe their properties and dis-
cuss points of interest for further research.
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2.1. DEVICE FABRICATION

Contacting an individual nano-object, such as a protein or a nanoparticle in a network
has been a technological challenge lasting for decades. The development of scanning
tunnelling microscopy (STM),[1-4] atomic force microscopy (AFM),[5] break-junctions|[6,
7] and advances in nanofabrication[8] allowed to get insight into the world of these ob-

jects. Figure 2.1 summarizes the techniques which are used for contacting nano-objects

of different size; the smallest object can be found on the left-hand side. The size and

structure of these objects can be determined directly (by observing via microscopy tools)

or indirectly (e.g. by measuring the electrical response of a signal that was sent in via
scanning probes or on-chip by micron-sized electrodes). Some technologies from Fig-

ure 2.1 are more suitable for particular configurations of nano-objects[9]. For instance,

with STM one can study individual particles, but the technique is not as effective for
particle arrays, as high-atomic resolution and a large scan range are generally not com-

patible with each other. On the other hand, Electron-beam Lithography (e-beam) is a
reliable tool for fabricating devices on chip and contacting arrays of nano-objects; this

technology is limited to features of about 10 - 20 nm and larger.

In Figure 2.1 the red rectangulars indicate three main technologies that were used
as tools for making the nano-electrodes described in this thesis. One of them, called
electroburning|10, 11], opens up unique possibilities for studying both nanometre-thick
organic films and individual nanoparticles1[12] or proteins. In essence, it allows to form
a gap with nanometre-spacing between the electrode pair[13-17] by ramping the voltage
across a graphene bridge while the current is monitored. The high voltage in combina-
tion with Joule heating “breaks” the structure of the material at the nano-level, and this
break can be observed as a drop in the conductance at the macro-scale. In Figure 2.2 the
fabrication scheme of the multi-layer graphene electrodes fabricated using nanofabri-
cation and electroburning is displayed. The gap, however, can appear anywhere in the
device (depending on the shape of the device, defects in the lattice of the material, etc.)
and the size of the gap is not controlled. For studying electrical properties of nano-object
networks the area of the gap can be in order of a few micrometres, but when scaling down
to the single-protein level, the gap has to be smaller and preferably localized at a partic-
ular spot of the sample. Pre-patterning (or shaping) of a device before electroburning
allows to localize the gap and to narrow down the possible contact area between the
molecules and the electrodes[18]. The pre-patterning can be done using resist coating
and electron-beam lithography or by direct milling with an ion beam.

For studying nano-objects whose size is larger than 20 nm, electron-beam lithogra-
phy can be used for nanogap formation. The resolution limit of this technology currently
is 10 - 20 nm[19, 20], which does not allow to contact individual molecules or proteins
because of their size, but is suitable for contacting organic nanometre-thick films[21]
or nanoparticles connected in series[22]. An example of this process is shown in Fig-
ure 2.3. The fabrication process usually starts with a Si wafer covered with SiO,. The
wafer is spin-coated with a positive or negative electron-sensitive film — a resist. A digital
pattern of the nanodevice is then transferred onto the resist surface using an electron-
beam. In case of a positive resist, the area that was exposed under the e-beam becomes
soluble to a resist developer and can be removed from the surface of the wafer. Now, a
layer of metallic film can be created using metal evaporation. As the metallic film cov-
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Figure 2.1: The main technologies (Y-axis) used for characterization of solid-state proteins and nanoparticles
of different size (X-axis). The technologies are arranged in groups as follows: 1) Microscopy tools, used for
observing and determining the size and shape of the nanoobject, 2) Scanning probes, used for direct contact-
ing individual nanoobijects by establishing an electrical connection between the object and the metallic tip,
and 3) Nanofabrication, also used for direct contacting of small and big nanoobjects by placing them onto a
fabricated chip with contacts. The green square in the top right corner of a box around a particular technology
indicates that the measurement/observation can be done at ambient condition (room temperature and atmo-
spheric pressure). A red rectangular around a technique highlights a technology that will be further described
in this thesis.

ers the whole wafer a lift-off process is applied in order to reveal the pattern previously
written via the e-beam. The lift-off also dissolves the resist buried under the thin metal
film, thereby defining the device. The main limiting factors of this technique are: i) e-
beam spot size ii) proximity effects, related to the exposure dose distribution iii) the use
of resist, which can leave residuals on the surface after fabrication. More information
on e-beam lithography approach can be found in Chapter 4, Chapter 5 and Chapter 6
of this thesis. In Chapter 4 we show how a single-layer graphene device with a nanogap
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made by e-beam lithography can be used for contacting spin-crossover nanoparticles.
In Chapter 5 and Chapter 6 platinum electrodes fabricated by e-beam lithography are
used for electrical characterization of protein networks.

(a (o) N— ©

FLG Gl FLG L)
Si backgate Si backgate Si backgate

(d) (e)
Al FLG Al Au Au
v A

Figure 2.2: Fabrication scheme of a few-layer graphene (FLG) nano-electrode device with the gap made by
electroburning.

(a) The fabrication starts with heavily-doped Si chips (19x19 mmyj) with a 285-nm thick layer of SiO film on
top.

(b) Graphene is exfoliated onto the substrate using the “scotch-tape” method. Flakes of desirable thickness
(approx. 7 nm) are then selected under the optical microscope by means of colour.

(c) Positive resist (PMMA) is spin-coated on top of the chip at 4500 rpm and baked for 7 minutes at 180°C. Areas
for Au contacts are then exposed with an electron beam, developed in a methyl isobutyl ketone (MIBK) : iso-
propanol (IPA) 1:3 solution for 90 seconds and in IPA for 30 seconds. Subsequent metal evaporation (Temescal
FC-2000) of 5 nm Ti and 80 nm Au is done at a base chamber pressure of <10°8 mbar. This step finishes by
lift-off in hot acetone at 52°C for 30 minutes.

(d) Feedback-controlled electromigration performed on the fabricated chip at ambient conditions. While the
voltage (up to 10 V) is ramped up across the flake, the induced high-current densities increase the temperature
of the flake, and carbon atoms start to react with oxygen. Feedback-controlled software monitors the conduc-
tance, and repeats the cycle of the voltage ramp till the resistance of the flake is larger than 10 GOhm.

(e) The nanogap in a FLG device is formed.

He-ion beam milling (HIM) does not require spinning a resist on a substrate and can
be used as an alternative to e-beam lithography. The concept of this technique is similar
to Focused Ion beam (FIB) milling, but instead of heavy Ga atoms in the FIB, lighter He
atoms are used in HIM. In HIM, ionized He atoms are accelerated before reaching the
surface of the sample.

A high energy and the acceleration of the He ions allow to remove atoms from the
lattice of the sample. As a result, a few-nanometre sized gap can be formed. The main
disadvantage of this technology is that the obtained high-atomic precision is not as ef-
fective for long nanogaps, as the size of the ion beam is small and as a consequence it
would take too much time to write it without having to compensate for the drift of the
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Figure 2.3: Fabrication scheme of a single-layer graphene (FLG) device with a gap made by e-beam lithography.
(a) The fabrication begins with Si/ SiO2(285-nm) chip (10 x 10 mmy) with commercially grown single-layer
graphene on top.

(b) In order to make contact pads the chip is covered with PMMA resist at 4500 rpm and baked for 7 min at
180°C. Areas for Au contacts are then exposed with an electron beam (dose 900 ¢ C/cm2), and developed in a
MIBK:IPA 1:3 solution for 90 seconds and subsequently in IPA for 30 seconds.

(c) Reactive ion etching (Leybold Heraeus) is performed with a gas flow of 25 sccm of O, a pressure of 50
Bar and a power of 20 W for 30 seconds. The oxygen plasma yields an anisotropic etch of single-layer graphene
and allows to perform metal deposition of contact pads on SiO».

(d) Next, 5 nm of Ti and 40 nm of Au are deposited using metal evaporation (conditions similar to Figure 2 (c)).
In this step the metallic contact pads are fabricated.

(e) Nanogap definition. The chip is covered with PMMA, exposed to an electron beam (dose 1200 p C/ sz)
and developed in MIBK:IPA (similar to step (b)).

(f) In order to open the nanogap RIE is used (same parameters as in step (c)), followed by lift off in hot acetone
for 30 minutes.

beam. Figure 2.4 shows the device before and after pre-patterning with the He-ion beam,
where the two trenches define a constriction of 500nm wide. Also, pre-patterning allows
to fabricate and electroburn several devices connected to the same pair of electrodes
(see Figure 5). In Chapter 3 we describe in the detail the advantages of pre-patterning
with the He-ion beam and localization of the gap.
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Figure 2.4: Scanning-electron microscopy (SEM) image of a FLG device before pre-patterning (a) and after pre-
patterning (b) with He-ion beam milling. Two trenches made with the ion beam allow the gap to be localized
at the narrowest part of the flake.

Figure 2.5: Scanning electron microscopy (SEM) image (false colour) of a FLG device that consists of seven
pre-patterned bridges that were electroburned. Scale bar is 200 nm. Inset: Zoom-in SEM image of nanogap
5,6 and 7 from the main figure. The white arrows indicate where nanogap 5 is located on the bridge. Scale bar
is 200 nm.
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2.2. DEVICE CHARACTERIZATION

Once contact to a nano-object has been established a set of questions concerning their
(electrical) characterization arises:

(i) What is the reproducibility of contacting the same nano-object?

(ii) How to define the orientation of the nano-object once it has been attached to the
electrodes?

(iii) What is the electronic coupling between the nano-object and the electrodes?

(iv) Which charge transport mechanism is dominant in this system?

One way of answering these questions would be to perform electrical measurements,
for instance current-voltage characteristics (two-terminal measurements), or electrical
measurements as a function of applied gate voltage (three-terminal measurements).

While two-terminal measurements are possible with each technique shown in Figure
2.1, three-terminal transport characterization is easier to achieve with nanofabricated
devices (for instance, using a Si/SiO» chip with the highly doped silicon substrate acting
as a backgate).

Of course, one should not forget that the choice of electrode material also plays an
important role. The main requirements for the electrode material are: a slow oxidation
rate, non-reactivity with solvents, high-atomic stability and accessibility. Based on these
requirements noble metals are ideal materials for electrodes. However, high-atomic mo-
bility of gold atoms at room temperature limits the usage of this material for electrodes at
the nanometre scale. Platinum electrodes show a higher stability at room temperature,
but thick metallic electrodes would cause screening of the gate in case of three-terminal
measurements. Recent advances in material science brought two-dimensional layered
materials into the field of nano-electronics. One of the most promising candidates for
high-mobility electronic nanodevices is graphene. It is a conducting one-atomic-layer
thin sheet of carbon atoms which are confined in a hexagonal honeycomb lattice. In this
Thesis, we will show cases of using both platinum electrodes (Chapter 4) and graphene
electrodes (Chapter 3).
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2.3. NANO-OBJECTS AND THEIR NETWORKS

In Chapter 1 an overview over different types of nano-objects was introduced. Here, we
describe in more detail three types of nano-objects (see Figure 2.6), which contain both
organic and inorganic components and are the objects of study in this thesis. All three
types of nano-objects listed in Figure 2.6 have a common inorganic unit—namely an iron
ion(Fe). Iron is one of the most widespread metal in the world, and being incorporated
into living species by binding to organic ligands it plays an important role in functioning
of latter[23].

Metallo-proteins form an interesting class of metal-containing compounds[24, 25].
These proteins contain a metal-ion cofactor and their metal-binding sites are involved
in important biological processes such as oxygen reduction, respiration, photosynthesis,
nitrogen fixation, etc. In this thesis we explore the electrical properties of two proteins
which contain transition metal ions — hemoglobin (Hb) and ferritin (Ft) (Chapter 5 and
6 respectively). Hemoglobin is an allosteric Fe(II) containing protein, stationed in the
red blood cell (RBC). This protein consists of four subunits and each subunit contains a
heme (a metal ion surrounded by a porphyrin ring) and a globin (polypeptide chains of
amino acids) component. The functionality of hemoglobin comprises of oxygen uptake
when saturated RBC travels from the lungs to a cell, and to transport carbon dioxide, a
product of cell activity, from the cell back to the lungs. The size of Hb scales with the
size of biological species it belongs to; for reference and in Chapter 5 we have taken the
human protein with dimensions 5 nm x 4 nm x 5 nm. Cooperativity within its subunits is
present when it binds and unbinds oxygen, i.e, when binding of a first oxygen molecule
to one of the subunits occurs, other subunits within the protein become more acceptable
for binding. The reverse process, oxygen unbinding, also follows this cooperativity effect.

