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| ntroduction

In this thesis different techniques are used tapce sensors and bio
materials in which carbon nanotubes (CNTSs) playattéve role and
are the main molecules used to drive current andimlmechanical
stability. The work is organized as follows:

Chapter 1 describes the basics of the technology used wugspure
CNT sensors without any matrix. The Silicon dioxiflens onto
which the CNTs are deposited are characterizeddardo determine
their thickness and eventual defects. After depwsithe utilized
CNTs and their interconnection geometry are vigedliby a detailed
microscopy investigation.

Chapter 2 is focused on the stabilization of the electrical
characteristics of CNTs networks in an aluminumtacnmicro-gap.

It also reports the utilization of such structuasstemperature sensing
elements.

In Chapter 3 novel bio-nano-composite materials and their use a
temperature sensing elements are described. Fomdhera general
procedure to obtain cyborg tissue useful for meidanelectrical
and optical applications is also reported.

As one of the major skills while dealing wet depiosi of CNTs is
the preparation of the solution. Each chapter hadetailed
description of the used techniques and solvenfa(sants.

This introduction starts with a brief discussiogagling the
electrical conductivity of CNTs and on the factdhait affect this
parameter. Then in order to explore the reasonth@fchoice of
CNTs, examples of field effect transistor basedcarbon nanotubes
are given as one of the most promising applicatafn such
nanomaterials as new electronic components. Sueefssn this
introduction the state of the art of CNT based terajure sensors is
presented together with the new idea of using whadéogical cells
as matrices for material production.

In the last part of this introduction we focustbe production
of bio-materials with different cell types and flifferent applications
and thus introduce the new concept of cyborg tssue
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.1 Electrical conductivity of
car bon nanotubes networks

The electrical conductivitpf a CNT network without matrix alone or
inside a matrix as composite material can be desdriby the
percolation theory [1,2] and depends on a numbefactors. It is
strongly dependent on the CNT concentration suel fibr a given
composite it can vary by more than 10 orders of nmade in
dependence of such parameter [3]. In general akedcpercolation
threshold is observed as the minimum CNT conceatrdtom which
the conductivity starts to increase strongly.

An accurate model, however, has to take into @ucalso a
large variety of other parameters, as for examp&e CNTs aspect
ratio, the conducting type (semiconductor or medallof the
nanotubes and the type of interconnection betwe®n gingle
nanotubes [4]. In the case of linear low densitylygihylene
(LLPE/CNT) composite materials, modifications ofethsample
conductivity during high temperature thermal cyglimave been
mainly attributed to the improvement of the CNT-CNT
interconnections [5].

The effect of the nanotube/nanotube contact eesist on the
electrical conductivity of CNTs based nano-compmssihas been
studied using different approaches. As an exampleecangular
potential barrier in the insulating material betwe@o nanotubes has
been assumed for the calculation of the tunnelasgistance of two
crossing multi walled CNTs (MWCNTS) [6]. A detailedhalysis of
the electrical characteristics of CNT composites ahaking use of
low frequency noise spectroscopy, gives strongcatthns that the
resistance of the CNT-CNT interconnection is dorigathe overall
resistance of carbon nanotube networks (CNNs) rathan the
resistivity of the nanotubes themselves. In paldicthe 1/f noise in
carbon nanotube random network films has been fotmdbe
dominated by the percolation process [7].

Low-frequency noise spectroscopy has been applgmxto the
analysis of the interconnection properties of higlensity
polyethylene/MWCNT composites and fluctuation inelucinneling
(FIT) has been found to be the dominating mecharf&n®]. The
same holds in the case of Epoxy/MWCNT composité$. [Lhe latter
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system has a very low percolation threshold anirithermore very
attractive for electrical applications as for exdenps an electrical
heating element and as a temperature sensor witth gfability up to
200°C [11] and as microwave absorber [12].

In polymer/CNT composites due to the presence eintltrix, it is in
general difficult to obtain a clear microscopy imagf the
incorporated Carbon Nanotube Network (CNN). Thiklb@lso in the
case of high density pure CNT networks alone. Tioeee in order to
get a better insight into the CNT interconnectiorometry, it is
preferable to investigate also low-density CNT roeks without
matrix.

For example the geometry of a single junction leetwtwo
MWCNTs has been explored using SEM imaging andag bheen
found that in some cases a simple proximity of MM&/CNTs is
present. In this case the electrical characteristigibited rectifying
behavior which had been explained by the formatbra Schottky
barrier junction [13]. With respect to this aspettsthis thesis in
Chapter 1 the microscopy analysis of MWCNTSs networks cariteg
few nanotubes deposited by di-electrophoresis gorted. The
application of various microscopy techniques, ngmedcanning
electron microscopy (SEM), atomic force microscay+M) and
focused ion beam (FIB) microscopy has been usedrder to
investigate the interconnection geometry of sirjglections between
MWCNTSs.

