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Introduction
In this thesis different techniques are used to produce sensors and bio
materials in which carbon nanotubes (CNTs) play the active role and
are the main molecules used to drive current and obtain mechanical
stability. The work is organized as follows:
Chapter 1 describes the basics of the technology used to produce pure
CNT sensors without any matrix. The Silicon dioxide films onto
which the CNTs are deposited are characterized in order to determine
their thickness and eventual defects. After deposition the utilized
CNTs and their interconnection geometry are visualized by a detailed
microscopy investigation.
Chapter 2 is focused on the stabilization of the electrical
characteristics of CNTs networks in an aluminum contact micro-gap.
It also reports the utilization of such structures as temperature sensing
elements.
In Chapter 3 novel bio-nano-composite materials and their use as
temperature sensing elements are described. Furthermore a general
procedure to obtain cyborg tissue useful for mechanical, electrical
and optical applications is also reported.
As one of the major skills while dealing wet deposition of CNTs is
the preparation of the solution. Each chapter has a detailed
description of the used techniques and solvents/surfactants.
This introduction starts with a brief discussion regarding the
electrical conductivity of CNTs and on the factors that affect this
parameter. Then in order to explore the reasons of the choice of
CNTs, examples of field effect transistor based on carbon nanotubes
are given as one of the most promising application of such
nanomaterials as new electronic components. Successively in this
introduction the state of the art of CNT based temperature sensors is
presented together with the new idea of using whole biological cells
as matrices for material production.
In the last part of this introduction we focus on the production
of bio-materials with different cell types and for different applications
and thus introduce the new concept of cyborg tissues.
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Electrical conductivity of
carbon nanotubes networks

The electrical conductivity of a CNT network without matrix alone or
inside a matrix as composite material can be described by the
percolation theory [1,2] and depends on a number of factors. It is
strongly dependent on the CNT concentration such that for a given
composite it can vary by more than 10 orders of magnitude in
dependence of such parameter [3]. In general a so called percolation
threshold is observed as the minimum CNT concentration from which
the conductivity starts to increase strongly.
An accurate model, however, has to take into account also a
large variety of other parameters, as for example the CNTs aspect
ratio, the conducting type (semiconductor or metallic) of the
nanotubes and the type of interconnection between the single
nanotubes [4]. In the case of linear low density polyethylene
(LLPE/CNT) composite materials, modifications of the sample
conductivity during high temperature thermal cycling have been
mainly attributed to the improvement of the CNT-CNT
interconnections [5].
The effect of the nanotube/nanotube contact resistance on the
electrical conductivity of CNTs based nano-composites has been
studied using different approaches. As an example a rectangular
potential barrier in the insulating material between two nanotubes has
been assumed for the calculation of the tunneling resistance of two
crossing multi walled CNTs (MWCNTs) [6]. A detailed analysis of
the electrical characteristics of CNT composites also making use of
low frequency noise spectroscopy, gives strong indications that the
resistance of the CNT-CNT interconnection is dominating the overall
resistance of carbon nanotube networks (CNNs) rather than the
resistivity of the nanotubes themselves. In particular the 1/f noise in
carbon nanotube random network films has been found to be
dominated by the percolation process [7].
Low-frequency noise spectroscopy has been applied also to the
analysis of the interconnection properties of high density
polyethylene/MWCNT composites and fluctuation induce tunneling
(FIT) has been found to be the dominating mechanism [8, 9]. The
same holds in the case of Epoxy/MWCNT composites [10]. The latter
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system has a very low percolation threshold and is furthermore very
attractive for electrical applications as for example as an electrical
heating element and as a temperature sensor with good stability up to
200°C [11] and as microwave absorber [12].
In polymer/CNT composites due to the presence of the matrix, it is in
general difficult to obtain a clear microscopy image of the
incorporated Carbon Nanotube Network (CNN). This holds also in the
case of high density pure CNT networks alone. Therefore, in order to
get a better insight into the CNT interconnection geometry, it is
preferable to investigate also low-density CNT networks without
matrix.
For example the geometry of a single junction between two
MWCNTs has been explored using SEM imaging and it has been
found that in some cases a simple proximity of the MWCNTs is
present. In this case the electrical characteristic exhibited rectifying
behavior which had been explained by the formation of a Schottky
barrier junction [13]. With respect to this aspects in this thesis in
Chapter 1 the microscopy analysis of MWCNTs networks containing
few nanotubes deposited by di-electrophoresis is reported. The
application of various microscopy techniques, namely, scanning
electron microscopy (SEM), atomic force microscopy (AFM) and
focused ion beam (FIB) microscopy has been used in order to
investigate the interconnection geometry of single junctions between
MWCNTs.

I.2

The influence of the external contacts on
CNTs networks and devices

Contact material and geometry are crucial for the performance of CNT
based devices [14]. Most metal-CNT junctions behave more like
Schottky barriers rather than purely ohmic contacts [15]. The
modulation of CNT field effect transistors for example is believed to
be rather due to the modulation of the electronic barrier at the
semiconductive CNT–metal contact interface by the applied gate
voltage than to a modulation of the channel conductance itself [16].
Contact interface problems are often thought to be the dominating
source of electrical noise.
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This has been reported for example in CNT transistors with Ti/Au as
contact material where a large random telegraph signal has been
observed and attributed to a defect located in the drain side of the
Schottky barrier [17]. In the case of an aluminum/CNT contact also
the presence of a thin aluminum oxide film, which may contain a high
defect density [18], has to be considered.
Random telegraph noise has been explained as a random
charging and discharging of defects in levels energetically close to the
CNT Fermi level [19, 20]. Electrical bistability observed in the
current-voltage characteristics of CNT/metal contacts is also often
exploited for electrical switching devices. An example of such a
bistable device is the deposition of Ag-tetracyanoquinodimethane
(AgTCNQ) embedded between two crossed carbon nanotubes as
electrode contacts [21].
In devices where no bistability has been observed and metal
contacts to CNT devices show a good ohmic behavior, in general a 1/f
noise component dominates the low-frequency noise spectrum [22],
[23]. This noise component has been largely attributed to the nanotube
network itself rather than to the external contacts.
One of the most used techniques in literature used to produce
pure nanotube networks is the di-electrophoresis process. The
construction of carbon nanotube field effect transistors (CNT-FETs)
for example, can be accomplished with proper tuning of the dielectrophoresis parameters. Even the formation of CNT networks with
predominately semiconductive characteristics has been achieved [24].
Di-electrophoresis has also been shown to enable the reproducible
assembly of a single bundle of single-walled carbon nanotubes [25].
For the successful deposition, the type of surfactant that
enables a proper solution of the nanotubes in the solvent is very
important. In the case of sodium-dodecyl-sulfate (SDS) the surfactant
molecules form an ionic layer encapsulating the nanotubes by surface
adsorption and the nanotube-micella complex formed has a greater
polarization than that of the SWNTs alone [26].
In Chapter 2 the di-electrophoresis has been described for the
deposition of a pure MWCNTs network inside an aluminum gap. The
samples after an initial instability acquire an ohmic behavior and the
temperature dependence of the electrical conductivity could be well
described by the fluctuation induced tunneling model.
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CNT based field effect transistors

One of the most promising field in which CNTs will play a major role
in the future is the realization of new types of transistors. The first
purely carbon based transistors were realized with diamonds, (see for
example [27]). Then in the late nineties CNT based transistors have
been realized for the first time [28] and became mature within few
years. An important division among CNT transistors can be made
between single nanotube devices (see Fig.I.1a), in general realized
with single walled carbon nanotube (SWCNT) or in some cases also
with multi-walled carbon-nanotube (MWCNT), and those made of
carbon nanotube networks (CNNs) (see Fig.I.1b). Even if the history
of graphene based FETs is very recent (2004) [29], they already
outperform the more consolidated CNT based transistors regarding
some specific performances. I will give a short historical review and a
comparison of the most promising applications of these different
types of all-carbon based field effect transistors (see Fig.I.2). The
main reason for which carbon based structures are very attractive as
active material for FETs is because of the high carriers mobilities that
have been reported for CNTs and graphene. In the case of carbon
nanotubes a field-effect mobility of 79000 cm2/Vs and an estimate
intrinsic mobility higher than 100000 cm2/Vs has been reported [30].

a)

b)
Fig. I.1. Schematical drawing of a) single carbon-nanotube FET and
b) a carbon-nanotube network FET, in bottom-gate configuration
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Even higher charge carrier mobilities (>200000 cm /Vs) have been
reported by using a device structure, where a single layer of graphene
is suspended above a Si/SiO2 system as gate electrode and isolator
material respectively [31].
Last but not least, also CNNs based carbon-nanotube thin-film
transistors (TFTs), deposited on a polymeric substrate, have been
reported with rather high mobilities [32] as compared to the
alternative TFT technologies (organic material or amorphous silicon).