Hybrid nano-objects

Size* of Metals In Deposition
nano-ohject structure methods
Spin-crossover dielectrophoresis
nanoparticles 10-100 nm Feill)
(500 NPs) drop-casting
Hemaglobin 5 nim Faill) drop-casting
HE)
Ferritl .
[Ftr; n & nm Failll) drop-casting

Figure 2.6: Hybrid nano-objects which contain Fe metal ions in their structure. *size = mean size in one of
the three dimensions, typically the length. Nano-objects differ not only by size and deposition methods but
also by their origin. SCO NPs can only be chemically synthetized, whereas haemoglobin and ferritin proteins
originate from living organisms.
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Ferritin is iron-containing protein which consists of 24 subunits. It contains iron in
the Fe(IIl) state, which is incorporated in the mineral ferrihydrite and located inside the
cavity. The main biological functions of this protein are iron storage and iron detoxifica-
tion. Since ferritin is involved in important biological processes, a change in its concen-
tration (or levels) may indicate deviation in normal functioning of the biological organ-
ism. For instance, elevation of ferritin in a brain tissue is one of the signals of Alzheimer’s
disease[26]. In Chapter 6 we study two types of ferritin obtained from hospital patients.
The first is normal ferritin from healthy human beings, and the second one from pa-
tients with Alzheimer’s disease. By measuring the electrical properties of these proteins,
we show that it is possible to make a distinction between the two types of ferritin based
on their conductance at the nano scale.

Another interesting class of compounds is spin-crossover nanoparticles (SCO NPs)
known for their switching between low- and high-spin state at near room temperature[27].
Cooperativity between the metal centres of the SCO molecules within one nanoparticle
result in thermal hysteresis, when the system switches between a diamagnetic (low-spin
state) and a paramagnetic (high-spin state) state, triggered by a temperature change[28].
These properties make SCO NPs promising candidates for solid-state memory storage
devices or molecular switches[29]. However, it has been shown that it is difficult to ob-
tain reproducible hysteresis loops after several measurements, as the compound rapidly
degrades in time in the presence of elevated temperatures. In Chapter 4 we investigate
[Fe(Htrz), (trz) (H20)]1(BF,) nanoparticles stabilized by SiO; shell, which presumably en-
hances stability of such compounds.
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A FEW-LAYER GRAPHENE
ELECTRODES FOR MOLECULAR
ELECTRONICS DEVICES

In this chapter we report on the fabrication of a molecular transistor based on a single
molecule trapped in few-layer graphene nanogap. The device is pre-patterned with He-
ion beam milling or oxygen plasma etching prior to nanogap formation. The nanogap is
formed by applying high bias voltage between source and drain electrodes (electroburn-
ing) at room temperature. Pre-patterning helps to localize the gap, and to make it nar-
rower, in the way that only a few or a single molecule can be trapped in the gap. In or-
der to test the functionality of the device we deposited diamino-terphenyl molecule in the
nanogap. Electrical measurements after deposition showed an increase of the current level
as a function of the applied bias voltage.

Parts of this chapter have been published in Nanomaterials: Applications and Properties 3, 02NNPT05(4pp),
(2014).
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3.1. INTRODUCTION

One of the open questions in molecular electronics is how to measure electron trans-
port through a single molecule at ambient conditions. In order to do so, devices should
possess certain requirements. First, the spacing between source and drain electrodes
must be small enough to place a single molecule, which is typically of the order of a
few nm. Up to now, several techniques such as mechanically controlled breakjunctions
[1], nanolithography [2], electromigration[3] and others[4, 5] have been used to obtain
nanoscale spacing between electrodes. A second important requirement is device sta-
bility at room temperature. Gold is the most common material for electrodes because of
its noble character, but Au electrodes show instability at room temperature because of
the high atomic mobility[6]. For this reason, most of the single-molecule measurements
with gold electrodes are performed at cryogenic temperatures. Nevertheless operation
at ambient temperature is crucial for future applications[7].

Graphene, a two-dimensional honeycomb lattice of carbon atoms shows exceptional
electronic, mechanical and thermal properties that can be exploited for molecular elec-

tronics. Atomically thin graphene, or a few-layer graphene to avoid gating of the electrodes|3],

can increase the gate coupling in molecular transistors, compared with bulky Au elec-
trodes. Covalent binding of the carbon atoms in the lattice minimizes atomic mobility
at room temperature resulting in stable electrode geometries. Also graphene enables a
variety of anchoring groups that can be used for molecule attachment[9]. All these make
few-layer graphene (FLG) a promising material for room temperature molecular devices.

In this chapter we show the fabrication approach for molecular three-terminal tran-
sistors using FLG flakes as electrodes, its electrical characterization before and after
molecule deposition, and the detection of molecular transport.

3.2. DEVICE FABRICATION

3.2.1. NANOFABRICATION

The three-terminal transistors are fabricated on a heavily doped Si substrate coated with
285-nm thick SiO,. The Si substrate is used as a common back-gate electrode. The sur-
face is cleaned with ozone in order to minimize contamination and to maximize the
adhesion of the flakes to the surface. FLG flakes are transferred onto the clean substrate
by mechanical exfoliation using nitto tape. Suitable flakes[8] are selected by optical con-
trast under the microscope or by an AFM scanning. Two gold leads contact the graphene
flake, as shown in the Figure 3.1, and are used for biasing the device.

The next step is to open the gap in FLG flake by using the electroburning technique
(see 8 for more information) that allows to create a gap of a few nm. During electroburn-
ing the gap appears along the whole width of the flake, as seen in Figure 3.2, which is
about 3 ym wide. The probability of having several molecules in the gap increases be-
cause of the micrometre width of the flake. Moreover, the gap may appear close to one
of the gold electrodes resulting in the partial shielding of the gate voltage.

In order to overcome this issue a pre-patterning fabrication step is added prior to
electroburning. The goal is to fabricate narrow FLG bridges. Two different approaches:
1) Electron-beam lithography (EBL) in combination with oxygen plasma etching (OP
RIE), 2) He-ion beam (HIM) milling. Briefly, for the EBL approach the chip is covered



3.2. DEVICE FABRICATION 21

with a positive resist (PMMA) and exposed to the electron beam in such a way that the
mask pattern for the etching is defined.

Figure 3.1: Scanning electron microscope (SEM) colored top view of the device after fabrication. The FLG flake
is located between two Au electrodes on insulating SiO2. Scale bar 500 nm

Figure 3.2: AFM image of a device after electroburning. The gap appears along the whole flake in close prox-
imity to one of the electrodes, which may result in shielding of the gate field. Scale bar 2.5 ym.

Afterwards the resist is developed in MIBK:IPA (1:3) for 90 seconds and rinsed with
IPA. Next, 1 min of the oxygen plasma etching is employed with a RF power of 20 W, a
gas flow of 25 sccm O, and a pressure in the chamber of 50 pbar. In this step, the parts
of the flakes that were not shielded by the resist are removed. The result is shown in
the AFM image in Figure 3.3(a). Using this technique many devices can be processed
simultaneously.

As an alternative to oxygen plasma etching, a He-ion beam microscope can be used.
It is an universal nanofabrication tool that besides various applications [10-12] can per-
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Figure 3.3: AFM image of a device pre-patterned with (top) combination of EBL and OP RIE. Scale bar 500 nm.
(bottom) He-ion beam. After electroburning of pre-patterned device the nanogap appeared in the middle of
the bridge. Inset: zoom in image of the junction. Scale bar 100 nm.
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Figure 3.4: I-V characteristic of a pre-patterned device after electroburning. Bias voltage sweep V=205V
shows tunneling curve (black dots). The Simmons fit (dashed red line) is plotted on top along with the tunnel-
ing curve. Inset: Gate trace taken at V=0.3V.

form ion-beam milling with nanometer resolution. The device is placed into the loading
chamber of a Zeiss Orion HIM. The acceleration voltage for imaging is set to 25 kV in
order to prevent charging effects on the surface of the chip. An internal pattern genera-
tor is used for pre-patterning, while the acceleration voltage in this case increases to 30
kV, enabling a beam current of 1 pA at a dose of 120 nC/cm. The patterned trenches, of
about 10 nm wide, are narrower than with plasma etching, resulting in shorter bridges.
For imaging after pre-patterning the acceleration voltage is reduced. A complete device
is shown in Figure 3.3(b).

3.2.2. FEEDBACK-CONTROLLED ELECTROBURNING
After pre-patterning, feedback-controlled electroburning is used to create a nanoscale
gap in the FLG flake. Electroburning is performed by ramping a high bias voltage (5 -9
V) across flakes with initial resistances of kOhms and ohmic behavior in the currentvolt-
age characteristics. At high current densities the flake heats up by the Joule effect and
carbon atoms become mobile at the hottest areas in the pre-patterned channel. Feed-
back controlled software keeps track on the conductance of the device, and once it drops
by 10%, the voltage is ramped back to the starting point (0.2 V), to prevent the uncontrol-
lable breaking of the flake under high voltages. After ramping back, a new voltage sweep
starts and the process is repeated until the device reaches a resistance in the range of
GOhms, which indicates that a nanogap has been formed.

Figure 3.3 shows AFM images of electroburned devices that were pre-patterned with
the two fabrication approaches mentioned above. The gap is opened in the center of the
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bridge, thus realizing control over the localization of the nanogap formation.

Figure 4 presents the current while sweeping the bias voltage of a device after elec-
troburning. The shape of this current-voltage characteristics resembles the one expected
for single-barrier tunneling. The width of the gap can be estimated from a Simmons
model (red dashed line in Figure 3.4). From the fit, with an area A = 1100 nm? (width of
the FLG bridge W = 100 nm, length L = 11 nm) we extract a barrier height ¢ = 0.6 eV and
a gap size d = 2.2 nm. The inset in Figure 3.4 shows the current as a function of the ap-
plied back-gate voltage at V= 0.3 V at room temperature. The absence of gatedependent
transport indicates that the gap is empty before molecular deposition. This observation
combined with the small size of the gap makes the device suitable for molecular deposi-
tion and as a three-terminal molecular transistor.

3.3. ELECTRICAL CHARACTERIZATION AND MOLECULE DEPO-
SITION

To test the functionality of the fabricated devices we have performed deposition of diamino-

terphenyl molecules on the electroburned FLG junctions.

1-Ethyl-3- (3-dimethylaminopropyl) carbodiimide (EDAC) has been used as a cata-
lyst to form a covalent bonds between the NH; anchoring groups of the molecule and the
carboxylic groups present at the edges of the gap. The chip with electroburned junctions
was put in pyridine solution that contains a 1 mMol of terphenyl and 2 mMol of EDAC,
and kept in this solution for 15 hours to let the molecules assemble on the surface and
form the covalent N-C bonds in a chemical reaction. After taking the chip out from the
solution it is dried naturally. At room temperature I-V measurements were performed.
As Figure 3.5 shows, the current increases dramatically (red line) when compared to the
current level before deposition (black line).

To characterize gate-dependent transport measurements were performed at 4 K. The
gate sweep shown in Figure 3.6 taken at V = 0.2 V displays that the current is dependent
on the gate voltage after the molecule deposition.

3.4. CONCLUSION

To conclude, we have studied the fabrication of nanogaps in pre-patterned FLG bridges
using the electroburning technique. The pre-patterning of the flake enables localization
of the gap, and reduces its length. To test the functionality of our device diamoterphenyl
molecule has been deposited to the gap. The I-Vs after molecule deposition show an
increase of the current level and gate dependence. These devices can be used to per-
form measurements on more complex molecules, or can be viewed as a first step towards
more complicated molecular circuits involving more than one junction.
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Figure 3.5: Current-voltage characteristic at room temperature of a FLG gap before (black line) and after (red
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Figure 3.6: Current as a function of the applied gate after the deposition of 1mMol of terphenyl molecules.
Measurements taken on a sample that is different from the one shown in Fig.5.
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MEMORY EFFECT IN
SPIN-CROSSOVER NANOPARTICLES
COUPLED TO SINGLE-LAYER
GRAPHENE ELECTRODES

The charge transport properties of SCO [Fe(Htrz) (trz)](BF,) NPs covered with a silica shell
placed in between single-layer graphene electrodes are reported. A reproducible thermal
hysteresis loop in the conductance above room-temperature is evidenced. This bistability
combined with the versatility of graphene represents a promising scenario for a variety of
technological applications but also for future sophisticated fundamental studies.

Parts of this chapter have been published in Adv. Mater. 28, 7228-7233, (2015).
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4.1. INTRODUCTION

In weak crystal fields octahedral complexes based on 3d*-3d” transition-metal ions of-
ten display a spin-crossover (SCO)[1] between their high-spin (HS) and low-spin (LS)
electronic configuration that can be induced by various external stimuli such as light,
temperature, pressure, guest molecules, magnetic field and an electric field[2]. In addi-
tion, in the solid state some of these systems exhibit a remarkable memory effect as a
result of strong cooperative elastic interactions occurring between metal centers[3].