1.2 The influence of the external contacts on
CNTsnetworks and devices

Contact material and geometry are crucial for thégpmance of CNT
based devices [14]. Most metal-CNT junctions behaware like
Schottky barriers rather than purely ohmic contaf§]. The
modulation of CNT field effect transistors for exalm is believed to
be rather due to the modulation of the electrongcrier at the
semiconductive CNT—metal contact interface by tippliad gate
voltage than to a modulation of the channel coraha itself [16].
Contact interface problems are often thought tothze dominating
source of electrical noise.
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This has been reported for example in CNT transsiwoth Ti/Au as
contact material where a large random telegraphasifpas been
observed and attributed to a defect located indifeén side of the
Schottky barrier [17]. In the case of an aluminuMiCcontact also
the presence of a thin aluminum oxide film, whicayntontain a high
defect density [18], has to be considered.

Random telegraph noise has been explained as doman
charging and discharging of defects in levels egtgrglly close to the
CNT Fermi level [19, 20]. Electrical bistability sérved in the
current-voltage characteristics of CNT/metal cotstas also often
exploited for electrical switching devices. An exden of such a
bistable device is the deposition of Ag-tetracyanogdimethane
(AgTCNQ) embedded between two crossed carbon nbestas
electrode contacts [21].

In devices where no bistability has been obsewmd metal
contacts to CNT devices show a good ohmic behawiageneral a 1/f
noise component dominates the low-frequency ngiseteum [22],
[23]. This noise component has been largely attetbtio the nanotube
network itself rather than to the external contacts

One of the most used techniques in literature tiegufoduce
pure nanotube networks is the di-electrophoresiscqes. The
construction of carbon nanotube field effect trattss (CNT-FETS)
for example, can be accomplished with proper tunigthe di-
electrophoresis parameters. Even the formationNdf Getworks with
predominately semiconductive characteristics has lzehieved [24].
Di-electrophoresis has also been shown to enaldergproducible
assembly of a single bundle of single-walled carbanotubes [25].

For the successful deposition, the type of suafsctthat
enables a proper solution of the nanotubes in theest is very
important. In the case of sodium-dodecyl-sulfatB$pthe surfactant
molecules form an ionic layer encapsulating theohaves by surface
adsorption and the nanotube-micella complex forrhad 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 MWCNTSs network inside an alwm gap. The
samples after an initial instability acquire an aebifpehavior and the
temperature dependence of the electrical condtctoould be well
described by the fluctuation induced tunneling nhode
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1.3 CNT based field effect transistors

One of the most promising field in which CNTs wally a major role
in the future is the realization of new types @nistors. The first
purely carbon based transistors were realized e@monds, (see for
example [27]). Then in the late nineties CNT basadsistors have
been realized for the first time [28] and becamdumgawithin few

years. An important division among CNT transistoesn be made
between single nanotube devices (see Fig.l.1lapemeral realized
with single walled carbon nanotube (SWCNT) or imgocases also
with multi-walled carbon-nanotube (MWCNT), and thosade of
carbon nanotube networks (CNNSs) (see Fig.l.1bgnEfthe history

of graphene based FETs is very recent (2004) [2@]y already
outperform the more consolidated CNT based trasrsistegarding
some specific performances. | will give a shortdrisal review and a
comparison of the most promising applications aofsth different
types of all-carbon based field effect transist(@se Fig.l.2). The
main reason for which carbon based structures ang attractive as
active material for FETs is because of the highiea mobilities that
have been reported for CNTs and graphene. In tee o& carbon
nanotubes a field-effect mobility of 79000 ¥s and an estimate
intrinsic mobility higher than 100000 éf's has been reported [30].

b)

Fig. 1.1. 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%/&t8) have been
reported by using a device structure, where a silayler of graphene

is suspended above a Si/gi€ystem as gate electrode and isolator
material respectively [31].

Last but not least, also CNNs based carbon-nanothbefilm
transistors (TFTs), deposited on a polymeric sabst have been
reported with rather high mobilities [32] as congmhrto the
alternative TFT technologies (organic material mogphous silicon).
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Fig. 1.2. Historical development of the maximum frequency (fr) of
carbon nanotube and graphene based transistors. The related article
reference numbers have been indicated.

1.3.1 CNT-based FET

In 2008 Chaste et al. reported on microwave frequeperation of a
top-gated single carbon nanotube transistor. Thayahstrated the
operation of a SWNT-FET up to a frequency of 1.6zGtith rather

high transconductance values and observed, that $egsitivity is

preserved and that gate capacitance scales wighlgyagths down to
300 nm. Transit frequencies as high as 50 GHz hbhgen

extrapolated37].
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[.3.2 CNN-based FET

Vaillancourt et al. reported in 2008 the realizatad a flexible carbon
nanotube thin-film transistor, fabricated solely Imk-jet printing
technology. The TFT was top gate configured. Asvacthannel
material they used an ultrapure, high-density (>€)1(0D\|Tsum2)
CNT thin film, as gate isolator an ion-gel dielectiayer and as top
gate electrode a poly(3,4-ethylenedioxythiophemgawnic layer. This
CNT-TFT exhibits a high operating frequency of oBeGHz and an
on-off ratio exceeding 100 [39].