Fig. I.2. Historical development of the maximum frequency (fT) of
carbon nanotube and graphene based transistors. The related article
reference numbers have been indicated.

I.3.1 CNT-based FET
In 2008 Chaste et al. reported on microwave frequency operation of a
top-gated single carbon nanotube transistor. They demonstrated the
operation of a SWNT-FET up to a frequency of 1.6 GHz with rather
high transconductance values and observed, that high sensitivity is
preserved and that gate capacitance scales with gate lengths down to
300 nm. Transit frequencies as high as 50 GHz have been
extrapolated [37].
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I.3.2 CNN-based FET
Vaillancourt et al. reported in 2008 the realization of a flexible carbon
nanotube thin-film transistor, fabricated solely by ink-jet printing
technology. The TFT was top gate configured. As active channel
material they used an ultrapure, high-density (>1000 CNTs/µm2)
CNT thin film, as gate isolator an ion-gel dielectric layer and as top
gate electrode a poly(3,4-ethylenedioxythiophene) organic layer. This
CNT-TFT exhibits a high operating frequency of over 5 GHz and an
on-off ratio exceeding 100 [39].
It has been just over 9 years since graphene based electronic
devices were first reported, and since then a remarkable progress
regarding its application for high frequency transistors has been
achieved [40]. However, carbon nanotube based transistors, have also
reached a technologically relevant status and also in their case high
speed operation has been demonstrated. CNN based transistors, on
the other hand, can be easily deposited by low-cost printing
techniques on arbitrary substrates and are rivalling organic and
amorphous silicon TFTs in a wide range of applications.

I.4

Novel CNT Bio-nano-composites and their
application

As mentioned before, CNTs are known to improve the electrical
conductivity when used as fillers in composite materials [41] and
combined with different polymers matrices [42-44] they can be used
as temperature sensors. CNTs are also known to interact with cells
without causing significant decrease of viability [45] and when
functionalized they can cross cellular barriers [46].
CNTs alone, e.g. in a long suspended array, act as temperature
sensors with a high sensitivity [47]. Addition of a matrix to CNTs
generally results in a better long-term stability of the sensing element,
compared to pure CNT bundles or sheets.
It has been shown that polymer matrix composites such as
epoxy/MWCNTs can be used as temperature sensor in a wide range of
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temperatures with an excellent stability and a linear temperatureresistance characteristics [42].
Cellulose, a structural component of the plant cell wall of
several algae and oomycetes, has also been used to form
CNTs/cellulose conductive composite materials through the formation
of a CNT network on the cellulose fibers [48]. However, temperature
analyses were not performed on this material though it exhibited good
characteristics regarding its application as electromagnetic shielding
material [48]. In other experiments MWCNTs were incorporated by
electro-spinning in cellulose fibers, resulting in an improvement of the
mechanical properties [49].
In this thesis (see Chapter 3) we used growing yeast cells of C.
albicans as matrix for MWCNTs. Previously, studies on the toxicity
of MWCNTs have shown that incubation of the yeast Saccharomyces
cerevisiae in the presence of MWCNTs had no effect on growth and
on cell viability of this organism [50].
These authors tracked the distribution of fluorescein
isothiocyanate (FITC) functionalized MWCNTs inside the yeast cells
by fluorescence microscopy. Moreover, it was shown by confocal
microscopy, that MWCNT-FITC had been internalized inside the
yeasts [51].
Functionalized CNTs, for their ability to penetrate
inside the cells, have been used to deliver peptides, proteins and drugs.
In addition, functionalized CNTs do not elicit an immune response
when injected into an animal [51]. MWCNTs have been also used to
deliver the gene coding for the Green Fluorescence Protein into
mammalian cells with little or no cytotoxicity [52].
The mechanism by which CNTs enter the cells remains
poorly understood. However, experiments using 3-D electron
tomography techniques
have shown
that
functionalized
MWCNTs were internalized individually in human lung epithelial
cells (A549), and primary macrophages cells via membrane wrapping
or by direct membrane translocation [53].
The aim of the work, described in Chapter 3 of this thesis is to
develop, using growing cells, a bio-structured nano-composite for
electrical applications. It has been reported that the bacterium
Pseudomonas aeruginosa immobilized MWCNTs and that the
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resulting structure could be used for bio absorption of heavy metal
ions [54]. However, the mixture was obtained using dead bacteria.
The MWCNTs/bacteria ratio was very high and the dried cells
were fixed in a MWCNT based “bucky paper” as shown in SEM
images [54]. Though this was a good procedure in order to obtain a
paste, it is different from the experiments in this thesis in which a in
vivo self-structuring of an artificial tissue has been observed.
Differently from mixing two powders, in Chapter 3 it is
reported, how MWCNTs were utilized to connect cells.
The produced bio-nano-composite exhibits a linear thermoelectric behavior in the range from 25° to 100°C similar to pure
nanotube networks produced with the same type of MWCNTs
utilizing the same solvent [55].
If we look more generally for tissues, biological components
from different sources (e.g. collagen) have been used to obtain nanostructured materials that are employed as synthetic scaffolds into
which biological tissues have been applied [56-60]. Bio-composite
materials for mechanical [61] or electrical [62] applications have also
been produced.
Cyborg tissue is an open and promising field since
development of synthetic biomaterials will effect greatly the
production of new electronics and artificial materials [56]. Scaffolds
that support cell growth and simultaneously monitor cell activities
have been described [56].
Biodegradable three-dimensional (3D) structures that serve as
short-term supports for cells and new tissue growth have been also
formed with hydrogel [57] using inert synthetic molecules such as
poly(ethylene glycol) [59]. Synthetic gels mediate the delivery of
trophic factors for neural cell repair [58].
An artificial heterocellular 3D architecture has been used also
to monitor the molecular behavior of cancer cells [60].
In all these cases, however, the cells applied into the scaffolds
could naturally form tissues: so far no unicellular organisms or single
cell lineages have been employed for tissue engineering and a
procedure to generate cyborg tissue materials composed of whole cells
and carbon nanotubes for engineering applications has not been
reported yet.
In Chapter 3 of this thesis a procedure is described, that allows
to obtain novel artificial materials using, for example, either fungal or
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isolated tobacco cells in combination with different concentrations of
carbon nanotubes.

Chapter 1

Substrates for pure CNT networks and
microscopy investigation of CNT
interconnections
In this chapter the technology used to obtain pure CNTs networks is
described and the resulting structures are characterized. A technique
to characterize the silicon dioxide defects, formed during electrical
breakdown of the isolating layer on the substrate and its use to
produce photosensitive devices is reported. Preliminary methods to
produce aluminium contacts, CNTs solution, and to deposit and form
CNTs networks are also reported here. This aspects will be analysed
more in detail in the following Chapter 2. The present chapter is
furthermore focused on a detailed microscopy analysis of the CNTs
used and of their topology and connections inside the networks.

1.1 Substrate preparation and characterization
To obtain pure CNNs and use them as sensors the insertion of an
insulating layer on top of the substrate can be useful. Here SiO2
represented the best choice for three main reasons: 1) it is relatively
easy to produce, when Silicon is used as a substrate 2) CNTs
normally exhibit a very strong adhesion to SiO2 layers 3) it is very
flat. However also a thermally grown SiO2 layer can contain
impurities that strongly affect its insulting properties. In this section a
method to characterize this parameter in a novel manner is reported.
Using this technique an interesting procedure to generate
photosensitive devices on a Si/SiO2 substrate, without the need of
high temperature processes, has been found.