In the last five years, several research groups have evidenced large memory effects in
SCO devices by measuring their transport properties either in powdered samples[4—6] or
in micro and nanostructures[7-10] going down to the single nanoparticle (NP) level[11].
Notably, the electrical control of the SCO has given an enormous impulse to this area,[11]
and SCO NPs first reported by us in 2007[12], are nowadays considered as promising
candidates to be used as active parts in molecular-based memory devices.

However, a practical use of these SCO devices has so far been hampered by the low
reproducibility of the hysteresis loop in the conductance. This is particularly dramatic
when one or a few NPs are contacted between electrodes for room-temperature (RT)
operation(7, 11]. In fact, these devices rapidly degrade above RT and the thermal hys-
teresis loop often disappears after the first electrical-thermal cycle. To the best of our
knowledge, the only example published of reproducible memory effect in the conduc-
tance at the nanoscale was demonstrated by us through 4 switches in the current-voltage
characteristics operated at low temperatures (10 K) using [Fe(Htrz), (trz)] (BF4) (Htrz =
1,2,4-triazole and trz = 1,2,4-triazolato) NPs coated with an organic surfactant[11]. Us-
ing interdigitated electrodes, Lefter et al.[9] measured up to 20 thermal hysteresis loops
of the electrical current above RT for larger assemblies of organized micro-rods of the
same SCO compound. However, even in these large assemblies a progressive degra-
dation was systematically observed upon each thermal cycle (i.e. continuous current
decrease). The loss of particle/particle or particle/electrode contacts may be the main
cause of this electrical degradation, although one could imagine that the genuine fatigue
of these compounds could be influenced in many other ways (temperature rate, voltage,
intrinsic fatigue, etc.). In this line, a systematic diversification of both the probing tech-
niques and physical conditions, as well as the nature and/or the range of the external
stimuli applied should be considered to unveil and individually identify the mechanisms
of fatigue.

In this context, graphene[13] may serve as an interesting new material for the elec-
trodes. With only one atomic layer thin, graphene electrodes are non-invasive and con-
duct both heat and electricity very efficiently, while being at the same time thermally
stable even above RT[14]. In addition, graphene is optically transparent and can ef-
ficiently guide surface plasmon modes that can be dynamically tuned by electrostatic
gating[15]. The latter feature, in synergy with the memory effect in the dielectric prop-
erties of triazole-based SCO compounds[6] holds great promise to manipulate active
plasmonic devices by an appropriate external perturbation[16]. All these characteris-
tics make graphene a promising material to be used as electrodes in devices based on
SCO NPs.

The coating layer, usually stabilizing sub-micrometric SCO NPs can also play a major
role in their chemical stability, and thus in retaining memory-effect features. In particu-
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lar, Mallah et al.[17] prepared hybrid SCO Fe(pyrazine) Pt(CN)4 NPs using silica (SiO,) as
a robust inorganic shell; this methodology was later developed by Colacio et al. to form
the hybrid [Fe(Htrz), (trz)] (BF4)@SiO2 NPs[18, 19]. The latter hybrid core-shell NPs al-
ready proved to be multi-functional when decorated with luminescent molecules or gold
NPs displaying both electronic bistability and luminescence[18, 19] or plasmonic[20]
properties, respectively.

Recently, in a different approach the flexibility of conducting polymers (polypyrrole)
has been reported to circumvent the problem of reproducibility. Galdn-Mascarés et
al.[21] prepared 50 pm-thick composite films made of similar triazole-based SCO com-
pounds embedded in such conducting polymers. The conduction level of the latter
turned out to be very sensitive to the thermally induced volume change of the SCO com-
pounds, leading to a conduction change in a range of 50-300 % . However, this alterna-
tive strategy will become increasingly less suitable as device size decreases down to the u
nanometer regime, as strongly grafted conducting polymers on active SCO cores is not
yet achieved.

In this chapter, we report the charge transport properties of SCO [Fe(Htrz), (trz)] (BF4)
NPs covered with a silica shell placed in between single-layer graphene electrodes (i.e.,
enabling direct transport measurements). We evidence a reproducible thermal hystere-
sis loop in the conductance above room-temperature. This bistability combined with
the versatility of graphene represents a promising scenario for a variety of technological
applications but also for future sophisticated fundamental studies.

4.2. DEVICE FABRICATION AND NANOPARTICLE DEPOSITION

Graphene-based nanoelectrodes were fabricated on Si/SiO, substrates covered with com-
mercially available CVD-grown single-layer graphene (obtained from Graphene Super-
market). First, gold leads were defined using e-beam lithography (EBPG5000Plus, PMMA
resist, dose 900 uC / cm2), followed by metal evaporation (Leybold L560 evaporator) of
Ti (5 nm) / Au (60 nm) and resist lift-off. Then, the surface was covered with PMMA re-
sist and patterned with e-beam lithography to form an etch mask defining the graphene
nanogaps with widths (W) ranging from 150-300 nm and lengths (L) in the 0.6-2 micron
range (extracted from Scanning-Electron Microscope (SEM) images performed at an ac-
celeration voltage of 15 kV). The unprotected areas were then etched away with oxygen
plasma etching (Leybold Fluor etcher, 25 sccm, 20 W, 500 ubar) followed by resist lift-off.
Hybrid spin-crossover@SiO2 NPs based on the system [Fe(Htrz),(trz)](BF4), where
Htrz = 1,2,4-triazole and trz = 1,2,4-triazolato, were prepared with the reverse micelle ap-
proach following a previously reported method with some modifications.[18] Two sepa-
rate microemulsions containing the metal and ligand coordination polymer precursors
with the silica precursor were first prepared. In the first microemulsion, an aqueous
solution of Fe(BF,),-6H,0 (337 mg, 1 mmol in 0.5 mL) and 0.1 mL of tetraethyl orthosil-
icate (TEOS) were added to a solution containing the surfactant Triton X-100 (1.8 mL),
n-hexanol (1.8 mL) and cyclohexane (7.5 mL). A similar procedure was applied for the
second microemulsion, comprising an aqueous solution of 1,2,4-1H-triazole (HTrz) (210
mg, 3 mmol in 0.5 mL). Both microemulsions were combined in air and the mixture was
stirred to allow micellar exchange for 6 h. Finally, destabilization of the micelles upon
addition of acetone promoted the precipitation of the NPs, which were then collected by
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Figure 4.1: (a) Schematic of the fabrication process flow. Step 1-2: Gold contact pad and lead definition by
electron-beam lithography, oxygen plasma etching and metal evaporation (see Experimental Section for more
details). Step 3: Nanogap formation by electron-beam lithography and oxygen plasma etching. Step 4: Electri-
cal trapping of the hybrid spin-crossover@SiO2 NPs by a dielectrophoresis technique. (b) Scanning-electron
microscopy micrograph of a chip before NP deposition containing 32 devices. Inset: Single-layer graphene
electrodes of length L = 1.7 um and separation width W = 300 nm on a Si/SiO2 substrate (false colour).

centrifugation at 12000 rpm, and washed several times with aliquots of EtOH (x3). TEM
images were obtained from a JEOL JEM 1010 microscope (100 kV) and HRTEM images
were collected with a Tecnai G2 F20 S-TWIN (200 kV). Sample preparation consisted on
placing a drop of the NPs suspended in a solvent on a carbon coated copper grid.

A colloidal solution of the hybrid SCO@SiO; particles was obtained by diluting 5 mg
of a powder in 5 ml of pure ethanol. This solution was diluted one hundred times. NPs
were trapped in between the graphene electrodes using a dielectrophoresis method with
the following parameters: 4 V peak-to-peak sine wave between source and drain at 10
kHz. SEM images were taken using a FEI Nova NanoSEM 450 microscope operating at
10 kV.
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Figure 4.2: (a) Temperature-dependent conductance (G = I/V) measurements of sample A (cycle 6) showing
hysteresis between the heating up (solid red circles) and cooling down (open white circles) cycle. (b) Conduc-
tance of sample A at T = 350 K and V = 20 V in the heating (solid red circles) and cooling (open white circles)
modes for several cycles. Cycle 1-2: Maximum temperature while sweeping (heating mode) Tiax = 360 Kis too
low for the spin switching to occur. Cycle 3-7: Tpax= 385 K.

Sample | L(um) | W(nm) | AG(mS) | TH (K) | THS (K) | AT (K)
A 1.7 150 2.18 340 360 20
B 0.7 250 5.88 340 374 33
C 1.7 300 6.11 335 374 39

Table 4.1: Poole-Frenkel parameters from four different devices (see also main text).

4.3. RESULTS

Single-layer graphene electrodes were defined with electron-beam lithography and oxy-
gen plasma etching on commercially available Si/SiO,/CVD-graphene substrates (see
Figure 4.1(a) and Experimental Section for more details). Several combinations of the
electrode-separation width to length ratios (W/L as defined in Figure 1.1(b)) were fabri-
cated, enabling to contact a single NP with L = W = the particle size, up to small assem-
blies of hybrid SCO NPs (representing a couple of NPs in series and about 30 possible
parallel electrical pathways at maximum). A Scanning Electron Microscope (SEM) im-
age of a representative device is shown in Figure 4.1(b).

Sample | E,"S(meV) | E,;8(meV) | Go!® (Sm™!) | GBS (Sm™)
A 417 295 5x107° 4x10°8
B 1085 501 2x10% 2x107°
C 887 464 56 1x107

Table 4.2: Thermal activation energies (Ea) and pre-exponential factors (Gg) of the conductance in the two
spin-states (HS — high spin state, LS — low spin state) for sample A, B and C. For parameter definitions see main
text and Figure 3(a).
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Figure 4.3: Conductance (G = I/V) as a function of temperature for (a) sample B at V=30 V and (b) sample C
at V = 35 V. Hysteretic behaviour of the conductance indicates NP switching between the low-spin state and

high-spin state.
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Figure 4.4: Arrhenius plot of the logarithm of the conductance vs. the inverse temperature of sample A. The
activation energy is obtained by fitting a linear curve through the high-spin data (solid red circles) and the
low-spin data (open white circles).
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Core-shell SCO NPs of ca.110 nm in length and ca.50 nm in width were synthesized
using published methods[18] (see Experimental Section and Figure 4.6 and Figure 4.7
for more details). The hybrid SCO NPs comprise a core of the [Fe(Htrz), (trz)] (BF4) com-
plex and a shell of SiO,. HRTEM has been carried out to provide structure details of the
core/shell structure (see Figure 1.6). The shell thickness was about 11 nm for most parti-
cles, which is in good agreement with previous results[18]. The thermal spin-transition
of the powder sample was magnetically established using a SQUID magnetometer (Fig-
ure 4.5). A suspension of the same powder was prepared in ethanol and drop-casted on
top of the devices. A dielectrophoresis technique was used to trap the NPs in between
the graphene electrodes (see Experimental Section for more details). SEM micrographs
taken after deposition at an acceleration voltage of 10 kV show that in 85% of the de-
vices (42 devices out of 49) few or even a single NP(s) was (were) placed between the two
electrodes (see representative examples in Figure 4.7).

Electrical characterization of the devices was first performed before deposition. Current-

voltage characteristics (I-Vs) were taken at atmospheric pressure using a cryostat probe
station (Desert Cryogenics). All recorded I-V curves showed a maximum leakage current
of about 5 pA while sweeping the bias voltage up to 35 V. Temperature-dependent con-
ductance measurements before deposition showed no conductance change as a func-
tion of temperature between 305 K and 375 K (Figure 1.8). For these measurements a
heater element was embedded in the probe station with a Lakeshore temperature con-
troller and a local calibrated thermistor (TE-tech, MP-3011). Heating was performed at
arate of 2 K-min"! by means of a resistor underneath the sample stage. Cooling was not
done actively, but the rate could be controlled at high temperatures (from 385 K to 340
K), where the natural thermal dissipation exceeded 2 K-min![22].

I-Vs recorded after deposition (same conditions as mentioned above) showed an in-
crease of the current in 23 % of the devices (8 out of 34). These I-Vs are symmetric for
positive and negative voltages and presented high voltage-activated current behaviors
in good agreement with previous reports for polymer-coated SCO particles of the same
family([7, 22] but also for surfactants-less microrods reported in the literature[7]. For
these 8 devices, temperature-dependent conductance measurements were performed
to investigate the spin-state dependence of the charge transport properties. It is impor-
tant to note that the integrity of all graphene electrodes was preserved after deposition by
dielectrophoresis method, as examined by SEM (see a representative example in Figure
4.7). The fact that the current levels of some of the nanogaps with NPs remained below
our detection limit can be rationalized in terms of the size distribution of the cores and
shells of the NPs randomizing the number of NP probed as well as the electrode cou-
pling strength. It should also be noticed that an increase of current was only seen in the
devices with a large W/L ratios. We observed no change in current after deposition for
the devices, which have a W/L ratio equal to the size of the single NP. This could indicate
that multiple parallel pathways are needed to observe a distinguishable current increase
for these NP systems.