It has been just over 9 years since graphene lelsettonic
devices were first reported, and since then a reabée progress
regarding its application for high frequency tratsis has been
achieved [40]. However, carbon nanotube basedistans, have also
reached a technologically relevant status and ialgbeir case high
speed operation has been demonstrated. CNN beamesistors, on
the other hand, can be easily deposited by low-quatting
techniques on arbitrary substrates and are rigpllimganic and
amorphous silicon TFTs in a wide range of applarai

.4 Novel CNT Bio-nano-composites and their
application

As mentioned before, CNTs are known to improve déhectrical
conductivity when used as fillers in composite mate [41] and
combined with different polymers matrices [42-44¢y can be used
as temperature sensors. CNTs are also known toaattevith cells
without causing significant decrease of viabilit§5] and when
functionalized they can cross cellular barrierg [46

CNTs alone, e.g. in a long suspended array, aigrnagerature
sensors with a high sensitivity [47]. Addition ofnaatrix to CNTs
generally results in a better long-term stabilityttee sensing element,
compared to pure CNT bundles or sheets.
It has been shown that polymer matrix compositegh sas
epoxy/MWCNTSs can be used as temperature sensowidearange of
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temperatures with an excellent stability and adinémperature-
resistance characteristics [42].

Cellulose, a structural component of the plant eall of
several algae and oomycetes, has also been usedorto
CNTsl/cellulose conductive composite materials tghothe formation
of a CNT network on the cellulose fibers [48]. Hwsg temperature
analyses were not performed on this material thougkhibited good
characteristics regarding its application as etestrignetic shielding
material [48]. In other experiments MWCNTSs wereadrporated by
electro-spinning in cellulose fibers, resultingam improvement of the
mechanical properties [49].

In this thesis (se€hapter 3) we used growing yeast cells ©f
albicans as matrix for MWCNTSs. Previously, studies on thgidity
of MWCNTs have shown that incubation of the yegegicharomyces
cerevisiae in the presence of MWCNTs had no effect on growtt a
on cell viability of this organism [50].

These authors tracked the distribution of fluoegsc
isothiocyanate (FITC) functionalized MWCNTSs insithe yeast cells
by fluorescence microscopy. Moreover, it was shdwnconfocal
microscopy, that MWCNTFITC had been internalized inside the
yeasts [51].

Functionalized CNTs, for their ability to pene&rat
inside the cells, have been used to deliver peptipi®teins and drugs.
In addition, functionalized CNTs do not elicit ammune response
when injected into an animal [51]. MWCNTs have beéso used to
deliver the gene coding for the Green FluoresceRoatein into
mammalian cells with little or no cytotoxicity [52]

The mechanism by which CNTs enter the cells remain
poorly understood. However, experiments using 3-[2cteon
tomography techniques have shown that functiondlize
MWCNTs were internalized individually in human lurepithelial
cells (A549), and primary macrophages cells via lorame wrapping
or by direct membrane translocation [53].

The aim of the work, described irh@pter 3 of this thesis is to
develop, using growing cells, a bio-structured nreomposite for
electrical applications. It has been reported thad bacterium
Pseudomonas aeruginosa immobilized MWCNTs and that the
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resulting structure could be used for bio absorptid heavy metal
ions [54]. However, the mixture was obtained usiegd bacteria.

The MWCNTSs/bacteria ratio was very high and thedicells
were fixed in a MWCNT based “bucky paper’ as shownSEM
images [54]. Though this was a good procedure deroto obtain a
paste, it is different from the experiments in tthigsis in which an
vivo self-structuring of an artificial tissue has bedserved.

Differently from mixing two powders, irChapter 3 it is
reported, how MWCNTSs were utilized to connect cells

The produced bio-nano-composite exhibits a lingrmo-
electric behavior in the range from 25° to 100°@ikir to pure
nanotube networks produced with the same type of QWWs
utilizing the same solvent [55].

If we look more generally for tissues, biologicalntponents
from different sources (e.g. collagen) hdeen used to obtain nano-
structured materials that are employed as synthstaffolds into
which biologicaltissues have been applied [56-60]. Bio-composite
materials for mechanical [6D electrical [62] applicationsave also
been produced.

Cyborg tissue is an open and promising field since
development of synthetic biomaterials will effectreatly the
production of new electronics and artificial madsi[56]. Scaffolds
that support cell growth and simultaneously monitefl activities
have been described [56].

Biodegradable three-dimensional (3D) structured serve as
short-term supports for cells and new tissue groldkie been also
formed with hydrogel [57] using inert synthetic molles such as
poly(ethylene glycol) [59]. Synthetic gels medidatee delivery of
trophic factors for neural cell repair [58].

An artificial heterocellular 3D architecture haseh used also
to monitor the molecular behavior of cancer ce8i3]]

In all these cases, however, the cells applieal tim¢ scaffolds
could naturally form tissues: so far no unicellubaganisms or single
cell lineages have been employed for tissue engmgpeeand a
procedure to generate cyborg tissue materials ceegpof whole cells
and carbon nanotubes for engineering applicatioas hot been
reported yet.

In Chapter 3 of this thesis a procedure is described, thatvallo
to obtain novel artificial materials using, for exale, either fungal or
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isolated tobacco cells in combination with diffareoncentrations of
carbon nanotubes.