1.1.1 Introduction
Monitoring the current with and without illumination during the
application of successively increasing voltages in a MOS structure
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with impurity containing oxide layer, it was observed in-situ the
formation of a photosensitive device.
For some applications it is interesting to make electronic
devices, based on a silicon substrate without the application of
temperatures exceeding 200°C after the deposition of a silicon dioxide
isolation or passivation layer. This excludes the possibility to use
either the classical method of dopant diffusion at elevated
temperatures and also ion implantation for the emitter formation,
because the latter technique requires a high temperature annealing step
after implantation. One possibility is the deposition of a hetero-diode
by the deposition of a non-crystalline silicon material on top of the
crystalline silicon substrate.
A device of interest is a simple photodiode, that may in
particular serve as a test structure for the silicon surface quality.
Silicon photodiodes with a hetero-emitter are for example based on
the deposition of a transparent conductive oxide (TCO) such as ITO
[63] or on the deposition of amorphous silicon on top of the crystalline
silicon substrate [64]. It should be mentioned that the latter device is
one of the most efficient types of silicon based solar cells [65].
Recently it has been demonstrated that such a type of heterophotodiode can also be achieved simply by spin-coating of an organic
nanocomposite thin film on top of the crystalline silicon substrate
[66]. Other techniques for the realization of photodiodes are involving
a modification of the top silicon dioxide passivation layer. In
particular it has been shown, that the formation of nanotracks by
proton irradiation of SiO2 covered Silicon can be used for the
formation of electronic devices [67].
In the present paragraph it is presented a method for the
reproducible fabrication of photodiodes using the local breakdown of
an MOS capacitor with aluminum top metallization and an impurity
containing oxide, that has been thermally grown on top of a crystalline
silicon substrate.

1.1.2 Experimental
MOS structures were prepared oxidizing 575 µm thick, <100>
oriented, boron doped p-type CZ-Silicon wafers with a resistivity of
nominally 2-3 Ωcm. The oxidation process was performed at 1000°C
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for 120min and subsequently at 1185°C for 10min in a furnace not
dedicated to this processes only with a high probability of impurity
incorporation. The resulting oxide thickness was measured to be
109nm. Non transparent 100nm thick aluminum pads with an
rectangular geometry (see Fig.1.1) and an area of 6mm2 were
produced by a lift off process. The back contacted wafer was placed
on a copper plate and the top contact pads were contacted by a
probing needle.

Fig 1.1. Blue light spot and geometry of the top aluminum pad.
The current-voltage characteristics of the MOS capacitor has been
measured with and without illumination at room temperature using a
Keithley 2400 source measurement unit. Light intensity dependent
current-voltage characteristics were performed under two different
illumination conditions: In the first case a white light LED lamp with
a broad emission spectrum between 425nm and 770nm (see Fig.1.2)
has been used for illumination and the optical power has been varied
using different distances (between 2cm and 30cm) between the device
under test and the lamp. In this case the silicon substrate with an area
of 1cm2 containing 6 different MOS structures has been illuminated
completely. The average light power has been determined using a
calibrated Hamamatsu S2386-18K Silicon photodiode.
In a second illumination configuration, a blue LED with an
emission wavelength centered at 470nm has been placed at a short
distance from the sample with an illuminated area of only 28mm2 (see
Fig.1.1). The light intensity of the LED was changed by varying the
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light intensity (a.u.)

LED current and measured using the calibrated Silicon photodiode.
The emission spectrum of the blue LED is shown in Fig.1.3.
1
0,8
0,6
0,4
0,2
0
400 450 500 550 600 650 700 750 800
wavelength (nm)

Fig 1.2. Emission spectrum of the white LED light source.

Fig 1.3. Emission spectrum of blue LED light source.

1.1.3. Breakdown formation
After a complete device characterization before degradation in a
restricted voltage range of +-15V, a first increasing and then
decreasing voltage ramp was applied up to 80V in steps of 1V. The
whole measurement cycle, shown in Fig.1.4, lasted only 30s. Up to a
voltage of about 50V, a relatively low dark current of about 1nA
slightly dependent on the applied voltage was observed. It should,
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however, be noted that the resulting conductivity of the oxide is way
above the value for a good thermal oxide. This can be attributed to the
effect of incorporated impurities, as already mentioned in the
experimental section.
In the voltage range between 50V and 70V it can be seen a
rather noisy current-voltage characteristics due to the local breakdown
formation and self-healing effects. At 60V, the formation of a first
current plateau of about 100nA and then around 70V a second plateau
of about 1µA are observed. Finally at 80V, complete breakdown is
observed, resulting in a sudden strong increase of the current to a
value of almost 1mA. During the subsequent measurements for
decreasing applied voltages the current remained high with values
above 10µA down to an applied voltage of 2V.
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Fig. 1.4. Dark current monitoring during an upward and downward
voltage sweep up to a maximum voltage of 80V.
In a subsequent experiment the formation of the photoconductivity by
additionally illuminating the device with a blue LED light was
monitored. The measurement is shown in Fig.1.5. It can be seen that
below the first breakdown at 40V the device is not photosensitive. A
very similar development of the dark current with increasing voltages
as in the earlier reported case (Fig.1.4) is observed with the second
plateau reached at about 55V. Between 50V and 60V the ratio
between photo-and cark-current increases linearly to a value of about
80 and remains stable until the second breakdown occurs slightly
below 90V.
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Comparing the photo- and dark-current during the decreasing
voltage sweep from 90V down to 0V (Fig.1.5), the highest ratio
between photo- and dark-current is found for applied voltages
between 2V and 10V. It has been shown in literature, that the
monitoring of dark- and light current-voltage characteristics during
degradation of vertical cavity surface emitting and edge emitting
lasers due to electrostatic discharge pulse application gives valuable
insights into the device degradation mechanisms [68,69]. Furthermore
also the defect induced formation of high photo-gain in pinphotodiodes has been reported [70].
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Fig 1.5. Dark (Solid line) and blue LED illuminated (dashed line)
current monitoring during an upward and downward voltage sweep
up to a maximum voltage of 80V.

1.1.4 Photo detector characterization
In Fig.1.6 the current-voltage characteristics of the degraded MOS
device, whose formation has been monitored before (see Fig.1.4) is
shown with and without illumination with the white light source for
different light intensities. The light intensities have been referred to a
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P0 value, corresponding to an optical power density of about
25mW/cm2.

Fig. 1.6. Current-voltage characteristic measured after degradation
with and without illumination with white LED light with different
intensities.
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Fig. 1.7. Dependence of the photocurrent generated in the MOS
structure for an applied voltage of +10V to the top contact as a
function of the light intensity, as measured by the photocurrent
generated under short circuit condition in a calibrated photodiode
with identical illumination conditions.
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The photo- to dark-current ratio is strongly increasing between 1V and
5V and saturating between 5V and 10V. When plotting the
photocurrent values at an applied voltage of 10V as a function of the
calibrated reference photodiode current a power-law behavior is
found.
2 10
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Fig. 1.8. Photo generated current in the sample device as a function
of the incident optical power.
The behavior of the photoresponse of the structure to blue light with
470nm wavelength is shown in Fig.1.8. There is a strong increase of
the photoconductivity with increasing voltage between 0.5V and 2V,
followed by a region, where the photocurrent value is strongly
dependent on the incident light power.
Again the dark and light current-voltage characteristics in this
latter voltage range are parallel. This suggests the interpretation of the
results by the formation of a local p-n junction and a parallel shunt
resistance. The absence of primary photocurrent at 0V applied bias
may be due to the additional existence of a blocking contact.
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It should be mentioned, that this devices are by no means optimized as
photoreceivers, because the top metallization is not transparent for the
light.
This means that lateral diffusion of the photocarriers,
generated in the silicon substrate, to the electrical contact region
substrate has to be accounted for.

1.2 Microscopy of carbon nanotubes
In recent years a very large amount of data has been collected
regarding devices formed by MWCNTs in polymer matrix as well as
single nanotubes.
In contrast very little investigations exist over nanotubes
networks constituted by a small number of MWCNTs. In this section a
detailed investigation of the long time stability, adhesion to the
surface and topological structure of the interconnections between
MWCNTs has been done. Three different microscopy techniques,
Focused Ion Beam (FIB),
Scanning Electron Microscope (SEM), and Atomic Force
Microscope (AFM), were used in order to investigate the
interconnection of MWCNTs deposited by electrophoresis on a
thermally oxidized silicon wafer with aluminum microgap structure.
SEM, AFM and FIB imaging revealed an interesting interconnection
morphology between the drop casted MWCNTs.
In particular it was found that in some cases the MWCNTs
were connected to each other in a twisted geometr. Furthermore a
good stability of the sample has been observed proving a strong
adhesion of the tubes to the SiO2 surface.