From SQUID measurements performed on a powder sample (see Figure 1.5) it is
known that switching between the two spin states is expected in the temperature range
from T 12 ' =380 Kto T 1\ ! =340 K (T 12 ' and T 1, ! = temperature for which there
are 50 % of the Fe!' ions in the high-spin and 50 % in the low-spin states in the heating
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and cooling mode, respectively). Figure 4.2(a) displays a thermal hysteresis loop in the
conductance of the sample A (W =150 nm, L=1.7 um) at an applied bias voltage V=20 V.
The hysteretic behaviour of the conductance as a function of temperature is consistent
with the temperatures observed in the powder sample.

Up to seven cycles (of sample A) were performed to check reproducibility of hystere-
sis features (Figure 4.2(b)). During the first two cycles the maximum temperature (Tmax)
was set to 360 K. Under these circumstances no conductance change between the heat-
ing and cooling modes was observed, indicating that 360 K is a too low temperature for
spin switching to occur. When Tp,ax Was increased up to 385 K, a well-pronounced and
reproducible hysteresis feature was observed (cycles 3-7 in Figure 4.2(b)). The conduc-
tance in the heating mode appears to be higher than in the cooling mode (open white
and solid red circles, respectively). Importantly, for all five cycles the conductance val-
ues remain stable as well as the critical temperatures, which show that the spin switching
does not degrade upon temperature cycling.

Figure 4.3(a) and (b) show the presence of hysteresis loops for sample B and sample
C, respectively. These samples have a slightly different L/W ratio of the graphene elec-
trodes, but the hysteresis behaviour remains a common feature of the data. Indeed, the
critical temperatures for both the heating and cooling modes are very close for samples
A, B and C and also in good agreement with the transition temperatures obtained on
the powder sample (see Figure 4.5 for more information). Remarkably, the width of the
hysteresis loop AT and the relative change in conductance AG are increasing with the
separation width (W) of the graphene electrodes. Table 4.1 summarizes the parameters
extracted from the hysteresis loops of the three devices (for sample A see Figure 4.2(a),
for sample B see Figure 4.3(a) and sample C see Figure 4.3(b)). It is important to note,
that the low-conducting state is the HS state for all three samples.

To compare relevant physical parameters, such as activation energy values (E;) and
pre-exponential factors (Gg) in both spin-states with those in the literature, we extracted
these parameters from an Arrhenius fit through the data:

InG=1InGoy— (Ea/(kgT), 1)

Note that we have used the conductance and not the conductivity in this equation,
as we do not exactly know the current pathways in our samples.

The parameters obtained from the Arrhenius fits for sample A, B, C are given in the
Table 4.2. One can note that for all three samples E; and Gy are both higher in the low-
spin state compared to the high-spin state. Besides, the variation in the Gy values is
much larger (several orders of magnitude) than that in the E, values.

In this chapter we demonstrated, for the first time, that graphene electrodes can be
used to probe phase-transitions occurring near RT in SCO compounds. Dielectrophore-
sis deposition method[7] turned out to be an adequate method to position the small
hybrid SCO@SiO, NPs in between the single-layer graphene electrodes. Importantly, we
have observed reproducible hysteresis in the conductance upon thermal cycling for 5
times above RT. No degradation of the current levels has been detected, therefore we
conclude that the robustness of the spin-transition after SiO, wrapping is significantly
improved as compared with our previous results[11, 22] and with other reports[9].
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As possible reasons influencing the spin-transition instability one can envision the
following causes: i) a progressive breaking of the molecular structure induced by the
thermal cycling, as shown recently by Grosjean et al., albeit not demonstrated at the
nanoscale[23] ii) a modification in the charge of the metal centres/counter ions induced
by the flow of charge carriers and/or sample environment[6, 24], iv) frictional forces at
the NP/substrate interface[22, 25] or v) a loss of the electrical contact upon temperature
cycles[9]. In distinguishing between these different reasons, the silica matrix could be
beneficial as it decouples the active cores from the substrate and environment. Further-
more, the atomically thin graphene electrodes could yield an improved electrical contact
with the hybrid NPs upon thermal cycles[14]. On the other hand, the intermediate size
of the cores used in this work could delay or mask the intrinsic fatigue. Further studies
are thus needed and in particular one should reproduce the same studies while scaling
down the sizes of these hybrid NPs.

Another important observation is the spread of the hysteresis loop widths, which

seems at a first glance in contradiction with recent results obtained on powder samples[19].

Indeed, our loop width value has increased to 19 K while using the same NP synthe-
sis batch with lengths and widths respectively ranging from 107+13 nm and 44+10 nm.
This contrasts with the recently reported work by Colacio et al., in which four synthe-
ses of hybrid SCO@SiO, NPs of the same nature having very distinct lengths and widths
ranging respectively between 56-422 nm and 56-180 nm, display hysteresis loop widths
with variations of only 5 K. We ascribe this notable difference to the fact that we electri-
cally probed only few NPs, whereas they used a SQUID magnetometer to magnetically
characterise a large amount of material. Consequently, the changes in cooperativity due
to different NP sizes, morphologies and silica thickness could be masked due to averag-
ing.

As far as the transport mechanism in the SCO NPs is concerned, the Arrhenius fit to
the data indicates a broad variation in the thermal activation energies and pre-exponential
factors. A similar large spread was reported in the literature[26] associated to the differ-
ent morphologies adopted by the same SCO compound, depending on the synthesis
procedure. In contrast, the single-batch synthesis employed here points out that a large
spread of pre-exponential factor and activation energies is already present and linked to
the inherent core size distribution, silica shell thickness variation and/or local defects
(structural and/or chemical)[4].

More importantly, we systematically found E,"S > E,HS and Go'S > G, while the
opposite trend was reported for micro-rods made of the same SCO compounds that
are not stabilized by a shell[4, 27]. Surprisingly, the low-conducting state (HS state) re-
ported in this work remains, however, consistent with previous studies at the macro- and
nanoscale[4, 6-10, 22, 27]. In this context, we speculate that the inversion in thermal ac-
tivation energies and pre-exponential factors can be rationalized by the presence and
the compression/relaxation of the silica shell accordingly to the expansion/relaxation of
the NP cores upon SCO. Specifically, E; and Gy may originate from the contribution of
hopping process mechanisms through both the core and the shell:

InG = InG%"™ + [nG™el, @)

where E, = B, + B, M€l and Gy = Gy x Goshell, Regarding the core contribution, it
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has already been evoked that its pre-exponential factor Gy“°™ is governed by the compe-
tition of the product of the hopping distance and the hopping frequency(4]. Within the
NP cores in the HS state, the well-known metal-ligand bond increase and softening will
favour a charge carrier to hop further through the core, but with less probability. Simi-
larly, we propose that the pre-exponential factor of the shell Go*P®!! could be governed by
the same competition, but yielding the opposite behavior. Within the shells in the HS,
charge carriers will hop less far upon the silica compression but with higher probability.

Thermal hopping activation energies are even more complicated to capture[4], as it
refers to the reorganization processes of atoms and molecules occurring for every charge
transfer on SCO complexes. So far, higher activation energies have been reported consis-
tently in the HS state for vast aggregates of nanometric particles[4] and micro-rods[27]
made of the same SCO compound used in this work. One can interpret this result as the
predominant role played by the distance accommodation between hopping sites com-
pared to the energetical landscape upon SCO, but remain far from being understood. If
higher activation energies of the NP cores in the HS state hold in our case, it means that
the activation energy for the shells has to be smaller to explain the systematic conduc-
tance drop from our model in the HS state. This can be rationalized by the compression
of the atoms distances within the shell in the HS state, which is expected to decrease the
activation energy. These aforementioned intricate effects can thus explain an inversion
of the activation energies and pre-exponential parameters compared to previous studies
and points at the deformable ability of the silica shell wrapping the active cores.

One can wonder nevertheless, whether a tunnelling contribution within the shells
can be expected for hybrid SCO@SiO, NPs as in the case of NPs stabilized by short or-
ganic polymers. Tunnelling transport occurs only if the barrier height is high and thin.
In this line, HRTEM characterization of our SCO NPs reveals a silica shell thickness of
11 nm, and therefore the interparticle distances could be as large as 22 nm, which point
at incoherent interparticle transport only. However, one cannot discard the presence
of non-uniformities, defects or even pinholes across the SiO, shell leading to very thin
tunnel barriers. Therefore, even tough a incoherent interparticle transport mechanism
is the most likely scenario in our work, coherent tunneling paths can not be totally ex-
cluded between hybrid NPs.

4.4. CONCLUSION

In this chapter we have successfully trapped small assembles of hybrid SCO@SiO, NPs by
a dielectrophoresis technique in between single-layer graphene nanogaps. This class of
SCO NPs offers a large memory effect in the conductance of about 40 K associated with
the spin-transition. The hysteresis occurs concomitantly with a reproducible and effi-
cient back-relaxation to the low-spin state as a possible result of the enhanced stability
provided by the silica shell on the SCO core NP. Moreover, the low-spin state possesses a
higher conductance, consistent with previous studies on small assembles of SCO-based
NPs based on the same compound [Fe(Htrz), (trz)] (BF4). Importantly, the analysis of the
hysteresis loop features points out that the presence of the silica shell can inverse the
activation energies and pre-exponential factors while keeping the LS state as the high
conducting state. We ascribe this feature to the compression(relaxation) of the shell in
the HS(LS) state. The versatility of graphene combined with the thermal hysteresis loop
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stability of the core-shell SCO NPs open up future experiments, such as injecting polar-
ized spins and/or using the enhanced gate coupling to address the NP spin-state above
RT and/or manipulate electromagnetic waves at the nanoscale.
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4.5. APPENDIX

In Figure 2.5 we show magnetic measurements on SCO NPs powder described in this
chapter. Figure 4.6 and 4.7 shows TEM and SEM images of the nanoparticles respec-
tively. In Figure 2.8 the temperature cycle for a device before nanoparticle deposition is
displayed. Figure 4.9 shows statistics over measured devices.
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Figure 4.5: Temperature dependence of the molar magnetic susceptibility temperature product (AM-T) for
powder samples of the hybrid spin-crossover [Fe(Htrz); (trz)](BF4)@SiO2 NPs after several heating-cooling
modes.

Figure 4.6: Transmission electron microscopy images of the hybrid SCO NPs deposited by drop casting on a
carbon coated copper grid. Scale bars of 200 (left) and 100 nm (right).
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Figure 4.7: False colour scanning electron microscopy image of the devices after dielectrophoresis trapping.
NPs were trapped in between graphene electrodes for (a) sample A (b) sample B (c) sample C (d) with triangular
geometry (W = 100 nm, L = 150 nm) and (e) another sample provided by a lower filling factor which didn’t
exhibit a current increase after deposition. White lines indicate the position of the nanogap.
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Figure 4.8: Conductance as a function of temperature for a device before NP deposition (heating mode: orange
squares; cooling mode: blue empty squares). Notably, the conductance levels are orders of magnitude lower
than the ones in the main text after NP deposition in particular around the hysteresis temperatures.
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Figure 4.9: Statistics of: working/not-working devices remain after fabrication (purple chart), NP(s)

trapped/not-trapped in the gaps (blue chart), electrical measurements after NP deposition (green chart) and
thermal hysteresis observed in conductance (red chart).
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ENVIRONMENT-DEPENDENT
CONDUCTANCE MEASUREMENTS ON
SOLID-STATE HEMOGLOBIN
NETWORKS

We report on environment-dependant charge transport through hemoglobin networks,
trapped in between platinum nanogaps with a 100-nm separation. The electrical mea-
surements were performed while the environmental parameters (gas composition and
pressure) were varied. We show that the current flowing through the hemoglobin networks
is higher at ambient, supressed in nitrogen gas atmosphere and not detectable in vac-
uum, the supressed current is recovered by re-establishing ambient conditions. The Poole-
Frenkel emission model is used to describe electron transport through the hemoglobin thin
films with satisfactory agreement. The observed environment-dependent transport be-
haviour may be of interest for biosensor technologies.

In preparation for submission: A.Holovchenko and H.S.J. van der Zant "Environment-dependent conductance
measurements on solid-state hemoglobin networks" (2017).
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5.1. INTRODUCTION

Numerous studies on electronic properties and electron transport (ETp) through proteins|[1]
emerged in the field of bioelectronics. The attention to proteins is driven by the possi-
bility of making bio-transistors and using proteins as an electronic material[2]. Besides,
understanding of the electron transport mechanisms in proteins will give a better insight
in their functioning and the electronic interaction between them. Among the differ-
ent species, proteins with metallic co-factors (metalloproteins) are of a great interest|[3,
4], because of the metal ions that are incorporated in protein polypeptide chains and
may serve as sites for charges to hop on. Metalloproteins represent nearly half of all
known proteins[5] and participate in essential biological processes, such as respiration,
photosynthesis and redox reactions[6-8]. Multiple techniques have been employed to
study the electrical conductivity of metalloproteins, ranging from using nanojunctions
for contacting protein monolayers[9-11] to addressing a single protein molecule with
Atomic Force Microscopy (AFM[12-14] or Scanning Tunnelling Microscopy (STM)[15,
16].