Chapter 1

Substratesfor pure CNT networks and
microscopy investigation of CNT
Interconnections

In this chapter the technology used to obtain ELKE's networks is
described and the resulting structures are chaiaete A technique
to characterize the silicon dioxide defects, fornueniing electrical
breakdown of the isolating layer on the substratd d@s use to
produce photosensitive devices is reported. Preéingi methods to
produce aluminium contacts, CNTs solution, anddpasit and form
CNTs networks are also reported here. This aspétitbe analysed
more in detail in the followingChapter 2. The present chapter is
furthermore focused on a detailed microscopy ammlgthe CNTs
used and of their topology and connections indiéenetworks.

1.1 Substrate preparation and characterization

To obtain pure CNNs and use them as sensors tlegtiors of an
insulating layer on top of the substrate can befulisélere SiQ
represented the best choice for three main read9nsis relatively
easy to produce, when Silicon is used as a subsBatCNTs
normally exhibit a very strong adhesion to Si@yers 3) it is very
flat. However also a thermally grown SiQayer can contain
impurities that strongly affect its insulting prapes. In this section a
method to characterize this parameter in a novein@ais reported.
Using this technique an interesting procedure tonegge
photosensitive devices on a Si/$iGubstrate, without the need of
high temperature processes, has been found.

1.1.1 Introduction

Monitoring the current with and without illuminatioduring the
application of successively increasing voltagesaitMOS structure
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with impurity containing oxide layer, it was obsedv in-situ the
formation of a photosensitive device.

For some applications it is interesting to makectetaic
devices, based on a silicon substrate without tppliGation of
temperatures exceeding 200°C after the depositi@ansdicon dioxide
isolation or passivation layer. This excludes tlesgibility to use
either the classical method of dopant diffusion elevated
temperatures and also ion implantation for the temitormation,
because the latter technique requires a high teahyperannealing step
after implantation. One possibility is the depasitiof a hetero-diode
by the deposition of a non-crystalline silicon nmetleon top of the
crystalline silicon substrate.

A device of interest is a simple photodiode, thatymin
particular serve as a test structure for the silisurface quality.
Silicon photodiodes with a hetero-emitter are fgaraple based on
the deposition of a transparent conductive oxidé@J such as ITO
[63] or on the deposition of amorphous silicon op of the crystalline
silicon substrate [64]. It should be mentioned tthat latter device is
one of the most efficient types of silicon basedaisaells [65].
Recently it has been demonstrated that such a bfpéetero-
photodiode can also be achieved simply by spinkogaif an organic
nanocomposite thin film on top of the crystallindcen substrate
[66]. Other techniques for the realization of pltdbales are involving
a modification of the top silicon dioxide passieati layer. In
particular it has been shown, that the formationnahotracks by
proton irradiation of Si@ covered Silicon can be used for the
formation of electronic devices [67].

In the present paragraph it is presented a metbodhe
reproducible fabrication of photodiodes using theal breakdown of
an MOS capacitor with aluminum top metallizatiord aan impurity
containing oxide, that has been thermally growriognof a crystalline
silicon substrate.

1.1.2 Experimental

MOS structures were prepared oxidizing 575 um thisk00>
oriented, boron doped p-type CZ-Silicon wafers wathesistivity of
nominally 2-3Qcm. The oxidation process was performed at 1000°C
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for 120min and subsequently at 1185°C for 10mira furnace not
dedicated to this processes only with a high priibalof impurity

incorporation. The resulting oxide thickness wasasueed to be
109nm. Non transparent 100nm thick aluminum padgh van

rectangular geometry (see Fig.1.1) and an area rof’6were
produced by a lift off process. The back contasteder was placed
on a copper plate and the top contact pads weréacted by a
probing needle.

Blue Light
circle

Al
pad

6mm

Fig 1.1. Blue light spot and geometry of the top alumimpad.

The current-voltage characteristics of the MOS c#pa has been
measured with and without illumination at room temgture using a
Keithley 2400 source measurement unit. Light intgndependent
current-voltage characteristics were performed urtde different
illumination conditions: In the first case a whitght LED lamp with
a broad emission spectrum between 425nm and 776eenKig.1.2)
has been used for illumination and the optical polas been varied
using different distances (between 2cm and 30crvyden the device
under test and the lamp. In this case the siliecdosisate with an area
of 1cnf containing 6 different MOS structures has beamilhated
completely. The average light power has been détednusing a
calibrated Hamamatsu S2386-18K Silicon photodiode.

In a second illumination configuration, a blue LEBth an
emission wavelength centered at 470nm has beemrdlaca short
distance from the sample with an illuminated areanty 28mnf (see
Fig.1.1). The light intensity of the LED was chaddgy varying the



18 Chapter 1

LED current and measured using the calibrated @iliphotodiode.
The emission spectrum of the blue LED is showniglF3.
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Fig 1.2. Emission spectrum of the white LED light source.
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Fig 1.3. Emission spectrum of blue LED light source.