1.2.1 Preparation of the sample
Two aluminum contacts with a gap of 3µm (see Fig.1.9) were
prepared using a lift off process on top of a thermally oxidized
(100nm thick SiO2 film) p-type silicon substrate with a conductivity of
20Ohmcm.
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Fig. 1.9 Lateral structure of the used substrates with a microgap,
realized by Aluminum evaporation on top of a p-type silicon substrate
covered by a 100nm thick SiO2. a) Mask design, three gaps inside
three stripes are connected to 25mm2 large contact pads b) zoom into
the stripe regions: triangles at the stripe ends were designed c) right
end strip with a 3µm gap d) SEM picture of the micro gap region e)
photo of a finished substrate contacted by contact needles before
electrophoresis.
A small quantity of MWCNTs has been added in highly deionized
water with 1% sodium dodecyl sulfate (SDS). The solution has been
sonicated for 20min at room temperature. A small drop was taken
from the supernatant part of the solution in order to avoid cluster
residues and deposited on top of oxidized silicon wafer substrate
heated to a temperature of 50°C. During casting, electrophoresis was
performed to drive MWCNTs into the gap by means of a sinusoidal
electric field with a frequency of 15MHz and an amplitude of 10V,
using a HP 33120A waveform generator.
The AFM Measurements where performed in Salerno University with
an AFM of the following characteristics: Bruker dimension 3100, with
controller Nanoscope V. Images were obtained in tapping acquisition
mode with a tip with final reduction of 1-2nm and a scan rate 0.5 Hz.
The SEM and FIB pictures were obtained by using a DUALBEAM
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FIB, located at the TU Berlin. This FIB using a Ga+ ion beam for
imaging, is also equipped with a SEM. Since MWCNTs can be
assumed to exhibit metallic behaviour the images were obtained
without covering the sample with a conductive layer. The FIB
imaging is due to the secondary electron emission. In our case the
image shown was obtained with an incident ion beam with 30kV
voltage and 4pA current.

1.2.2 Investigation of the MWCNTs interconnection
geometry
During the MWCNTs solution preparation at the beginning of the
sonication process the MWCNTs were massed in few macro clusters
thus the water resulted transparent. At the end of the sonication
process the water became darker because the MWCNTs were nanodispersed. Electrophoresis revealed to be a mandatory procedure
during casting of MWCNTs. As the substrate was heated to permit the
water to evaporate, electrophoresis permitted to avoid the complete
accumulation of the MWCNTs on the circular edge of the drop once
the water was completely evaporated.

Fig. 1.10 SEM image of a microgap region with MWCNTs deposited
by electrophoresis
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With this procedure a very high concentration of tubes has been
captured in the center of the microgap and it was observed a
compaction of the material along the lines of the electric field as
shown in Fig. 1. 10. Despite the small quantity of material deposited, a
very high concentration of MWCNTs was found inside the gap. At
this concentration it was impossible to determine the nature of the
single interconnections between tubes. As a benefit of the
electrophoresis the amount of material clustered into the gap and
contact region was subtracted from the edge of the dried drop. In Fig.
1.11 an area along the drop edge is shown.

Fig. 1.11 SEM image of a MWCNT network found outside the
microgap region. Angle of the sample 52°
It is possible to distinguish nanotubes and interconnections and in the
upper left corner three single tubes connecting two bundles can be
seen. Since the image was taken using an electron beam it is possible
to see the voltage contrast effect for which darker tubes are to be
considered electrically isolated while brighter tubes are connected to
at least one of the grounded aluminium electrodes. Moving further
away from the center of the drop passing the edge it can be observed a
region where the concentration of tubes is sensibly lower and thus it is
possible to identify single connections between tubes. In Fig. 4 three
main tubes connected to each other twisting at their end are observed.
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Fig. 1.12 FIB, SEM and AFM images of few interconnected MWCNTs
forming a loop a) Ion Beam image (FIB). Voltage:30kV, Current:4pA,
Working Distance: 16.5. Angle of the sample: 52° b) SEM image.
Voltage: 3KV, Working Distance: 5. Angle of the sample: 0°
c) AFM amplitude error image. (Acquisition mode: tapping, tip final
reduction: 1-2nm, scale: 20mV, scan rate: 0.5 Hz)
The resulting cord is disposed in a circular shape. The geometry of
one of the interconnections between MWCNTs is seen in more detail
in Fig. 1.13 and Fig. 1.14.
This connection exists between two of the main tubes described
before. The junction is clearly visible in the images taken with the
sample plane tilted by 52° (see Fig. 1.12a and Fig. 1.13). When the
sample plane is not tilted a third tube becomes visible (Fig. 1.12b,c
and Fig. 1.14). Further observation permits to identify the nature of
the connection between tubes.
Proceeding from left to right in Fig. 1.13 the first tube is
winding over the successive one and terminating with a protruding
part heading down right the image frame. This first tube seems to
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Fig.1.13 SEM image of the contact region between 2 single MWCNTs
within the CNT loop shown above.
(Voltage: 3,5kV, Working Distance: 5, Angle of the sample: 52°)

Fig. 1.14 AFM height image. Acquisition mode: tapping, Tip final
reduction: 1-2nm, Scale: 15nm, Scan rate: 0.5 Hz
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elevate from the silicon dioxide plane in the intersection part. The
second tube in the image starts in the central left part of the picture
and passes below the first tube.
The elevated part of the winding is observed in Fig. 1.14, in
comparison with Fig.1.13: the brighter parts of the image represent
higher segments proving the consistency of the geometry described
before. A third and smaller tube is also present in Fig. 1.12b,c and Fig.
1.14. Since this tube is not visible while the sample is tilted as
mentioned before, and it looks dark in the AFM height image (see Fig.
1.14), it is possible to conclude that it lays below the junction of the
two main tubes and it is not involved in the ribbon. Very high stability
of the sample has been observed. SEM and FIB analysis where
performed in Berlin while AFM acquisition has been done 6months
later in Salerno. No changes in geometry occurred proving that the
adhesion to the SiO2 surface of the pure MWCNTs was very strong.

1.3 Conclusions
The formation of a photosensitive device due to the local breakdown
in an MOS structure with an impurity containing oxide layer has been
monitored. A stepwise breakdown of the oxide layer resulted in the
formation of a diode like characteristics with further on stable currentvoltage characteristics.
Under illumination with white and blue light it was found a
high photosensitivity of the resulting structure, probably due to the
formation of a local p-n junction due to out-diffusion from the oxide
of n-type dopants into the underlying silicon substrate.
Using a blue light LED illumination during the monitoring of
the device formation enables the identification of the moment, when a
high ratio between photo- and dark current is obtained. After these
experiments a good oxide was produced and tested. MWCNTs had
been deposited by casting electrophoresis on top of this oxide.
Using three different microscopy techniques: namely AFM,
SEM and FIB, the geometry of the interconnection of a single
junction between the deposited MWCNTs has been investigated in
detail. A very particular twisted interconnection geometry has been
observed. Furthermore a strong stability of the sample in time has
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been observed proving a strong adhesion of the tubes over the SiO2
surface.

Chapter 2

Carbon Nanotube Networks
2.1 Technology for pure CNT networks
production
2.1.1 Preparation of the solutions
Regarding the nanotube deposition from a solution, one of the most
critical steps is the use of an appropriate surfactant [71]. Sodium
Dodecyl Sulfate (SDS) is an efficient surfactant for CNTs in water
and after the deposition, once CNTs have been fixed by van der Waals
forces on the surface of the sample, it can be removed by rinsing with
water. Scanning electron microscope (SEM) images of the samples
prepared using a SDS containing water solution revealed no evidence
of residual SDS after washing.
For the preparation of the solutions SDS was added to milliQ™
water in concentrations of 1% or 10% weight in volume. MWCNTs
were added to the solution and the mixture has been sonicated at room
temperature for 20min. The used carbon nanotubes were
commercially available non-modified type “3100” CNTs from
Nanocyl, with a typical length of 0.1-10µm and a typical diameter of
10nm. At the end of the sonication process the water results darkened
in proportion to the percentage of the SDS. The darkening revealed
that the nanotubes clusters were unfastened and they were dispersed
uniformly in water. Since some cluster residues where still present in
the solution, the solution was centrifuged at 4000rpm for 10min. At
the end of the centrifugation process only the supernatant part of the
solution was taken.
The solution obtained, as described above, can be considered
saturated of MWCNTs and the CNT concentration in the solution
depends on the SDS concentration. The absorbance spectra of the
solution after sonication and centrifugation for the solution with 10%
SDS was also measured. The second solvent used was a mixture
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composed of 70% ethanol and 30% dimethyl sulfoxide (DMSO). The
MWCNTs were added and the mixture sonicated for 20 min. In this
latter case the solution was not centrifuged and it was visible that the
MWCNT clusters where not properly unfastened. The solution was
diluted in MilliQ™ water in order to obtain a final concentration of
1% in volume.
Differently from the solution, prepared with SDS, the one
prepared with ethanol/DMSO in water appeared full of clusters in a
transparent medium.
When depositing this solution only the transparent part was taken
and this resulted in a MWCNTs network with a very low number of
nanotubes.