Hemoglobin (Hb) is an oxygen-binding allosteric protein present in the human body.
The diameter of a single molecule is approximately 5 nm.[17] It consists of 4 sub-units
(named 2-alpha and 2-beta), of which each has one Fe?* coordinated to four pyrrol ni-
trogen atoms that fix the metal ion in a plane[18, 19]. The fifth binding site is in contact
with a histidine amino acid, with one binding site available for the attachment of gas
molecules (e.g. O2, CO, CO, or NO). Binding of a gas molecule causes a displacement of
Fe?* within the plane[20, 21],leading to significant structural changes in the protein - a
characteristic known as cooperative binding[22]. The binding of a gas molecule to one
sub-unit thereby increases the binding affinity of the neighbouring subunits.

Different approaches have been used to explore the electronic properties of hemoglobin.
Hongxing Xu et al.[23] detected vibrational spectra of single hemoglobin protein molecules
attached to 100-nm sized Ag nanoparticles. Earlier conductivity measurements on hemoglobin
by B. Rosenberg[24] were made by placing proteins in between a metallic and a glass
plate. The hemoglobin powder in this study showed semiconductor behaviour with a
band gap of 2.3 eV. The influence of absorbed water on the conductance of a dry-state
hemoglobin has also been reported.[25] Here, we report on electrical measurements
in a planer on-chip configuration by contacting small assemblies of hemoglobin pro-
tein molecules with ym-sized platinum electrodes separated 100 nm apart. By apply-
ing a voltage between the source and drain electrodes we study the electrical properties
of hemoglobin and monitor changes in the current as a reaction to the corresponding
changes in the environment (e.g. pressure, temperature, gas composition).

5.2. EXPERIMENTAL SECTION

5.2.1. NANOFABRICATION

Devices are fabricated using a Si wafer with a 285 nm thick film of SiO, on top. The
wafer is covered with a positive resist (PMMA) and exposed to an electron beam in a
EBPG5000PLUS with a dose of 900 uC/cm2. The chromium/platinum contacts and elec-
trodes have been created using thin-film metal evaporation (Leybold L560 evaporator)
and resist lift-off in warm acetone. Scanning-Electron Microscope (SEM) imaging (FEI
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Nova NanoSEM) has been performed at an acceleration voltage of 15 kV.

5.2.2. PROTEIN DEPOSITION

The solution with hemoglobin (Hb) is obtained by dissolving commercially available fer-
rous stabilized Hemoglobin A0 (supplier: Sigma-Aldrich) in DI water (electrical resistiv-
ity of 18 Mw-cm). Five mg of hemoglobin in powder form was mixed with 250 ul of DI
water, resulting in a concentration of proteins of 20 mg / ml. An aqueous solution con-
taining the hemoglobin was then deposited onto the chip and placed in vacuum (5x 1073
mbar) to let the water to evaporate.

5.3. RESULTS

Electrodes were fabricated using standard e-beam lithography and metal evaporation;
Figure 5.1a summarizes the fabrication process flow. The chromium/platinum (Cr/Pt,
3/40 nm thick) electrodes were evaporated onto a Si/SiO, wafer, coated with resist, and
exposed to an electron beam. Figure 5.1b shows an example of a fabricated device with
its dimensions: the lateral overlap between the two electrodes is 12 um and the spacing

between them is approximately 100 nm. Subsequently, an aqueous solution of hemoglobin

was drop-casted onto the patterned chip. Water was evaporated from the sample by
placing the chip in vacuum. Scanning electron microscopy (SEM) images of the device
before and after hemoglobin deposition are shown in Figure 5.1c and Figure 5.1d re-
spectively. In this geometry approximatelly 20 hemoglobin proteins are thus connected
in series. The number of proteins connected in parallel may vary between samples, as it
depends on the hemoglobin coverage.

Current-voltage characteristics (I-Vs) were taken before (Figure 5.2a, black line) and
after (Figure 5.2a, red line) deposition. All transport measurements were made at room
temperature in a probe station. In Figure 5.2a the current levels after deposition appear
to be significantly higher in comparison to those before the deposition. A clear conduc-
tance increase in 12 samples out of a total of 31 samples measured (Appendix Figure
5.10) was observed. Typical currents after deposition are of the order of a few hundred
pA for a voltage of 10 - 15 V (Appendix Figure 5.11). In this paper, we discuss four repre-
sentative sets of data taken on different samples.

Reproducibility of the current-voltage characteristics after deposition is shown in
Figure 5.2b. Measurements of current over time were conducted whilst the voltage was
swept back and forth in the range between -15 V and 15 V. Figure 5.2b displays five sym-
metric I-Vs that were recorded over a time frame of 45 min. Within this time frame, small
variations in the current are found, but the overall shape of the I-V remains largely the
same.

In Figure 5.3, the current flowing through sample A is plotted versus time at a fixed
voltage (V=15 V) applied under two different environments: air (blue regions) and vac-
uum (red regions). The current was first monitored in real time for a time of 6 minutes
in air, as indicated by the green scale bar. Subsequently, air was pumped away from the
chamber, establishing a pressure below 5-102 mbar - the white space in the figure rep-
resents this part of the experiment. After pumping away the air, the recorded current
dropped below 5 pA, which is the detection limit in our set-up. Over the course of the
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Figure 5.1: (a) Nanodevice fabrication schematic. Step 1-2: Resist pattern defined by electron-beam lithog-
raphy. Step 3-4: Source and drain electrodes formed using 3 nm Cr/ 40 nm Pt metal evaporation and resist
lift-off. (b) Hemoglobin network deposited onto the chip by a drop-casting method. (c) False-colour scanning-
electron microscopy (SEM) image of the device before deposition and (d) after hemoglobin deposition. To
facilitate SEM imaging the chip was covered with 3 nm of Au to reduce charging effects.

next 6 minutes the current remains low. Venting the chamber with atmospheric air re-
sults in a recovery of the current levels: when re-introducing air (second blue region) the
current almost reaches its initial value. Moreover, current-voltage characteristics (left
panel at the bottom) are similar to the ones shown in Figure 5.2b. Repeating the same
pumping-venting sequence, the same behaviour is seen as shown in the right hand side
of the main figure. In vacuum, the current is again below the noise level and after venting
the I-V’s (bottom panel on the right) recover to its initial state with similar current levels.

To further investigate the influence of the environment on the conductance, we have
performed the same measurements but now instead of venting the system with air, it has
been vented with atmospheric nitrogen gas. Figure 5.4 shows the current vs. time (V=15
V) trace for sample B in the following media: air (blue regions), vacuum (red region) and
nitrogen (white region). Probes were lifted up in the transition between air to vacuum or
nitrogen. A similar behaviour as in sample A is observed for the air to vacuum transition —
the current drops to below the detection limit upon reaching vacuum conditions. When
venting the chamber with an atmospheric pressure of nitrogen gas, the current levels
increase but do not restore to the initial level. In nitrogen, the current increases to about
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Figure 5.2: (a) Current-voltage characteristic of Sample A before (black line) and after (red line) hemoglobin de-
position. After deposition an increase of the current is observed. (b) Five consecutive current-voltage sweeps
show the stability of the current flowing through the device in time. Measurements taken at ambient condi-
tions (room temperature, air) with a triangle sweep of the applied bias voltage with time.

1/3 of its initial value (see Figure 5.4, white region vs. blue regions). Only after replacing
the pure nitrogen gas with air, the initial currents levels are reached.

Figure 5.5 displays a sequence of air to nitrogen transitions for sample C (a) and D
(b). The transition between air and nitrogen was now recorded continuously. The cur-
rent was recorded as a function of time, with the gas composition of the environment
changing between air and nitrogen at ambient pressure.

The measurement started in air, followed by the introduction of the nitrogen gas to
the chamber. A steep decay in current is observed in the presence of nitrogen gas. For
both Sample C (Figure 5.5a) and Sample D (Figure 5.5b) the current is reduced by almost
an order of magnitude, and supressed to a value of 30 pA. After the air is introduced back
into the chamber the current re-establishes its initial level.

We demonstrated that a small network of hemoglobin proteins can be contacted
electrically by using 100-nm-spaced electrodes. The average current flowing through
the protein network is in order of a few hundred pA. From sample to sample deviations
in current (Appendix Figure 5.11) occur possibly due to a different number of proteins




5. ENVIRONMENT-DEPENDENT CONDUCTANCE MEASUREMENTS ON SOLID-STATE

50 HEMOGLOBIN NETWORKS
400 hy=15V
300 AN,
—_— —|
<
S 200t
100 | air
0
240
160
80
Eﬂ 0
- 80
=160
=240 B
] 10 20 30 ] 10 20 30
Time (min.) Time (min.)

Figure 5.3: Current as a function of time for sample A at a fixed applied voltage (V = 15 V). A change in the
current occurs as the sample goes from air (blue regions) to vacuum (red regions). The current drops to zero in
vacuum and returns back to its initial value once it is in air again. Insets: current stability represented by four
I-Vs recorded as a function of time while the voltage is swept linear between +15 V.

being trapped within the gaps and the unpredictability of electrical pathways. Measure-
ments furthermore show that the current is stable over time in the presence of both fixed
or swept bias voltages at ambient conditions (Figure 5.2a and Figure 5.3 (blue regions)
respectively).

To obtain more insight in the transport mechanism, the I-V curves were analysed
in the context of the Poole-Frenkel (PF) emission model.[4, 26] This model describes
field-enhanced thermal emission of charge carriers from traps and has been applied to
characterize charge transport in thin dielectric materials, poorly conductive biological
films and individual proteins.[26] In the PF model the current-voltage (I-V) dependence

follows the law:
qV
b8 - \/ mdegeg

kT
where q is the electron charge, d is the distance across which the voltage is applied,

I=CVexpl—-q I, (1)
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Figure 5.4: Current as a function of time at a fixed applied voltage (V = 15 V) for sample B. An environment-
dependent change (similar to sample A) occurs while moving from air (blue region) to vacuum (red region). In
nitrogen atmosphere (white region) a change in current occurs as well. The current levels are lower than in air,
but above the noise level of 5pA.

¢p is the energy barrier that an electron has to overcome in order to move between lo-
calized states, €5 is the relative permeability of the material at high frequencies, ¢ is the
permittivity of free space, T is the absolute temperature, k is Boltzmann’s constant, and
C is a constant that depends on the effective area of the electric contact, the effective
distance, bias voltage and on the intrinsic mobility of the charge carriers. The value of eg
for hemoglobin depends on the hydration of the protein and may vary between 2.5 and
80.[27]

For two different samples the Poole-Frenkel plot for the I-Vs obtained for positive
bias voltages is shown in the Figure 5.6. In this In(I/V) vs. V'/? plot, the data points
at high bias voltage were fitted to the model: reasonable linear fits can be obtained as
indicated by the drawn red lines in this figure. The fit parameters are the intercept with
the y-axis which is equal to InC - (q¢pp/kT) and the slope of the red lines (which we denote
as b) which is q/kT(q/mdeges) 1/2

From the slope one can thus find the distance d as:

1/2 _ 7"

L N— 2
BkT (mepes)t/? (@)

Table 1 summarizes the parameters for the two devices from the Figure 6 as well as
the two other devices. The table shows that the value of the slope is about the same in
all four samples, indicating that the product des is similar for these devices.[4] Because
€s of the hemoglobin depends on the hydration of the protein which is in our case un-
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Figure 5.5: Current continuously monitored in time at a fixed applied voltage (V =15V) for sample C (a) and D
(b) at ambient pressure. (a) Current (black line) recorded as a function of time in air (first blue region). When
nitrogen gas is introduced to the chamber, an abrupt drop in current is observed (first white region) similar
to that of sample B. The decrease in current stops when air is introduced back to the chamber (second blue
region), and decreases again in the presence of nitrogen gas (second white region). A similar trend is observed
for sample D (b). Nitrogen supresses the current flowing through proteins, with air recovering the current to
its initial value.

known, we show two values of d: one for €5 = 3 (corresponding to a solid-state protein
with almost no water molecules included) and one for €5 = 80 (highly hydrated protein).
Values for d are then calculated to be in the range of tens of nanometre for the high e
value and approach the micron scale for the low €5 = 3. As the separation between the
electrodes is 100 nm in all four cases, the comparison of the data to the model would
thus suggest that one should take the high €, -value and that the proteins are thus highly
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Figure 5.6: Poole-Frenkel plots for positive bias voltages for sample E (orange) and sample F (black). Drawn red
lines are linear fits to the data. The scatter in the data at low bias reflects the noise in our setup. For sample F
the maximum bias voltage is V=6V, for the sample E it is 15 V. I-Vs are taken at ambient and room temperature.

hydrated. In addition, the intercept for the four samples is also similar; the effective
energy barrier which electrons have to overcome in order to escape from the trap ¢g
should therefore be approximately the same in these samples. We thus conclude that
the PF model provides a reasonable explanation to describe electron transport through
the protein films but further investigation has to be done to come to a more firm conclu-
sion. Further experiments could for instance be done as a function of temperature and
see if the changes are in line with the prediction expected from PF emission. A change
in current was observed when different environmental conditions were introduced. A
higher current was detected in air, an order of magnitude lower current in atmospheric
N, and no detectable current in vacuum. This trend was repeated in several samples
across different batches. The strong environmental influence on hemoglobin conduc-
tance may be due to the impact of: i) gas pressure/concentration ii) gas composition
or/and iii) the amount of absorbed water, remaining after the deposition or introduced
by being in ambient conditions.