1.1.3. Breakdown formation

After a complete device characterization beforeraggtion in a
restricted voltage range of +-15V, a first incregsiand then
decreasing voltage ramp was applied up to 80V epssbf 1V. The
whole measurement cycle, shown in Fig.1.4, lastdg 80s. Up to a
voltage of about 50V, a relatively low dark curresft about 1nA
slightly dependent on the applied voltage was ofeskrlt should,
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however, be noted that the resulting conductivityghe oxide is way
above the value for a good thermal oxide. Thistwaattributed to the
effect of incorporated impurities, as already nmmtd in the
experimental section.

In the voltage range between 50V and 70V it carséen a
rather noisy current-voltage characteristics dugnéolocal breakdown
formation and self-healing effects. At 60V, thenfation of a first
current plateau of about 100nA and then around &®@écond plateau
of about 1pA are observed. Finally at 80V, completeakdown is
observed, resulting in a sudden strong increasthefcurrent to a
value of almost 1mA. During the subsequent measemnésn for
decreasing applied voltages the current remaingt hiith values
above 10pA down to an applied voltage of 2V.

103

current (A)

0 20 40 60 80
voltage (V)

Fig. 1.4. Dark current monitoring during an upward and dovaral
voltage sweep up to a maximum voltage of 80V.

In a subsequent experiment the formation of thequumductivity by
additionally illuminating the device with a blue DElight was
monitored. The measurement is shown in Fig.1.6aft be seen that
below the first breakdown at 40V the device is plobtosensitive. A
very similar development of the dark current witlsreasing voltages
as in the earlier reported case (Fig.1.4) is olesemwith the second
plateau reached at about 55V. Between 50V and @@/ ratio
between photo-and cark-current increases linearly value of about
80 and remains stable until the second breakdovwaurscslightly
below 90V.
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Comparing the photo- and dark-current during therelasing
voltage sweep from 90V down to OV (Fig.1.5), thehast ratio
between photo- and dark-current is found for applioltages
between 2V and 10V. It has been shown in literatihat the
monitoring of dark- and light current-voltage claeaistics during
degradation of vertical cavity surface emitting aedge emitting
lasers due to electrostatic discharge pulse apjicgives valuable
insights into the device degradation mechanism®&8Furthermore
also the defect induced formation of high photaigan pin-
photodiodes has been reported [70].

current (A)

0 20 40 60 80 100
voltage (V)

Fig 1.5. Dark (Solid line) and blue LED illuminated (dashiee)
current monitoring during an upward and downwardtage sweep
up to a maximum voltage of 80V.

1.1.4 Photo detector characterization

In Fig.1.6 the current-voltage characteristics loé degraded MOS
device, whose formation has been monitored befeee €ig.1.4) is
shown with and without illumination with the whitight source for
different light intensities. The light intensitibsive been referred to a
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Po value, corresponding to an optical power density about
25mW/cnd.
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Fig. 1.6. Current-voltage characteristic measured after cetation
with and without illumination with white LED lighktith different
intensities.

10

photocurrent at 10V (A)

10 ‘
10° 10 10°

calibrated photodiode photocurrent (A)

Fig. 1.7. Dependence of the photocurrent generated in ti@SM
structure for an applied voltage of +10V to the topntact as a
function of the light intensity, as measured by {fffetocurrent
generated under short circuit condition in a calbed photodiode
with identical illumination conditions.
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The photo- to dark-current ratio is strongly inwieg between 1V and
5V and saturating between 5V and 10V. When plottiting
photocurrent values at an applied voltage of 10\& &snction of the
calibrated reference photodiode current a power-lzahavior is
found.

210" —— e
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| -=-= 20mA blue LED I.’__.--' P i
l:-"- ~
74
— 4 I
< 1107+ i i
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/
5 I~ —
o
0+ i
-5 10'5 | | | |
-4 0 4 8 12
voltage (V)

Fig. 1.8. Photo generated current in the sample device fametion
of the incident optical power.

The behavior of the photoresponse of the struduigue light with
470nm wavelength is shown in Fig.1.8. There israngt increase of
the photoconductivity with increasing voltage betwed.5V and 2V,
followed by a region, where the photocurrent valgestrongly
dependent on the incident light power.

Again the dark and light current-voltage charastes in this
latter voltage range are parallel. This suggessriterpretation of the
results by the formation of a local p-n junctiordam parallel shunt
resistance. The absence of primary photocurrer@aapplied bias
may be due to the additional existence of a blagkiontact.
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It should be mentioned, that this devices are byneans optimized as
photoreceivers, because the top metallization igraasparent for the
light.

This means that lateral diffusion of the photoeast
generated in the silicon substrate, to the eledtraontact region
substrate has to be accounted for.

1.2 Microscopy of carbon nanotubes

In recent years a very large amount of data has lmedlected
regarding devices formed by MWCNTSs in polymer matas well as
single nanotubes.

In contrast very little investigations exist oveanotubes
networks constituted by a small number of MWCNTisthis section a
detailed investigation of the long time stabilitgdhesion to the
surface and topological structure of the intercatinoas between
MWCNTs has been donélhree different microscopy techniques,
Focused lon Beam (FIB),

Scanning Electron Microscope (SEM), and Atomic deor
Microscope (AFM), were used in order to investigatke
interconnection of MWCNTs deposited by electropbmeon a
thermally oxidized silicon wafer with aluminum migap structure.
SEM, AFM and FIB imaging revealed ameresting interconnection
morphology between the drop casted MWCNTSs.