Table 2.1. Summary of the procedures for the preparation of the
samples shown in this paper. DEP is Di-electrophoresis.

2.1.2 Aluminum gap and substrate
Two aluminum contacts with a gap of 3µm were prepared using a liftoff process on top of a thermally oxidized (147 nm thick SiO2 film) ptype silicon substrate with a resistivity of 20 Ωcm.
The layout of the contact geometry has been shown in Fig. 2.1. The
oxide thickness has been measured by spectroscopic ellipsometry and
the electrical properties of the SiO2 layer and of the SiO2/Si interface
as well as the silicon doping concentration have been determined by
capacitance spectroscopy measurements.
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Fig. 2.1 Layout of the aluminum contact structure with a 3µm wide
gap in the center region.

2.1.3 Casting di-electrophoresis
During the experiments overall 40 depositions were performed. For
the preparation of samples 1 and 2 here reported identical procedures
were used (see Table 1).
One µL of the SDS solutions was casted on top of the 3µm wide
micro-gap region and guided the MWCNTs into the gap by a dielectrophoresis process, where a AC sinusoidal electrical signal with
an amplitude of 10Vpp and a frequency of 15MHz has been applied
for 7 min.

2.1.4 Network morphology
A compaction of the material along the lines of the electric field
and in particular at the centre of the micro-gap has been observed (see
Fig. 2.2a). A carpet network of MWCNTs is found in the micro-gap
(see Fig. 2.2c).
It can be clearly seen that the number of MWCNTs over the
contacts is large and that their distribution is quite uniform. It can be
also observed that there is no significant presence of MWCNTs
outside the region of interest.
When the samples were completely dried after casting they were
subsequently rinsed with MilliQ™ water in order to remove the
solvent and then dried again.
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Fig. 2.2. SEM images of sample 1 with a MWCNTs “carpet” in the
micro-gap region. The sample has been prepared with CNTs solved
with the addition of SDS as surfactant in water. a) MWCNTs inside
the aluminum contact gap structure. b) Zoom of the complete gap
region. c) Further zoom inside the gap region (aluminum
metallization in the lower part of the image).

2.1.5 Characterization equipment
Room temperature electrical characteristics where performed using a
Keithley 2400 source measurement unit. The electrophoresis has been
performed using a HP 33120A function and arbitrary waveform
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generator, applying the AC voltage during the full time of the first
drying process.
All the temperature dependent electrical measurements were
carried out in a closed-cycle refrigerator system in a wide temperature
range between 8K and 325K. The temperature was stabilized using a
GaAlAs thermometer and a resistance heater, with the help of a
computer controlled PID loop which ensures a temperature stability
during the measurements of better than 0.1K. The sample temperature
has been measured using a Cernox resistor thermometer in contact
with the sample holder. The detailed description of the experimental
setup is reported in [72]. Resistance versus temperature R(T) curves
have been taken in current-pulsed mode and the voltage drop has been
measured with a digital multimeter.
Secondary Electron Microscopy images have been taken using a
FEG-SEM (Field Emission Gun-Scanning Electron Microscope)
model Inspect F from the FEI Company, based on a thermal field
emitter ZrO/W filament (Schottky type) and equipped with a
Everhardt-Thornley Secondary Electron Detector (SED). The nominal
microscope resolution is 3nm at 1kV in high vacuum (<6x10-4 Pa), the
acceleration voltage is tunable between 200V and 30kV and the beam
current is smaller than 200nA.

2.2 Electrical characterization
2.2.1 Stabilization and noise behavior
The behavior of the devices was investigated right after the formation
of the networks by di-electrophoresis. The electrical field has been
applied in order to form nanotube networks only within the micro-gap
region while the casted drop was drying at room temperature. After
drying the residual surfactant in the case of SDS was washed and the
sample dried again. After the second drying it has been measured the
first current-voltage characteristics. The influence of the washing
procedure did not affect the previously formed network. During
experiments very high stability of the CNTs has been observed and no
changes in geometry occurred, proving that the adhesion of the pure
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MWCNTs to the SiO2 surface was very strong. It has also been tried
to move the CNTs by means of an atomic force microscope (AFM) in
contact-mode without any modification of the structure. The first 10
current-voltage characteristics show strong electrical instabilities (see
Fig. 2.3a and Fig. 2.3b). Each I-V scan was performed from -10V to
10V and back. After these first 10 current- voltage characteristics a
current in time measurement was performed, applying a constant
voltage of +10V (see Fig. 2.3c). The sampling time was 0.1 sec.
During the first 180s the oscillations where faster than the sample rate
and the amplitude of the current noise was around 80% of the average
current value. Between 180s and about 500s, both frequency and
amplitude of the noise slowly decreased. It can be observed the
presence of three periods of relative low noise values and discrete
current levels interspersed in time segments with higher noise values.
After 500s 4 different discrete levels of the sample current can be
seen.
After this application of a constant voltage for a certain time, it
can be found a stabilization of the characteristics of the sample that
started to exhibit a simple resistive behavior without hysteresis (Fig.
2.3d). In the case of samples produced by ethanol/DMSO solvents,
resulting in a very low concentration of nanotubes in the gap region
(see Fig. 2.4a), it was not possible to observe the former observed
stabilization of the current-voltage characteristics and no simple
ohmic behavior (see Fig. 2.4b). One of the explanations for this
phenomenon can be found in considering that when a big number of
CNTs-metal contacts is involved it is more probable that some of
them can have large contact area on the metal. In this case the
electronic structure calculations, reported in literature, suggest a better
electronic coupling between the electrode material and the MWCNTs
[73], [74]. In particular Anantram et al. find that the physics of
CNTs/metal conduction depended also on the diameter of the CNTs
[74], and the latter parameter in our case varies statistically around
10nm. In addition, the random telegraph noise behavior of the current
in a CNT field effect transistor has been explained as a random
charging and discharging of defects located in the silicon dioxide layer
and energetically close to the CNT Fermi level [19].
In our case the presence of aluminum oxide at the interface
between aluminum contact and MWCNTs could play the same role at
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Fig. 2.3. a) First current-voltage characteristics of sample 2
measured at room temperature (both measurement directions). b) 2nd
to 10th room temperature I-V characteristics of sample 2. c)
Monitoring of the sample current with a fixed applied voltage of +10V
after the termination of the previous 11 current-voltage scans
between -10V and 10V d) Current-voltage characteristics (solid line:
from negative to positive voltages and dashed line: from positive to
negative voltages), measured after the stabilization process with a
fixed applied DC voltage of +10V, as monitored in Fig. 2.3c).
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Fig. 2.4. a) Scanning electron microscope image of sample 3 with few
nanotubes in the gap region .b) First current-voltage characteristics
of sample 3, measured at room temperature (both measurement
directions, as indicated by the arrows).
the contact interface. Regarding the stabilization of the electrical
characteristics, contacts with very low resistance between an
individual single-walled carbon nanotube (SWNT) and palladium (Pd)
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electrodes have been obtained using electric-current-induced Joule
heating. [75]. The authors deposited SWCNTs onto Pd electrodes prepatterned on a SiO2/Si substrate, and achieved the elimination of the
tunneling barriers between the SWNTs and the electrodes through
annealing [75]. In the case of semiconducting SWNTs, the Schottky
barrier is estimated to increase slightly after electrical pulse annealing
in some cases, resulting in a relatively high resistance and
asymmetrical current-voltage characteristics [75].
This could be a possible explanation for the stabilization of our
MWCNT random network, as the application of a constant voltage of
10V can cause local heating and annealing of the nanotube-metal
interface.
Since the MWCNTs have not identical electrical properties, for
some of them the barrier can be decreased by heating and for others
increased. Finally the effect of aluminum contacts on SWCNTs
transistors with 300nm contact distance has been explored and
compared to those realized with with palladium and titanium contacts
[76].
Aluminum contacts resulted in the lowest current (maximum value
of about 5.10-8A) [76]. In our case with a distance of 3µm between the
aluminum contacts the current is in the µA-range.