Let’s consider the first the environmental conductance change from air to vacuum.
In that case, the gas pressure in the chamber changes, while the gas composition re-
mains the same. As a result of this transition, the monitored current through the device
drops to below the detection limit range (less than 5pA). The same behaviour was ob-
served for different samples and indicates that the gas pressure plays a prominent role
in determining the current flowing through the protein network. The second transition,
from air to nitrogen, was conducted at atmospheric pressure, but with a change in the
gas composition of the chamber as the concentration of N, gradually increased. As a
result, the current recorded as a function of time dropped almost an order of magnitude,
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Sample | Slope(In(I/V)/V2) | Intercept (In(I/V)) | d(es = 80) d(es =3)
E 1.4 -30.5 6.5x10°%m | 1.6x10%m
F 2.3 -29.6 22x10%m | 0.6x10°%m
G 2.3 314 24x10%m | 0.6x10%m
H 3.1 -29.6 1.2x10%m | 0.3x10%m

Table 5.1: Poole-Frenkel parameters from four different devices (see also main text).

suggesting that as in the first transition from air to vacuum air plays an important role in
charge transport across protein networks.

It is already known that the Fe?* metal ion in each subunit of hemoglobin has an
affinity to bind oxygen, but the impact of this binding on electrical properties of the
protein has yet to be proved. Our study shows that atmospheric air influences charge
transport through hemoglobin and that the measured currents are higher in the pres-
ence of the air. However, it is not clear which component of the air contributes to this
change the most. In our experiments, the current through the hemoglobin measured at
ambient (20.9% O,) was almost an order magnitude higher comparable to the one mea-
sured at N, atmosphere (lower O, concentration than in air) at ambient atmospheric
pressure. This indicates that for higher protein conductance ambient conditions should
be applied, and that a change in gas composition at ambient pressure will cause a decay
in conductance. To ascertain the influence of gas composition on the conductance of
hemoglobin networks further measurements with a control over gas concentration need
to be performed.

From previous studies in bulk[24, 25], it is known that water can have a drastic im-
pact on the conductance through hemoglobin. Ion-dominated transport, caused by the
applied voltage is expected to be time dependent[25] in the absence of electrochemical
reactions. In this paper, we studied current-voltage measurements that are stable over
time. This indicates that the influence of water is not connected to the mobility of ions
in it. The amount of water absorbed by the proteins could also affect the effective polar-
izability of the network. The change in the local dielectric environment influences the
charge distribution in the protein network. It leads to a more effective screening and
therefore to a lower barrier for hopping from one side to the next. It is unclear what the
role of water is in our experiments, but since the vacuum conditions are quite mild (1073
mbar at ambient, in which case the surface remains covered with a thin layer of water)
and when changing the gas composition, experiments are performed at the same pres-
sure, its role may be limited. More detailed studies are needed to ascribe the role of water
in these kind of experiments.

5.4. CONCLUSION

In conclusion, we have reported on the electrical properties of sub-micron sized solid-
state hemoglobin networks. Protein aggregates, trapped in between platinum nano-
electrodes, showed a stable electrical response while a voltage was applied across the
nanogap at ambient. Our results provide evidence of environment-dependent current
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flow through hemoglobin. The current dropped below the detection limit when vacuum
conditions were set, and recovered to its initial value when the air was re-introduced.
The presence of nitrogen gas in the chamber caused almost an order of magnitude drop
in current. The environmental change in electrical response of hemoglobin networks
suggests that it may be used in biosensor technologies. The advantage of the presented
approach is that such sensor devices can be integrated on-chip with submicron-sized
device dimensions.
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5.5. APPENDIX

In Figure 5.7 a representative atomic force microscopy(AFM) image of sample A after
deposition is shown. A white spot can be observed between the two platinum electrodes,
with a profile that indicates 10 hemoglobin molecules in height.

300 nm

200 nm

100 nm

Figure 5.7: Atomic force microscopy (AFM) image of a device after hemoglobin deposition. The white line
across the gap corresponds to the profile on the inset. The height of profile is 50 nm which corresponds to a
film of 10 Hb proteins in height trapped within the gap.

Figure 5.8 shows an I-V characteristics of an empty device right after fabrication but
before protein deposition. The current level is of the order of a few pA, which is the
noise level of the measurements setup. This current level indicates that the nanogap
is empty before the deposition. To verify that the solvent itself doesn’t take an active
partin charge transport I-V measurements were performed after deposition only solvent
(without hemoglobin) (see Figure 5.9)). The current after solvent evaporation remained
at the noise level, indicating that the nanogap is open.

In Figure 5.10 the statistics over the measured devices is shown. Approximately 36
percent of the devices show an increase in current after deposition. Remaining devices
exhibited current levels of a few pA, the same as before deposition.

Figure 5.11 displays the current values of the 36 percent of the devices in which
hemoglobin was trapped. The typical value of the current (at V = 15 V) is in the range
of hundreds of pA.
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Figure 5.8: Current-voltage characteristic of (a) an empty device (without solvent or hemoglobin), and (b) after
deposition of the dried out solvent (without hemoglobin), at ambient conditions. Current values in both cases
are at the setup detection limit.
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Figure 5.9: Current-voltage characteristic of (a) an empty device (without solvent or hemoglobin), and (b) after
deposition of the dried out solvent (without hemoglobin), at ambient conditions. Current values in both cases
are at the setup detection limit.
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Figure 5.10: Statistics of devices that showed an increase of the current after deposition (12 devices, light blue

chart) out of total number of devices fabricated (33 devices).
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Figure 5.11: Maximum current value for the 12 different devices which showed an increase in current after
deposition, determined at V=15V (9 samples, green bars) and V=10 V (3 samples, blue bars).
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TRANSPORT MEASUREMENTS ON
ALZHEIMER’S FERRITIN NETWORKS

In this chapter we show that the distinction between pathological and physiological hu-
man ferritin can be made by means of conductions. The electrical measurements on both
types of ferritin performed while the protein network is connected to platinum nanoelec-

trodes. We find that the current through Alzheimer’s ferritin networks is lower comparable
to physiological human ferritin.
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6.1. INTRODUCTION

Ferritin is an iron-storage protein that can be found in a large variety of biological organisms(1]
ranging from bacteria and fungi to animals. Non-covalent bonds hold the 24 polypeptide
chains of ferritin together and form a hollow sphere with octahedral symmetry which

can be loaded with iron atoms stored in a ferrihydrite form.[2, 3] Depending on the iron

load there are several types of ferritin: the “iron-rich” form, known as holoferritin, con-
tains up to 4500 iron atoms, and the “iron-free” form with no iron atoms is called apofer-

ritin. While synthetic modifications can be applied to apoferritin to create a promising
candidate for novel materials and drug delivery,[4] holoferritin has already been under
scientific investigation because of its magnetic[5] and electrical[6-9] properties.

Considering the latter, the work of R. Davis[7] and co-workers focused on a conduc-
tance comparison between apo- and holoferritin in both monolayer protein films and
single-ferritin molecules absorbed on a gold surface using conductive atomic force mi-
croscopy (CP-AFM). They concluded that polypeptide chains of ferritin act as a tunnel-
ing barrier, and that the conductance of holoferritin was higher than that of apoferritin.
Another CP-AFM-based approach was presented by J. Davis[8] and co-workers. They
studied and compared the conductance of individual ferritin particles and cytochrome c
under different compression conditions. Modifications of the ferritin shell which under-
goes compression changes in shape and size, lead to a change of the tunneling barrier.
In case of apoferritin the shell compresses immediately, but holoferritin was found to
be more robust and showed a linear increase in conductance while compressed due to
the mineral core. Nijhuis and co-workers[9] investigated charge-transport regimes using
ferritin as a model. In their work, a thin layer of ferritin was positioned in between a gold
substrate and an EGaln top-electrode. By performing temperature-dependent conduc-
tance measurements and changing the iron load of the protein layer, three types of tun-
neling regimes (single-step coherent tunneling, temperature-independent and temperature-
dependent sequential tunneling) were observed, suggesting that the metal core of the
ferritin plays an important role in long-range tunneling.

Besides iron storage, structural changes in ferritin act an indication of some severe
diseases, such as Alzheimer’s. It is known that iron atoms can catalyse free radical reac-
tions that facilitate oxidation damage to the human brain. Recent research in the field
of Alzheimer’s disease (AD)[10] showed that in the presence of the apolipoprotein E the
level of iron atoms in human body increases. Despite of enormous effort in this research
area, the mechanisms which result in ferritin changes are still not well understood.

In this work we aim at detecting and distinguishing ferritin from healthy human be-
ings and Alzheimer’s human brain by means of electrical conductance measurements.
In their native environment, these proteins are surrounded by dissolved electrolytes
and ions, such as potassium and sodium which facilitate conductance in biological tis-
sues. When performing electrical measurements in the “solid state” the impact of these
cations on charge transport can be minimized. We demonstrate, that thin-film ferritin
networks can be coupled to nanoelectrodes, and that the average conductance of Alzheimer’s
ferritin is about two orders of magnitude lower than that of physiological ferritin under
the same conditions (temperature, pressure and applied voltage).
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6.2. METHODS

Nanoelectrodes were fabricated on a silicon chip covered with a 285 nm thick layer of
SiO;. First, the chip was covered with resist (PMMA 950K) and spin-coat at 4500 rpm for
55 s and baked at 175 °C for 7 min.. The resulting layer thickness is about 140 nm. Sub-
sequently, the device pattern was defined by using electron beam (e-beam) lithography
( EBPG5000Plus, dose 900 C / cm2) followed by metal evaporation (Leybold L560 of Cr
(5nm) / Pt (45 nm)) and resist lift-off in hot acetone for 30 min.. A scanning electron mi-
croscope (SEM) image of a representative device is shown in Figure 1(a). The separation
between the two electrodes is between 80-100 nm, which would allow to allocate 16-20
ferritin proteins in series. The human brain ferritin dissolved in a Phosphate buffered
solution (PBS) was received from Leiden University (The Netherlands), and the protein
preparation procedure is the same as described in the materials and methods section
of Ref.[11]. The average particle diameter is 5 nm, and the concentration of the protein
in PBS is 227.3 ug/ml for Alzheimer’s ferritin (AD Ft) and 210.5 pg/ml for ferritin (Ft).
Figure 1(b) shows a transmission electron microscopy (TEM) image of the human brain
ferritin; the black dots represent the ferritin cores.