In particular it was foundhat in some cases the MWCNTs
were connected to each other in a twisted georkeiithermore a
good stability of the sample has been observedimpgoa strong
adhesion of the tubes to the $8Drface.

1.2.1 Preparation of the sample

Two aluminum contacts with a gap ofufi (see Fig.1.9) were
prepared using a lift off process on top of a thalynoxidized

(200nm thick Si@film) p-type silicon substrate with a conductivif

200hmcm.
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b) a)

Fig. 1.9 Lateral structure of the used substrates with @ragap,
realized by Aluminum evaporation on top of a p-tgieon substrate
covered by a 100nm thick SiCGa) Mask design, three gaps inside
three stripes are connected to 25friarge contact pads b) zoom into
the stripe regions: triangles at the stripe endsemdesigned c) right
end strip with a am gap d) SEM picture of the micro gap region e)
photo of a finished substrate contacted by contamdles before
electrophoresis.

A small quantity of MWCNTs has been added in higtsionized
water with 1% sodium dodecyl sulfate (SDS). Theausoh has been
sonicated for 20min at room temperature. A smatipdwas taken
from the supernatant part of the solution in order to avcigster
residues and deposited on top of oxidized silioeafer substrate
heated to a temperature of 50TQuring casting, electrophoresis was
performed to drive MWCNTSs into the gap by meansadfinusoidal
electric field with a frequency of 15MHz and an dmople of 10V,
using a HP 33120A waveform generator.

The AFM Measurements where performed in Salernwérgity with
an AFM of the following characteristics: Bruker dinsion 3100, with
controller Nanoscope V. Images were obtained ipitagpacquisition
mode with a tip with final reduction of 1-2nm and&an rate 0.5 Hz.
The SEM and FIB pictures were obtained by usingbADBEAM
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FIB, located at the TU Berlin. This FIB using a Gax beam for
imaging, is also equipped with a SEM. Since MWCNdan be
assumed to exhibit metallic behaviour the imagesewebtained
without covering the sample with a conductive lay&he FIB

Imaging is due to the secondary electron emisdiorour case the
image shown was obtained with an incident ion besith 30kV

voltage and 4pA current.

1.2.2 Investigation of the MWCNT s inter connection
geometry

During the MWCNTSs solution preparation at the begig of the
sonication process the MWCNTs were massed in fearanalusters
thus the water resulted transparent. At the endhef sonication
process the water became darker because the MW@dfes nano-
dispersed. Electrophoresis revealed to be a marydatmcedure
during casting of MWCNTSs. As the substrate wasédtbad permit the
water to evaporate, electrophoresis permitted twdathe complete
accumulation of the MWCNTSs on the circular edgehs drop once
the water was completely evaporated.

EHT = 4.00 kV Signal A = SE2 Date :26 Feb 2011
WD = 4.7 mm Photo No. = 2724 Mag= 419X

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

’ it DERRTS
gE Beam Spot Magn WD Exp
B 00 kY 30 3500x 50 28 CNT_E_1_Single CNTper 2_b2deg
- T e i

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 inteneations and in the
upper left corner three single tubes connecting buadles can be
seen. Since the image was taken using an eleceam it is possible
to see the voltage contrast effect for which darkdres are to be
considered electrically isolated while brighterd@abare connected to
at least one of the grounded aluminium electrodésving further

away from the center of the drop passing the edgani be observed a
region where the concentration of tubes is sensilvler and thus it is
possible to identify single connections betweeresubin Fig. 4 three
main tubes connected to each other twisting at #rel are observed.
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2 um

2 um

Fig. 1.12 FIB, SEM and AFM images of few interconnected MWEN
forming a loop a) lon Beam image (FIB). Voltage:8DKCurrent:4pA,
Working Distance: 16.5. Angle of the sample: 52°SBHM image.
Voltage: 3KV, Working Distance: 5. Angle of the pemQ°

c) AFM amplitude error image. (Acquisition modeppang, tip final
reduction: 1-2nm, scale: 20mV, scan rate: 0.5 Hz)

The resulting cord is disposed in a circular shape geometry of
one of the interconnections between MWCNTS is seanore detalil
in Fig. 1.13 and Fig. 1.14.
This connection exists between two of the main subescribed
before. The junction is clearly visible in the ineagtaken with the
sample plane tilted by 52° (see Fig. 1.12a and Ei§j3). When the
sample plane is not tilted a third tube becomewbleigFig. 1.12b,c
and Fig. 1.14). Further observation permits to tiferthe nature of
the connection between tubes.

Proceeding from left to right in Fig. 1.13 thesfirtube is
winding over the successive one and terminatindy \@itprotruding
part heading down right the image frame. This tuste seems to
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500 nm

Fig.1.13 SEM image of the contact region between 2 singl¢QWTs
within the CNT loop shown above.
(Voltage: 3,5kV, Working Distance: 5, Angle of saeple: 52°)

Fig. 1.14 AFM height image. Acquisition mode: tapping, Tipal
reduction: 1-2nm, Scale: 15nm, Scan rate: 0.5 Hz



Chapter 1 29

elevate from the silicon dioxide plane in the isgation part. The
second tube in the image starts in the centralpaft of the picture
and passes below the first tube.