2.2.1 Stable characteristics and temperature behavior
Investigation of sample 1 was performed when a stable behavior was
reached. In particular, the temperature behavior of the network has
been studied. As clearly evident in Fig. 2.5a and 2.5b, a decreasing
resistance with temperature is found in the whole investigated range.
This behavior can be interpreted in terms of different theoretical
models, used in the case of MWCNTs networks. In particular the most
commonly considered are: 1) Luttinger liquid (LL) [77], 2) variable
range hopping (VRH) [78], and 3) fluctuation induced tunneling (FIT)
[79]. While LL and VRH models completely fail in reproducing the
measurements (see the dashed and dotted curves, respectively, in Fig.
2.5b), a qualitative agreement between FIT and the experimental data
points is observed (clearly shown by the solid curve of Fig. 2.5b). The
lowest reduced χ2 and the highest coefficient of determination r2
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values, reported in Table 2, support the choice of FIT as the most
appropriate theoretical interpretation of the experimental temperature
dependence. This is not new and surprising, since similar results have
already been shown for HDPE/MWCNTs composites [8, 9]. However,
the values of the fitting parameters seem to be significantly different
from those found in other carbon nanotubes compounds, probably due

Fig. 2.5. a) Current-voltage characteristics of sample 1 after
stabilization, measured at three different temperatures for the
structure shown in Fig. 2.2. b) Resistance as a function of temperature
of sample 1 after stabilization measured with an applied constant
current of 0.5µA. The curves represent the best fit of the considered
theoretical models to the data.
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to the possible presence of high-level contact barriers in the system
here studied. Although solid interpretation is still missing, the
suggestions of previous literature [80], together with the
considerations described above, lead us to regard the investigated
device as a random resistor network in which the resistors are located
at the junctions between carbon nanotubes and the nodes are the
conducting pathways connecting different junctions, that is the
nanotubes themselves.

Table 2.2. Reduced χ2 and coefficient of determination r2 values,
resulting from the fit of the experimental resistance-temperature
dependence for the same sample as in Fig. 2.5b).

2.3 Conclusions
In this chapter the techniques used for the construction of temperature
sensors based on pure MWCNTs network were reported.
The MWCNTs were deposited from two different solutions
leading to different results regarding their morphology: an almost bidimensional “carpet” of MWCNTs, and a network composed of a very
limited number of MWCNTs. The “carpet” was obtained with a 1%
SDS solution in MilliQ water saturated with MWCNTs.
This type of solution described in paragraph 2.1.1 was very stable
in time and very reproducible networks could be achieved. For this
reason the SDS solution has also be used as starting material for the
preparation of the bio-nano-composites, as will be reported in
Chapter 3.
All the pure nanotube networks were deposited by dielectrophoresis inside an aluminium contact gap with a contact
distance of 3µm.
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After the deposition the temperature dependent conductivity of the
MWCNTs “carpet” inside the aluminum contact gap has been
determined. The temperature behaviour of the conductivity shows a
good qualitative agreement with the fluctuation induced tunnelling
model for disordered materials.
A rapid reduction of the random telegraph noise present in the
virgin devices has been observed after relatively short application of a
constant voltage. This increases the possibilities to use aluminum
contacts for electronic CNT devices like sensors, where high current
levels are not required.
When a different solvent has been used, that resulted in a much
lower concentration of CNTs in the micro-gap, a stable electrical
behaviour has not been achieved.

Chapter 3

Bio-nano-technology and tissue
engineering for electronic and
mechanical purposes
In this chapter a new concept is introduced: the possibility to generate
new materials useful in a wide range of engineering application from
whole biological cells and CNTs. In the first paragraph it has been
investigated, if it is possible to use fungal cells to produce temperature
sensing elements while in the second paragraph a more general
procedure involving for example also isolated cells of tobacco has
been explored.

3.1 Candida albicans/MWCNTs: a stable
conductive bio-nano-composite and its
temperature sensing properties.
This paragraph focuses on the first successful production of an
artificial tissue produced in vivo with whole fungal cells and
MWCNTs. As it will be emphasized in paragraph 3.2 this can be seen
as the first prototype of a cyborg tissue. However differently from
what is found with the general procedure proposed and achieved in
paragraph 3.2 in this case no “stand alone” material is produced but
rather it is applied on top of a SiO2 layer with gold electrodes like pure
CNT networks seen earlier in this thesis. Nevertheless the element can
be used as temperature sensor and its performance is better with
respect to the pure CNT network devices, especially regarding the
stability of the electrical characteristics.

3.1.1 Sample production and morphology
C. albicans yeasts were grown in suspension and agitation at 25°C in
RPMI medium and cells, used for this experiment, were collected at
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an absorbance of 0.36 OD600. Commercially carbon nanotubes (nonmodified type “3100” Multi Walled CNTs from Nanocyl™), with a
typical length of 0.1-10 µm and a typical diameter of 10 nm were
used. The CNTs were dispersed with 1% sodium dodecyl sulfate
(SDS) in MilliQ™ water. CNTs were added to the SDS solution and
left for 150 min. The CNT suspension was sonicated at room
temperature for 20 min, the supernatant was collected and allowed to
form a precipitate for 18 hrs. Then the supernatant was collected,
centrifuged at 10,000 rpm for 5 min at room temperature and the
obtained supernatant was collected again.
The suspension obtained is saturated with CNTs. The final
CNT concentration depends on the used SDS concentration. An
amount of 750 µl of CNTs were added to 3 ml of C. albicans culture
with a 20% final concentration of the MWCNT suspension in the
growth medium. After incubation at 25°C for additional 24 hrs the
artificial “tissue” was collected and deposited onto the coplanar gold
electrodes, evaporated on top of the oxidized p-type silicon substrate.
The distance between the coplanar contacts was 0.6 mm.
After deposition of the material, the device was dried for 24
hrs at room temperature. For control experiments (RPMI medium with
SDS both with and without C. albicans) after growth, C. albicans
alone was centrifuged and the I-V characteristics were measured
before drying. However, in this case cells did not form a mechanically
stable layer. Instead they formed a layer that in few hours fragmented
and pulverized upon drying.
All electrical measurements of Ca/MWCNT composites have
been performed in a two point-contact geometry using a Keithley
model “2400” source measurement unit. Secondary Electron
Microscopy images were obtained using a FEG-SEM (Field Emission
Gun-Scanning Electron Microscope) model from Inspect F, FEI Co.,
equipped with a Everhardt-Thornley Secondary Electron Detector
(SED).
It was attained a spontaneous aggregation of C. albicans when
cells were incubated for 24 hours with MWCNTs. The obtained black
precipitated viscous material was pipetted out and disposed on a SiO2
surface.
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Fig. 3.1 Microscopic images of Ca/MWCNTs composite material (a)
Optical microscopy image (magnification 800×) of Ca/MWCNTs
material (b) Secondary electron microscopy image of Ca/MWCNTs
material (magnification 3,954 ×) (c) Detail of Ca/MWCNTs
interaction (SEM image) (magnification 42,739 ×).
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When observed by optical microscopy the material resembled
an artificial tissue composed of highly packed cells (Fig. 3.1a). In Fig.
3.1b the effect of cell drying is manifested by their “ghost cell”
appearance.
A rather specific physical interaction between MWCNTs and
C. albicans was observed by electron microscopy (Fig. 3.1c) and
emphasized by red arrows, suggesting that the cell wall (the most
outer part of Candida and other yeast cells) may play a major active
role in establishing a CNT network and in its stabilization.

3.1.2 Thermo-electrical characterization
The Ca/MWCNTs composite was deposited on top of a silicon
substrate covered with a thick thermal SiO2 layer with coplanar gold
electrodes (0.6 mm distant) and the dried samples were subjected to
slow temperature cycles in an electronically regulated oven whose
temperature was measured using a thin-film thermoelement positioned
close to the Ca/MWCNTs composite sample.
All the measurement presented here were performed on a
single sample, however, sets of 3 independent experiments (not
shown) have been done and each tested material showed similar
behavior. Fig. 3.2 shows the monitoring of the oven temperature (blue
solid line) and of the resulting sample current (red dashed lines) when
applying a constant voltage of 1 V. Due to the low value (about 600
µW) of the dissipated electrical power in the sample obtained under
these conditions, self-heating can be excluded.
The total measurement time was about 12 days. Each cycle,
except the first two, was performed with a 12 h period.
The temperature was cycled between a lower value of 25°C
and a stepwise increasing upper value, varying from 50° (12 cycles) to
75°C (4 cycles) and finally 100°C (6 cycles). The measured current
(see Fig. 3.2) increases monotonically with increasing temperature
within every cycle. Furthermore, the room temperature current value
after each cooling period strongly increased during the first 12 cycles.
The same occurred during steps, coinciding with an increase of the
upper cycling temperature (after about 6 days and 8 days).
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Fig. 3.2 Slow temperature cycling of Ca/MWCNTs composite
material. (a) Sample Current (red dashed line) and oven temperature
(blue solid line) as a function of time. Tracing of 11 days of
temperature cycling is reported. Sampling time: 180 sec.