2um

Figure 6.1: (a) Scanning electron microscopy (SEM) image (false colour) of a pair of platinum nanoelectrodes.
Separation between the electrodes is 80 nm. (b) Transmission electron microscopy (TEM) image of a ferritin
solution deposited on a TEM grid.
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6.3. RESULTS AND DISCUSSION

Devices were electrically characterized before and after the deposition of the proteins.
Current-voltage (I-V) characteristics were recorded by applying a voltage across the elec-
trode pair and measuring the current flowing through the device. In the two chips inves-
tigated 26% (7 devices) were shorted after fabrication, indicating that some residuals
remained in the gap between the two the electrodes causing an electrical connection
between them; these junctions are disregarded in the remainder. The other junctions
show an open circuit and these are used for the electrical characterization of the protein
networks. More details about the statistics can be found in Figure 2.
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Figure 6.2: Statistics over the samples that showed an increase in the current after deposition for (a) ferritin
(Ft) (b) Alzheimer’s ferritin (AD Ft). Values of the current at [V| = 0.2 V for the devices with Ft (c), and the values
of current at |[V| = 6 V for the devices with AD Ft (d). Note, that for ChipB no shorted devices were found after
fabrication

After the electrical check before deposition, a solution with ferritin (Ft) and Alzheimer’s
ferritin (AD Ft) was applied onto Chip A and Chip B respectively. The yield of the junc-
tions that show an increase in current for Chip A is 56% and for Chip B it is 52% (see
Figure 2(a) and (b) respectively). Representative current-voltage (I-V) characteristics are
displayed in Figure 3(a) for Ft and in Figure 3(b) for AD Ft. The asymmetry in the I-V’s
may come from the fact that the coupling of the protein thin film to one of the elec-
trodes is stronger than to the other one. Noticeably, a markedly different voltage has to
be applied across the networks with the two types of ferritin to reach the same current;
the device with Ft is more conductive than the one with AD Ft. To confirm that this is
a systematic trend, we show in Figure 3 (c) and (d) the statistics of current values on all
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devices across the chips, calculated as the average value of the current at a fixed negative
and positive bias voltage value. From Figure 2(c) we find that the average current value
for Ft over 15 devices is 573 pA at [V| = 0.2 V, and from the Figure 2(d) this value is 31 pA
at |V| = 6 V for AD-Ft obtained as an average over 17 devices. Thus, the samples with Ft
are systematically more conductive than AD Ft those containing. In Figure SI 1 several
I-Vs of devices with Ft and AD Ft up to the same maximum applied voltage (V=4 V)
are shown. As in case of the data displayed in Figure 2, the current through Ft remains
higher in comparison to the current of the AD Ft samples.

80 T T T

I (pA)

V (V)

Figure 6.3: Current-voltage (I-V) characteristics of (a) ChipA_14 before (black line) and after deposition (green
line) of human ferritin (Ft). An increase of current after deposition is observed, which indicates that charge
carriers are passing through the deposited proteins. (b) I-V for ChipB_12 with Alzheimer’s (AD Ft) human
ferritin (blue line). Similar to (a), the current increases after protein deposition, but the Ft network is much
more conductive than the one containing AD Ft, as for reaching the pA range current the applied voltage in the
former case is about two orders of magnitude smaller to be applied across the sample with Ft.

To check the stability of the measurements, we have recorded consecutive IV’s over
a period of over 15 min.. Figure SI 2 shows the I-V of ChipA_13 after protein deposi-
tion. The inset of this figure contains the reproducibility measurement, which consist
of four consecutive I-Vs recorded while the voltage was swept between -4 and 4 V. We
further note that the asymmetry remains the same for these four I-Vs, indicating that it
is a reproducible feature of this sample.

The influence of the environment on the electrical properties of the Ft and AD Ft net-
works was addressed by changing the gas composition of the chamber from air to pure
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nitrogen gas. In Figure 4 (a) the current as a function of time at a fixed applied voltage of
V=4V for Ft sample (ChipA_15) is displayed. The recording of current starts in air show-
ing small fluctuations in the current around 150 pA. Once nitrogen gas is introduced in
the chamber the current decays and reaches the detection limit of our setup. However,
when air is pumped back into the chamber, the current level re-establishes itself and in
this case almost doubles its value compared to the starting point before the nitrogen ex-
change. The same trend was observed for samples with AD Ft. Because of the detection
limit of the setup (5 pA) and the relatively low conductance of AD Ft (tens of pA atV =
6V, see Figure 2 (d)) higher voltages (V = 15 V) were applied across the AD-Ft samples
to record a detectable signal (see Figure 1.4b) . A similar experiment but with oxygen
gas exchange has also been performed; for sample ChipA_15 the results are shown in
Figure 6.8. Just as in the case of nitrogen, oxygen introduced in the chamber causes a
supression of the current. But unlike with nitrogen, in which case the current decays
to the noise level of the setup, the current recorded in the presence of oxygen dropped
to 110 pA and remained there. From the experiment described above we thus conclude
that the current of both Ft and AD Ft networks is dependent on the gas composition
of the environment, and in the case of gas exchange can be re-established back to its
approximately initial value by returning to ambient conditions.

In this paper we demonstrated, that the electrical properties of human brain Alzheimer’s
ferritin (AD Ft) are different from reference samples containing ferritin (Ft). The ferritin
was coupled to platinum nanoelectrodes with a separation of 80-100 nm. Reproducible
electrical measurements were obtained for both types of the protein. Importantly, the
AD Ft appeared to be systematically less conductive than the Ft, which may originate
from structural differences of the protein’s shell or/and core. Ferritin itself consists of 24
subunits: alight (L) and heavy (H) type that are co-assembled in a heteropolymeric shell.
The H-chain subunit is known to be a ferroxidase and catalyses the oxidation of Fe(II) to
Fe (III), whereas L-chains take part in electron transfer during mineralization and dem-
ineralization processes.[12, 13] The ratio between the H and L chains is tissue-specific
but it can be modified in the presence of degenerative diseases, such as Alzheimer’s. The
reports by Fleming and Joshi[14] and by PHarrision[15] and co-workers show that the
ferritin from Alzheimer’s patients have an H-subunit content of 70%, resulting in inef-
ficient iron nucleation inside the ferritin cavity. Since the ratio between L and H units
(70:30%) in AD Ft is different from physiological ferritin, a lower conductance of this
protein may mean that electron transport, in the case it occurs through the shell of the
protein, is dependent on the amount of L units.

If not the shell but the core dominates charge transport, one should consider the dif-
ference in either the number of atoms or its oxidation state. Physiological ferritin has an
Fe (IIT) oxide core (ferrihydrite with 20% FeO4 and 80% FeO6), whereas pathological AD
ferritin has a ferric-ferrous (Fe(II)-Fe(Ill)) iron oxide (magnetite) core. Dominguez-Vera
and co-workers[16] used different inspection techniques (TEM, SAXS, XANES, EELS, and
SQUID) for systematic studies of the ferritin core. They showed that it consists of three
phases (hematite, magnetite and ferrihydrite) and that the proportion of each phase
changes with respect to a change in iron filling of the core. Also, magnetic measure-
ments showed that the magnetite phase becomes dominant only when the iron content
drops below 500 Fe atoms.
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Figure 6.4: Current as a function of time at a fixed applied voltage for a sample with (a) ferritin (ChipA_15 from
Figure 2 (c) and (b) ChipB_7 human Alzheimer’s ferritin IV is displayed in Figure 2 (d)) . Suppression of current
is observed when nitrogen is introduced in the chamber for both Ft and AD Ft; the current level re-establishes
as soon as the nitrogen has been exchanged with air.

At this stage, we cannot conclude if the difference in electrical properties present
in the current studies is related to the impact of the ferritin shell or its core. In case of
core-dominant transport the low conductance of the AD Ft samples could be a result
of the low number of Fe metal ions in its core. In order to prove that the core (and the
number of iron atoms in it) has impact on conductance more systematic study including
apoferritin (a ferritin shell without core) and characterization of single proteins should
be performed.
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6.4. CONCLUSIONS

In conclusion, we have reported on the electrical characterization of Alzheimer’s hu-
man ferritin. Protein networks, deposited on a chip with two nanoelectrodes, showed
an electrical response to the voltage applied across the junction. Noticeably, the current
values of Alzheimer’s samples at ambient were constantly lower than those of physiolog-
ical ferritin, used as a reference. This intrinsic conductance difference between patho-
logical and physiological proteins allows to use the electrical characterization and na-
noelectrodes as a label-free method for on-a-chip disease recognition. The change in
the environment, for instance from ambient to nitrogen gas atmosphere causes a de-
cay in current as the gas was introduced for both types of samples. The current decay
appeared to be reversible, when ambient atmosphere was set again the electrical re-
sponse of both Alzheimer’s and normal ferritin went back to their initial values. This
environment-dependent current switching can give an insight on fundamentals of pro-
tein functioning.
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Figure 6.5: Current-voltage (I-V) characteristic of the device before deposition (black line) and after deposition
of PBS solution (without ferritin). The current remain below the noise limit of the setup (<5pA), which indicates

that PBS after trying out in vacuum is not conductive.
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Figure 6.6: Current-voltage (I-V) characteristics of representative devices with Ft ChipA_15(a), ChipA_14 (b),
ChipA_12 (c) and AD Ft ChipB_7 (d), ChipB_1 (e), ChipB_3 (f) at V = 4V. The current flowing through AD Ft is
on average smaller than the one through Ft.
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Figure 6.7: I-V measurements for ChipA_13 before deposition (black line), and after Ft deposition (green line)
at V=4V, Inset: four consecutive I-Vs taken at V = 4V show that the current values do not change over time. m
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Figure 6.8: Current recorded as a function of time (at V=4 V) for the sample ChipA_15. The presence of oxygen
(blue regions) supresses current running through the device.
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OUTLOOK

In this chapter we discuss possible follow-up experiments and which applications and
opportunities of electrical sensing of the proteins emerge from the studies performed in this
thesis. An application-based approach would be the use of nanoelectrodes for biosensing
and diagnostics, whereas a fundamental path would consider electrical characterization
as a way of systematic studies on the mechanism behind electrical transport in protein
and networks made thereof.
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7.1. CONDUCTANCE OF IRON-CONTAINING PROTEINS

Figure 1 summarizes typical current values (logarithmic scale) for the five types of iron-
containing protein networks highlighted in this thesis. The difference in the current val-
ues of these proteins may stem from the fact that the composition or presence of metal-
lic core influences charge transport. Holoferritin, which consists of a protein shell and a
metallic core hosting up to 4500 iron atoms, is the most conductive out of five types of
proteins studied. Apoferritin on the other hand has no metallic core and is the least con-
ductive one. The samples with Alzheimer’s ferritin are in between holo- and apoferritin
in terms of conductance. These samples have a metallic core but are not as much loaded
with iron atoms as holoferritin; see Figure 2 for a comparison between the three types of
ferritin studied. The current values of hemoglobin and hemoglobin S (Figure 1) is of the
same order of magnitude: the metal composition of both types of hemoglobin is similar,
regardless of the presence of mutated -subunits in Hb S and this maybe an explanation
for the equivalent conductance levels in these proteins.

— Hb  ——HbS

10 |

log (I(pA)

noise level

0.1

V (V)

Figure 7.1: (a) Comparison of the representative current-voltage characteristics for iron-containing proteins
(holoferritin, apoferritin, AD ferritin, sickle-cell hemoglobin (Hb S) and hemoglobin (Hb)) described in this
thesis.

The difference in conductance between normal and abnormal proteins (e.g. Altzheimer’s
ferritin) can be of use in biosensing or point-of-care devices, so that a disease-diagnostics
can be made on a chip by the detection of abnormal proteins of small quantities at an
early stage of disease. For higher selectivity proteins could be labelled and nanoelec-
trodes functionalized such that the coupling of the proteins to electrodes increases, pro-
viding a more stable electrical signal and selectivity (only proteins of interest attach to
the electrodes out of the essay of proteins deposited onto the chip).
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7.2. CONDUCTANCE OF SICKLE-CELL HEMOGLOBIN

In some cases , however, current-voltage measurements are not enough to distinguish
normal from abnormal proteins. Then, additional stimuli, such as changes in gas com-
position, pressure, temperature or irradiation have to be introduced. For instance, in
the case of hemoglobin and sickle-cell hemoglobin, Hb S, (see also Figure 3 for details
of this protein) the difference in current levels between these proteins appeared to be
minimal (Figure 1). In this experiment, the same procedure was followed as for the
hemoglobin A0 measurements: the electrodes for contacting Hb S networks were fab-
ricated on Si/SiO2 wafer using electron-beam lithography and metal evaporation, fol-
lowing the process flow described in Results section of Chapter 6. The Hb S (commer-
cially available from Sigma-Aldrich) was dissolved in DI water (electrical resistivity of
18 Mw-cm), and an aqueous solution containing the Hb S was then deposited onto the
chip and placed in vacuum (3 x 10" mbar) to let the water to evaporate. The electrical
measurements were performed on the devices before and after protein deposition. The
recorded current as a function of applied voltage was then compared, and an increase of
current after the deposition counted as an indication of protein network being contacted
between the two nanoelectrodes.