The elevated part of the winding is observed ig. Bi.14, in
comparison with Fig.1.13: the brighter parts of thege represent
higher segments proving the consistency of the gégyndescribed
before. A third and smaller tube is also preseiign 1.12b,c and Fig.
1.14. Since this tube is not visible while the skms tilted as
mentioned before, and it looks dark in the AFM heighage (see Fig.
1.14), it is possible to conclude that it lays melive junction of the
two main tubes and it is not involved in the ribbWiery high stability
of the sample has been observed. SEM and FIB asalysere
performed in Berlin while AFM acquisition has bedone 6months
later in Salerno. No changes in geometry occurnedipg that the
adhesion to the Si&surface of the pure MWCNTSs was very strong.

1.3 Conclusions

The formation of a photosensitive device due toltlval breakdown
in an MOS structure with an impurity containing @xilayer has been
monitored. A stepwise breakdown of the oxide lang=ulted in the
formation of a diode like characteristics with et on stable current-
voltage characteristics.

Under illumination with white and blue light it waound a
high photosensitivity of the resulting structureolpably due to the
formation of a local p-n junction due to out-diffois from the oxide
of n-type dopants into the underlying silicon sudng.

Using a blue light LED illumination during the mtoring of
the device formation enables the identificatioriref moment, when a
high ratio between photo- and dark current is oletdi After these
experiments a good oxide was produced and test®CNITs had
been deposited by casting electrophoresis on toipiobxide.

Using three different microscopy techniques: ngm&FM,
SEM and FIB, the geometry of the interconnection af single
junction between the deposited MWCNTs has beenstigeted in
detail. A very particular twisted interconnectiorognetry has been
observed. Furthermore a strong stability of the ganin time has



30 Chapter 1

been observed proving a strong adhesion of thestoler the SiQ
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 solutoyre of the most
critical steps is the use of an appropriate suafac{71]. Sodium
Dodecyl Sulfate (SDS) is an efficient surfactant @NTs in water
and after the deposition, once CNTs have been tiyeechn der Waals
forces on the surface of the sample, it can be veohdy rinsing with
water. Scanning electron microscope (SEM) imagethefsamples
prepared using a SDS containing water solutionaledeno evidence
of residual SDS after washing.

For the preparation of the solutions SDS was addeahilliQ™
water in concentrations of 1% or 10% weight in voé&u MWCNTSs
were added to the solution and the mixture has benitated at room
temperature for 20min. The wused carbon nanotubegse we
commercially available non-modified type “3100” C8ITfrom
Nanocyl, with a typical length of 0.1-46 and a typical diameter of
10nm. At the end of the sonication process the mratilts darkened
in proportion to the percentage of the SDS. Thé&etdang revealed
that the nanotubes clusters were unfastened andwbee dispersed
uniformly in water. Since some cluster residues refstill present in
the solution, the solution was centrifuged at 4p@0for 10min. At
the end of the centrifugation process only the swgiant part of the
solution was taken.

The solution obtained, as described above, carcdmsidered
saturated of MWCNTs and the CNT concentration ia $olution
depends on the SDS concentration. The absorbaremrapof the
solution after sonication and centrifugation foe golution with 10%
SDS was also measured. The second solvent usedawasture
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composed of 70% ethanol and 30% dimethyl sulfoX@SO). The

MWCNTSs were added and the mixture sonicated form2@. In this

latter case the solution was not centrifuged amdag visible that the
MWCNT clusters where not properly unfastened. Tokiton was

diluted in MilliQ™ water in order to obtain a finabncentration of
1% in volume.

Differently from the solution, prepared with SD$)e one
prepared with ethanol/DMSO in water appeared filtlasters in a
transparent medium.

When depositing this solution only the transpagart was taken
and this resulted in a MWCNTs network with a veswInumber of
nanotubes.

Sample | Solvent/ Medium | Casted | Voltage | Frequency | Time of
No. Surfactant Volume DEP
1 SDS MilliQ Tl 10Vpp | 15MHz 7min
water AC
2 SDS MilliQ Tul 10Vpp | 15MHz 7min
water AC
3 Ethanol MilliQ 1ul 10Vpp | 15MHz 7min
DMSO water AC

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

2.1.2 Aluminum gap and substrate

Two aluminum contacts with a gap qir8 were prepared using a lift-
off process on top of a thermally oxidized (147 timck SiG; film) p-
type silicon substrate with a resistivity of @@m.

The layout of the contact geometry has been showiig. 2.1. The
oxide thickness has been measured by spectroselipgometry and
the electrical properties of the Sityer and of the SigSi interface
as well as the silicon doping concentration havenbagetermined by
capacitance spectroscopy measurements.
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Fig. 2.1 Layout of the aluminum contact structure withy@3wide
gap in the center region.