Fig. 3.3. Two additional temperature cycles from 25° to 100°C after
stabilization of the sample. Sample current (red dashed line), oven
temperature (blue solid line). Sampling time: 15 sec

48

_______

__________________ Chapter 3

Fig. 3.4. Current vs temperature, for the two cooling cycles reported
in Fig. 3.3. Blue dashed line: first cycle, yellow solid line: second
cycle.
The increase of the relative room temperature current value
was, however, less pronounced during the cycles with an upper
temperature of 75°C. An almost stable behavior has been observed
during the cycling period with an upper temperature value of 100°C,
after the completion of the first cycle. This phenomenon may be due
to a release of humidity of the sample or to the rearrangement of
CNTs and the C. albicans network. After stabilization of the sensing
response, a very regular monotonic increase of the sample current
with increasing temperature was observed. After 11 days of slow
temperature cycling, two additional temperature cycles (1 additional
day) with an upper cycling temperature of 100°C were performed with
a better time resolution (see Fig. 3.3). A current saturation during the
constant high temperature period was observed, but when returning to
room temperature the current tended to further decrease. This is also
evidenced in Fig. 3.4, in which the sample current is shown as a
function of the oven temperature for the two cooling periods only,
with sample and oven temperature in equilibrium.
Here it can be observed an almost linear correlation between
sample temperature and sample current from 100° to 40°C (slope of
+630 nA/°C) and a stronger dependence (about 4 times higher)
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between 40° and 25°C. Subsequently, it was measured the currentvoltage (I-V) characteristics of the sample at four different
temperatures. A perfect linear characteristics has been obtained for all
4 temperatures with a linear regression correlation coefficient R2
equal to 1, as shown for example for the measurement at 25°C in Fig.
3.5. The same figure 3.5 shows control experiments (RPMI medium
with SDS both with and without C. albicans), in which no significant
electrical conductivity was detected. Fig. 3.6 shows an enlarged area
of the I-V characteristics at 4 temperatures and a slightly different
slope value. Finally, in Fig. 3.7 temperature dependence of these slope
values is shown. A 10% increase of the current value at an applied
voltage of 1 V was observed at 100°C, when compared to the value
obtained at 25°C. This novel Ca/MWCNTs material, contacted

Fig. 3.5 Current-voltage characteristics of Ca/MWCNTs composite
material (a) Black dotted line: Current-voltage characteristics at
25°C. Yellow solid line: fit with linear model. Green circles: Currentvoltage characteristics of growth medium with solvent and cells. Red
triangles: Current-voltage characteristics of growth medium and
solvent
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Fig. 3.6 Enlargement of the current-voltage characteristics at
different temperatures. Blue squares: 25°C, red triangles: 50°C, green
dots 75°C and violet x: 100°C.

Fig. 3.7 Temperature dependence of the sample conductance.
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using gold electrodes has good stability, a perfect linear currentvoltage characteristics and, as shown in Fig. 3.5, also a linear
dependence of conductance on the ambient temperature after prior
heating.
It has been used live C. albicans cells to self-structure a
Ca/MWCNTs and used it as a temperature-sensing element operative
up to 100°C. Microscopy showed that Ca/MWCNTs formed a sort of
artificial tissue.
Likewise, dried cells still acted as a stable matrix for the
MWCNT network. Good stabilization of the temperature response of
the material has been obtained. The artificial tissue also exhibited
perfect linear current-voltage characteristics when combined with
coplanar gold electrodes.
The produced bio-nano-composite is inexpensive and may be
useful in a wide range of electronic applications, ranging from heating
to sensing and microwave shielding.

3.2

Cyborg tissues constructed with whole cells
and carbon nanotubes: bio-materials for
engineering applications

In this paragraph, it is reported, as a proof of concept, that single cells
of C. albicans and isolated tobacco cells (BY-2), either one in
association with multi walled carbon nanotubes (MWCNTs), form
artificial tissue materials. MWCNTs allow the formation in vivo of a
structured gel-like tissue by creating a tight network of tubes that act
as artificial “adhesins” [81].

3.2.1 Sample production
Figure 3.8 shows a drawing of the procedure used. The different types
of materials produced are: a. BY-2 tobacco cells with 20% of a
solution containing 1% SDS (sodium dodecyl sulfate) saturated with

52

_______

__________________ Chapter 3

MWCNTs (tobacco/20-MWCNTs); b. C. albicans with 6.6% of a
solution containing 1% SDS saturated with MWCNTs (Ca/6.6MWCNTs); c. C. albicans with 20% of a solution containing 1% SDS
saturated with MWCNTs (Ca/20-MWCNTs).
To obtain a Ca/20-MWCNTs material yeast cells grown at
25°C in RPMI medium (Sigma-Aldrich®, St. Louis, MO) were
collected at an absorbance of 0.36 OD600 and used for the
experiments. To attain a Ca/6.6-MWCNTs yeasts were grown at 25°C
in YPD (yeast peptone dextrose) medium. Between 3 and 6
independent cells/MWCNTs suspensions were produced and each
analyzed individually.
Commercially available CNTs (non modified type “3100”
Multi walled CNTs, Nanocyl™) were used in a solution with SDS as
described earlier [82]. Tobacco BY-2 cell line [83] was derived from
the callus of seedlings of Nicotiana tabacum and propagated in
modified Murashige and Skoog medium [84] supplemented with 3%
sucrose, 600 µg/ml KH2PO4, 0.2 µg/ml 2,4-dichlorophenoxacetic acid
(2,4-D), and 30 µg/ml thiamine-HCl.
Cells were grown in large flasks on a rotary shaker at 130 rpm
at 25°C in the dark. Every week 10% of stationary phase cells were
transferred to fresh medium.
Spontaneous aggregation of cells was observed with tobacco
cells combined with MWCNTs and the obtained material was layered
over a plastic film with a plastic policeman rod. Once dried the sample
spontaneously detached from the plastic substrate forming a thin film
(ca. 142 µm thick). Uniaxial tensile load tests were performed using a
displacement-controlled machine (Zwick® BZ 2.5 equipped with a 5N
loading cell).
Dual Beam Focused Ion Beam was used to cut the dehydrated
C. albicans cell by Ga+ ions and to obtain SEM pictures. The
FIB/SEM instrument was a XL830, DB Magnum FEG, FEI® and
Philips®. The FIB part is made by FEI® and mounted on a Philips®
SEM. The XL830 series of Scanning Electron Microscopes (SEM)
and Focused Ion Beam (FIB) systems contain a large chamber and
stage for sample handling.
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Fig. 3.8 Drawing of the process, used to obtain the materials and the
sample geometries for electrical and mechanical chracterization.

3.2.2 Material morphology
As seen in microscopic images (Fig. 3.9; 3.10a; 3.11) cells of the
composed materials are interconnected by CNTs. After the in vivo
formation, the materials were dried and the dehydrated cells still acted
as a stable matrix for the MWCNT network. When observed by light
and scanning electron microscopy (SEM) the material resembled an
artificial tissue composed of highly packed cells (Fig. 3.9a,b). In the
previous paragraphs it was reported that MWCNTs are inserted into
the cell wall of C. albicans [82]. Figure 3.9c , Fig. 3.10a and Fig. 3.11
show that MWCNTs surround the cells acting as artificial adhesins.
Figure 3.10b shows the effect of cell dehydration as revealed by their
“ghost cell” appearance. Using Dual Beam Focused Ion Beam
(FIB/SEM) a section of a dried isolated cell without CNTs was cut
and it was obtained an image of the treated cell with the incorporated
SEM
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Fig. 3.9 Structure and preparation of cell/MWCNTs cyborg tissues a.
Microscopy image of dehydrated Ca/20-MWCNTs artificial tissue
(SEM image, magnification 2,000×). b. Optical microscopy image of
dehydrated tobacco/20-MWCNTs artificial tissue (magnification
800x) c. Detail of Ca/20-MWCNTs interaction (SEM image)
(magnification 12,000×).