In Figure 4 a representative example of measured I-V characteristics for hemoglobin
S is shown. Before the deposition the current levels were at noise level (below 5pA) and
after the deposition an increase of current was observed. In order to check the repro-
ducibility of I-V characteristic stability measurements were performed (Figure 4 inset).
A slight decay of current as a function of time was observed. In Chapter 6 we showed
that the conductance of hemoglobin networks is environment-dependent. In order to
check if this is the case for Hb S networks as well, changes in the environment were ap-
plied while measuring the current as a function of time at fixed voltage (V =10 V). As we
can see in the Figure 5, current values are hundreds of pA in air, but once vacuum con-
ditions (pressures of 5x10 mbar or lower) are applied, the current is suppressed and
drops below the noise level of our setup (red line in Figure 5). This behaviour was also
observed for normal hemoglobin as described in Chapter 5. After vacuum conditions
air was pumped back to the chamber while the current was recorded. The current for
the abnormal haemoglobin (Hb S) remained below the noise level and didn’t recover for
the 30 minutes the measurement was performed, while for normal hemoglobin (Chap-
ter 5) the current re-established as soon as air was introduced back into the chamber.
Thus, in the cases where proteins of the same family cannot be distinguished directly
by means of current levels some, additional stimuli can be applied to reveal the differ-
ence in their behaviour. Interestingly, for ferritins the current levels are dependent on
the composition of the core, but additional measurements (including magnetic) have
to be performed in order to prove this. As we can see from the Figure 1, the conduc-
tance of holoferritin (containing up to 4500 iron atoms in its core) is higher than that of
apo- or Alzheimer’s ferritin. We suggest to perform experiments where the load of the
ferritin core is controlled and is varied from a sample with no iron-loaded core to one
that has the maximum of amount of iron atoms the core can take up If the role of the
core compositions is important, we expect the current to scale with the number of the
iron atoms loaded into ferritin. This would also support the fact that the Alzheimer’s
(having a mixed iron-II iron-III core) and apoferritin (no iron core) are less conductive
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than normal ferritin. For a deeper understanding of the charge transport properties of
the proteins and the role of the core and shell therein conductance measurements on
a single-protein level could be performed. For this smaller separation lengths between
the electrodes should be reached either by using cleanroom techniques or electroburn-
ing (see Chapter 3). In this case temperature-dependent electrical measurements could
reveal which charge transport scheme is dominant in the protein in combination with
other spectroscopic techniques.
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Figure 7.2: Electrical characterization of three types of ferritin thin films: holoferritin (blue), apoferritin (green)
and Alzheimer’s ferritin (red). The sample with holoferritin exhibits the higher current levels compared to both
Alzheimer’s and apo- ferritin.
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Figure 7.3: Structural differences between hemoglobin (Hb) and sickle-cell hemoglobin (Hb S). A mutation
in 6th position of the DNA code causes the creation of mutant subunits in hemoglobin. In these subunits a
hydrophobic region is exposed to the outside and this allows the proteins to form fibres, and at the same time
decreases their affinity to transport gas molecules.
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Figure 7.4: Electrical characterization of a sickle-cell hemoglobin (Hb S). The light-green line corresponds to
the I-V characteristic before protein deposition, and the black curve represents the I-V after Hb S deposition.
Inset: stability plot showing small fluctuations in the current as a function of time.
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Figure 7.5: Current as a function of time at a fixed voltage (V = 10V) for a device with Hb S in air (black line), in
vacuum (10-3 mBar; red line), and back to air after vacuum (green line). After going back to air, unlike networks
with normal haemoglobin, the sample with Hb S does not recover the current to its initial state (as measured
before going to vacuum); it reasons for 30 minutes at the noise level of the set-up.



SUMMARY

This thesis describes the research directed towards practical realization of an on-chip
biosensing technology and that of understanding charge transport mechanisms in or-
ganic and biological nanoobjects. For this, silicon-based chips with metallic nanoelec-
trodes were fabricated using electron-beam lithography and metal evaporation. The fi-
nal devices have source-drain separations of tens of nanometres, so that several up to
one nanoobject can be trapped in between the electrodes, depending on its size. The
electrical characterization is typically performed at room temperature. A current was in-
duced in the sample by applying a voltage across the junction first before the deposition
of nanoobject to characterize the bare junction as a reference, and subsequently after
deposition. An increase of current after the deposition indicates that nanoobjects partic-
ipate in the charge carrier flow through the device. For some nanoobjects it was possible
to influence the current flow by inducing changes in the environment, for instance by
varying the temperature (Chapter 4) or by changing the gas composition (Chapter 5 and
Chapter 6). This thesis constitutes the results of two topics: two-dimensional (graphene)
electrodes for contacting single nanoobjects (Chapter 3 and Chapter 4), and the electri-
cal characterization of biological iron containing protein networks (Chapter 5 and Chap-
ter 6).

Chapter 2: This chapter gives an introduction to the main technologies used for
nanogap formation and contacting nanoobjects. We start by describing a wide range
of techniques that are applied for establishing electrical contact to single-nanoobjects
and nanometre-thick organic films. We then give more details on the two techniques
(electroburning and e-beam lithography) used throughout this work.

Chapter 3: In this chapter, we show that a molecule (diamo-terphenyl) can be cou-
pled to few-layer graphene electrodes. The electrodes were pre-patterned with He-ion
beam milling, which allowed to localize the nanogap. In both room-temperature and
low-temperature measurements the current increased dramatically after molecule de-
position, and the gate sweep showed that the current is dependent on the gate voltage.

Chapter 4: This chapter presents a near-room temperature memory effect in spin-
crossover nanoparticles. Single-layer graphene nanogaps formed using e-beam lithog-
raphy were used for contacting the nanoparticles. Reproducible hysteresis in conduc-
tance (of about 40 K) associated with the spin-transition was observed. Noticeably, the
low-spin state has a higher conductance than the that of the high-spin state. The detailed
analysis of the data showed that the presence of the silica shell may cause the inversion
of the activation energies and pre-exponential factor.

Chapter 5: This chapter introduces electrical characterization of hemoglobin pro-
tein networks connected to platinum electrodes with 100-nm separation. The reference
measurement at ambient conditions shows that the protein networks are conductive.
When the environment changes, e.g. changes in gas or pressure, the conductance of
the protein network deviates from the reference measurements. In particular, the cur-
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rent vanishes in vacuum and shows a decrease when exposed to nitrogen gas instead of
air. The Poole-Frenkel emission model has been used to describe the charge transport
mechanism with good agreement between the model and the data.

Chapter 6: In this chapter, we compare the conductance of normal human ferritin
and Alzheimer’s ferritin networks. At ambient conditions the two types of protein, cou-
pled to 100-nm-spaced platinum electrodes, showed different levels of conductance.
Moreover, the conductance of the samples with Alzheimer’s ferritin is consistently lower
than the ones consisting normal protein. When a nitrogen atmosphere was introduced
(similar conditions as described in the Chapter 5) the conductance of both proteins went
below the detection limit of the setup. It was then recovered again by introducing air to
the chamber.

Chapter 7: This chapter discusses potential follow-up experiments and our ongo-
ing work on electrical protein sensing. We show electrical measurements of sickle-cell
hemoglobin and compare it with those on normal hemoglobin (from Chapter 5). The
current levels of these two types of protein are similar, but the sample with sickle-cell
hemoglobin showed no recovery after being in vacuum, unlike the samples with normal
hemoglobin in which current levels re-establish after air is pumped back into the cham-
ber. Also, we summarize the typical current values of iron-containing protein networks
studied in this thesis. The most conductive one is the holoferritin network comprising
of a protein that contains a large number of iron in its core; the least conductive network
is that built up from apoferritin. This protein does not have a metallic core.



SAMENVATTING

Dit proefschrift beschrijft onderzoek naar de praktische realisatie van een on-chip bi-
osensing technologie en het begrip van ladingstransport mechanismen in organische
en biologische nano-objecten. Hiervoor zijn op sillicium gebaseerde microschakelin-
gen met metallische nano-electroden gefabriceerd, gebruikmakend van electron-beam
lithografie en het opdampen van metalen. De uiteindelijke devices hebben een source-
drain afstand van tientallen nanometers. Afhankelijk van de precieze afstand tussen de
elektroden worden een aantal tot een enkel nano-object ingevangen. De elektrische ka-
rakterisatie wordt typisch uitgevoerd bij kamertemperatuur. Voorafgaand aan depositie
van de nano-objecten wordt een nulmeting uitgevoerd, door een spanning over de elek-
troden aan te leggen en de opgewekte stroom te meten. Na depositie van de deeltjes
wordt dezelfde meting herhaald. Een verhoogde stroom in deze laaste meting wijst op
deelname van de nano-objecten aan het ladingstransport door de schakeling. Voor som-
mige van de onderzochte nanoobjecten bleek het mogelijk de stroom te beinvloeden
door veranderingen in de omgeving aan te brengen, bijvoorbeeld door de temperatuur
te variéren (hoofdstuk 4), of door de gassamenstelling te veranderen (Hoofdstuk 5 en
Hoofdstuk 6).

Hoofdstuk 2: Dit hoofdstuk introduceert de belangrijkste technologién die ontwik-
keld zijn voor de vorming van openingen op de nanoschaal en voor het contact maken
met nano-objecten. We beginnen met een breed overzicht van technieken die gebruikt
worden om elektrisch contact te maken met een enkel nano-object en extreem dunne
organische lagen. In het bijzonder wordt er een gedetailleerde beschrijving gegeven van
de twee technieken die in dit werk gebruikt worden, namelijk electroburning en e-beam
lithografie.

Hoofdstuk 3: In dit hoofdstuk laten we zien dat een molecuul (diamo-terphenyl)
gekoppeld kan worden aan elektroden bestaande uit enkele lagen grafeen. Om een na-
noschaal opening tussen de elektroden te realiseren worden ze voorgevormd, gebruik-
makend van een frees gebaseerd op een helium-ionenstraal. Zowel in kamer- als lage-
temperatuur metingen neemt de stroom na depositie van de moleculen toe. De stroom
blijkt ook athankelijk te zijn van de spanning op de gate.

Hoofdstuk 4: Dit hoofdstuk presenteert een geheugeneffect in spin-crossover na-
nodeeltjes dat plaatsvindt dicht bij kamertemperatuur. Om contact te maken met de
nanodeeltjes is een nanoschaal opening gemaakt in enkellaags grafeen, gebruikmakend
van e-beam lithografie. Bij het variéren van de temperatuur laat de geleiding reprodu-
ceerbare hysterese zien, van ongeveer 40 graden. Deze hysterese wordt geassocieerd
met een verandering van de spintoestand van de nanodeeltjes. Opvallend is dat de lage-
spintoestand een hogere geleiding heeft dan de hoge-spintoestand. Een gedetailleerde
analyse laat zien dat de aanwezigheid van een sillica omhulsel een verklaring kan zijn
voor de inversie van de gemeten activatie energién en de factor voor de exponent, die de
geleiding als functie van temperatuur besschrijven.
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Hoofdstuk 5: Dit hoofdstuk introduceert de elektrische karakterisatie van hemoglo-
bine eiwitnetwerken in verbinding met platinum elektroden met een 100 nm afstand. De
nulmeting bij buitendruk laat zien dat de eiwitnetwerken geleiden. Wanneer de omge-
ving verandert, bijvoorbeeld door veranderingen in de gassamenstelling of druk, laat de
geleiding van de netwerken een afwijking van de nulmeting zien. In het bijzonder valt de
stroom weg in vacuum en vermindert die in een stikstofomgeving ten opzichte van een
luchtomgeving. Het Poole-Frenkel emissie model is gebruikt om het ladingstransport te
beschrijven en laat een goede overeenkomst zien tussen het model en de data.

Hoofdstuk 6: In dit hoofdstuk vergelijken we de geleiding door gezond menselijk fer-
ritine met ferritine netwerken verkregen uit Alzheimerpatienten. In de buitenlucht heb-
ben de twee type eiwitten, gekoppeld aan platinum elektroden met een afstand van 100
nm, verschillende geleiding. De geleiding door samples met ferritin uit Alzheimerpa-
tienten is stelselmatig lager dan de geleiding door samples die gezond ferritine bevatten.
In een stikstofatmosfeer (vergelijkbare condities als in Hoofdstuk 5) viel de geleiding van
beide eiwitten onder het ruisniveau van de opstelling. Door opnieuw lucht in te laten
konden de eerdere geleidingsniveaus worden hersteld.

Hoofdstuk 7: Dit hoofdstuk behandelt mogelijke verdere experimenten en ons door-
lopende onderzoek aan detectie met elekrtrische metingen door eiwitten. We presente-
ren elektrische metingen aan sikkelcel hemoglobine en vergelijken deze metingen met
de eerdere metingen (Hoofdstuk 5) aan gezond hemoglobine. De hoogte van de stroom
in deze netwerken is vergelijkbaar. Echter, in de sikkelcelsamples herstelden de oude
stroomwaarden, na blootstelling aan vacuum, niet in lucht, in tegenstelling tot de sam-
ples met gezond hemoglobine. Daarnaast recapituleren we de typische stroomwaarden
van de verschillende ijzer bevattende eiwitnetwerken die bestudeerd zijn in dit proef-
schrift. De hoogste geleiding is gevonden in het holoferritinnetwerk. Dit eiwit bevat in
de kern een grote hoeveelheid ijzeratomen. Het minst geleidende netwerk was opge-
bouwd uit apoferritine. Dit eiwit bevat geen metallische kern.
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