Chapter 3_____________

__________

______55

Fig. 3.10 a. SEM image of Ca/20-MWCNTs (magnification 15,000×)
with MWCNTs acting as artificial adhesins. b. SEM image of Focused
Ion Beam cut section of a dehydrated isolated cell of C.albicans
(Magnification 35,000x)
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Fig. 3.11 a. SEM image of Ca/20-MWCNTs (magnification 1,500×) b.
SEM image of Ca/20-MWCNTs (magnification 6,500×)
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3.2.3 Electrical characterization
Figure 3.12 shows the electrical analysis of tobacco/20-MWCNTs
material. Co-planar gold electrodes were sputtered on the ends of a
material bar (Fig. 3.12b) and the electric field vs. current density
characteristics of the material has been measured (Fig. 3.12a).
No hysteresis was detected by changing the applied voltage
slope direction. Figure 3.13a reports electrical impedance
spectroscopy measurements of the tobacco material at room
temperature.
Frequency spanned from 100 Hz to 1 MHz with 2.5 kHz steps.
The amplitude of the applied voltage was 50 mV AC and no DC bias
voltage was applied. Z’ represents the real part of the measured
electrical impedance, while Z’’ denotes the imaginary part.
The model in Fig. 3.13b is the serial arrangement of two
blocks that represent the contribution from the bulk of the material
(Cb, Rb) and the effect of the contact interface between gold and the
material (Rc, CPE) (see Fig, 3.13c). The Constant Phase Element
(CPE) [85] is introduced to model the surface roughness effect on the
dielectric behavior [86]. The following equation in the Laplace
domain describes the model of Fig. 3.13b.

Where Q0 is the CPE coefficient and n is the exponent. When
n=1, the CPE becomes an ideal capacitor. In our case, n is equal, on
average, to 0.73 and Q0 is 8.5 × 10-10 F × s/rad.
Biological tissues have been proved to exhibit scale-invariant
properties and to be self-similar across multiple physical scales and
such properties are described in
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Fig. 3.12 Electrical characteristics of tobacco/20-MWCNTs samples
a. Electric field vs current density characteristic of the material. b.
Photograph of the sample with co-planar sputtered gold electrodes.

FIG 3.13 a. Real part vs imaginary part of the electrical impedance:
red dots, impedance spectroscopy relative to larger contacts; blue
circles, model simulation; violet dots, impedance spectroscopy
relative to smaller contacts; green circles, model simulation. b.
Schematics of the electrical model of the material. c. cross section
drawing of the sample sandwitched between gold contacts. d. Picture
of the top gold contacts (Area=4.34 mm2 and Area=10.46 mm2).
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the fractal dimension D (Ref. 87). Various models have been proposed
to explain CPE with fractal geometry [86].
A model of self-similar fractal electrode [88] gives a relation
between the exponent n and the effective fractal dimension D as
follows:

For a rough fractal surface, the fractal dimension D of the surface is
between 2 and 3, namely, the surface fills between two and three
dimensions [86]. The measurements were performed in sandwich
configuration with two different contact areas as shown in Fig. 3.13d
and are reported in the legend of Fig. 3.13a. The resulting D has on
average a value of 2.4. The obtained value of the relative dielectric
constant (εr) at a frequency of 100 Hz is 390.
Ca/20-MWCNTs composite was deposited on top of a silicon
substrate covered with a thick thermal SiO2 layer with co-planar gold
electrodes (0.6 mm apart). Dried samples were subjected to slow
temperature cycles in an electronically regulated oven whose
temperature was measured using a thin film thermo-element
positioned close to the Ca/20-MWCNTs composite sample.
Figure 3.14a shows that the measured current increases
monotonically with increasing temperature (steps of 25°C) up to
180°C: a linear thermo electric behavior was detected (Fig. 3.14b).
Due to the low value (about 400 µW) of the dissipated electrical
power of the sample obtained under these conditions, self heating can
be excluded.
The Ca/20-MWCNTs material contacted with gold electrodes
has a good stability and shows a perfect linear current-voltage
characteristics (Fig. 3.14c).
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Fig. 3.14 Ca/MWCNTs tissues temperature dependent electrical
characteristic. a. Ca/20-MWCNTs: temperature (blue line) and
corresponding sample current (red line) vs time measured during a
step-stress test up to 180°C. b. Ca/20-MWCNTs: current-temperature
characteristics of the sample. c. Ca/20-MWCNTs: current-voltage
characteristics at 26° (red circles) and 153°C (dashed line).
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3.2.4 Mechanical characterization
Samples of tobacco/20-MWCNTs material with a mass density
of 1.03 g/cm3 (ASTM D792) were cut into long strips (see Fig. 3.16a)
and eight sample tractions and five relaxation tests (ASTM D638,
ASTM E328) were performed. The behavior was essentially linearly
elastic with a mean Young modulus E = 90.54 MPa and a mean
strength σ0 = 2.99 MPa.
Values obtained for the Young modulus are similar to that of
low density polyethylene [89] while the tensile strength is of the same
order of magnitude of the modulus of wood in the fiber direction [90].

Fig 3.15 Mechanical charcteristics of tobacco/20-MWCNTs samples
a. Black lines: relaxation test for three levels of steady strain: 0.27%,
1.39%, 3%. Blue lines: fit with SL model; dashed lines are the initial
and the long term levels of stress.
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Fig 3.16 a. Photograph of a tabacco/20-MWCNTs bar during
mechanical tests. b. SL model schematics with: K1=E-Ke; Ke=82.51
MPa; µ=16.08 GPa × s
Relaxation tests were performed at room temperature to
determine the time dependent stress resulting from a steady strain. The
material is weakly viscoelastic. Figure 3.15 shows the results of a
typical test on a single strip. The parameters modeling the viscoelastic
behavior of the material were identified by adopting the LinearStandard (LS) viscoelastic model shown in Fig. 3.16b, whose
relaxation kernel G takes the form:

where Ke is the long term rubbery elastic modulus, E the short term
glassy modulus, τ is the relaxation time, t0 is the time at which the
relaxation starts and K1=E-Ke. The best values of the parameters Ke
and τ over the five tests performed, determined through nonlinear fit
of the data, were: Ke = 82.51 MPa, τ = 2002 s, thus µ = 16.08 GPa × s.
Comparison of the predictions of the LS model obtained by setting the
parameters to the values given above is shown in Fig. 3.15 (blue
lines).
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It is important to remark that the measured values of strength
and stiffness of tobacco/20-MWCNTs make such material suitable for
structural applications.

3.2.5 Optical characterization: a transparent and
conductive film
Figure 3.17c shows a photograph of a Ca/6.6-MWCNTs film on an
electronic components breadboard, contacted by sputtered gold
electrodes at the ends.
Figure 3.17d shows qualitatively the flexibility of the material
and, when placed flat, the sample reverted to the original shape.
Figure 3.17a shows the spectrum of optical transparency of the sample
using a white led as optical source varying from about 30% at 420 nm
to about 50% at 720 nm (50 µm). Since both MWCNTs concentration
and thickness of the Ca/6.6-MWCNTs are considerably lower than in
the case of the Ca/20-MWCNTs sample, previously reported, the
conductance is rather small (see Fig. 3.17b). Nevertheless, the
behavior of the current voltage characteristics is linear up to 500 V. In
summary, a procedure has been established, that explains how to
obtain cyborg tissues constructed with whole cells and carbon
nanotubes. These bio-materials are appropriate for electric engineering
applications since they have performances comparable to existing
CNT-composite materials [42,43].
Further, the reported cyborg tissues have values of mechanical
strength and stiffness that make such material also suitable for
structural applications.

3.3 Conclusions
A Candida albicans/multi walled carbon nanotube (Ca/MWCNTs)
composite material has been produced. It can be used as a
temperature-sensing element operative in a wide temperature range
(up to 180 °C). The Ca/MWCNTs composite has excellent linear
current-voltage characteristics when combined with coplanar gold
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Fig. 3.17 a. Ca/6.6-MWCNTs: optical transparency spectrum in the
visible range. b. Ca/6.6-MWCNTs: current-voltage characteristics up
to 500 V. c. Photograph of the Ca/6.6-MWCNTs on an electrical
components breadboard. d. Photograph of Ca/6.6-MWCNTs of a thin
film bent between two fingers.
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electrodes. Growing cells of C. albicans were used to structure the
carbon nanotube-based composite. The fungus C. albicans combined
with MWCNTs co-precipitated as an aggregate of cells and nanotubes
that formed a viscous material. Microscopic analyses showed that
Ca/MWCNTs formed a sort of artificial tissue. Slow temperature
cycling was performed up to 12 days showing a stabilization of the
temperature response of the material.
In the present chapter it was also presented a more general
procedure in order to obtain the proposed novel artificial materials
using, for example, also isolated tobacco cells in combination with
different concentrations of carbon nanotubes. The electrical,
mechanical, optical, thermo-electrical properties of these materials
have been determined. Using tobacco cells it has been obtained a
material with low mass density and mechanical properties suitable for
structural applications along with high high values of the electrical
conductivity. It is also reported about theoretical models both for their
mechanical and electrical behavior. These findings indicate a
procedure for next generation cyborg nano-composite materials.
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