2.1.3 Casting di-electrophoresis

During the experiments overall 40 depositions weeeformed. For
the preparation of samples 1 and 2 here reporeatiahl procedures
were used (see Table 1).

OnepulL of the SDS solutions was casted on top of then 3vide
micro-gap region and guided the MWCNTSs into the d@pa di-
electrophoresis process, where a AC sinusoidatradacsignal with
an amplitude of 10Vpp and a frequency of 15MHz basn applied
for 7 min.

2.1.4 Networ k mor phology

A compaction of the material along the lines of #lectric field
and in particular at the centre of the micro-gap been observed (see
Fig. 2.2a). A carpet network of MWCNTSs is foundtire micro-gap
(see Fig. 2.2¢).

It can be clearly seen that the number of MWCN7Verahe
contacts is large and that their distribution igeuniform. It can be
also observed that there is no significant presesicéfWCNTSs
outside the region of interest.

When the samples were completely dried after mggtiey were
subsequently rinsed with MilliQ™ water in order temove the
solvent and then dried again.
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Fig. 2.2. SEM images of sample 1 with a MWCNTSs “carpetthe

micro-gap region. The sample has been prepared @Ni's solved
with the addition of SDS as surfactant in water M)VCNTSs inside
the aluminum contact gap structure. b) Zoom of ¢benplete gap
region. c) Further zoom inside the gap region (alwm

metallization in the lower part of the image).

2.1.5 Characterization equipment

Room temperature electrical characteristics wheréopmed using a
Keithley 2400 source measurement unit. The elebtmgsis has been
performed using a HP 33120A function and arbitraayeform
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generator, applying the AC voltage during the fuie of the first
drying process.

All the temperature dependent electrical measurésnevere
carried out in a closed-cycle refrigerator systama wide temperature
range between 8K and 325K. The temperature wadistabusing a
GaAlAs thermometer and a resistance heater, wiéeh htblp of a
computer controlled PID loop which ensures a tewrupee stability
during the measurements of better than 0.1K. Thepkatemperature
has been measured using a Cernox resistor therrapnmetontact
with the sample holder. The detailed descriptiorthef experimental
setup is reported in [72]. Resistance versus teatyer R(T) curves
have been taken in current-pulsed mode and thagetrop has been
measured with a digital multimeter.

Secondary Electron Microscopy images have beemtakeg a
FEG-SEM (Field Emission Gun-Scanning Electron Msoape)
model Inspect F from the FEI Company, based oneantal field
emitter ZrO/W filament (Schottky type) and equippedth a
Everhardt-Thornley Secondary Electron Detector (5HDe nominal
microscope resolution is 3nm at 1kV in high vacuséx10* Pa), the
acceleration voltage is tunable between 200V ak¥y/ 2hd 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 rafter the formation
of the networks by di-electrophoresis. The eleatriiteld has been
applied in order to form nanotube networks onlyhimtthe micro-gap
region while the casted drop was drying at roompterature. After
drying the residual surfactant in the case of SIS washed and the
sample dried again. After the second drying it Ib@sn measured the
first current-voltage characteristics. The influenof the washing
procedure did not affect the previously formed wuek. During
experiments very high stability of the CNTs hasrbebserved and no
changes in geometry occurred, proving that the sidheof the pure
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MWCNTSs to the SiQ surface was very strong. It has also been tried
to move the CNTs by means of an atomic force maaps (AFM) in
contact-mode without any modification of the sturet The first 10
current-voltage characteristics show strong elegtrinstabilities (see
Fig. 2.3a and Fig. 2.3b). Each |-V scan was peréatnirom -10V to
10V and back. After these first 10 current- voltagmaracteristics a
current in time measurement was performed, applyngonstant
voltage of +10V (see Fig. 2.3c). The sampling timas 0.1 sec.
During the first 180s the oscillations where fagkem the sample rate
and the amplitude of the current noise was arol8d 8f the average
current value. Between 180s and about 500s, ba&tuéncy and
amplitude of the noise slowly decreased. It canobserved the
presence of three periods of relative low noisaiesland discrete
current levels interspersed in time segments wighdr noise values.
After 500s 4 different discrete levels of the saenplrrent can be
seen.

After this application of a constant voltage focertain time, it
can be found a stabilization of the characteristcshe sample that
started to exhibit a simple resistive behavior withhysteresis (Fig.
2.3d). In the case of samples produced by ethamM&D solvents,
resulting in a very low concentration of nanotubiesthe gap region
(see Fig. 2.4a), it was not possible to obseneeformer observed
stabilization of the current-voltage characterstiand no simple
ohmic behavior (see Fig. 2.4b). One of the explanat for this
phenomenon can be found in considering that whbig aaumber of
CNTs-metal contacts is involved it is more probatilat some of
them can have large contact area on the metalhiB dase the
electronic structure calculations, reported inréitare, suggest a better
electronic coupling between the electrode matenal the MWCNTSs
[73], [74]. In particular Anantram et al. find thalhe physics of
CNTs/metal conduction depended also on the dianodtédne CNTs
[74], and the latter parameter in our case vartatisically around
10nm. In addition, the random telegraph noise behaf the current
in a CNT field effect transistor has been explaireesd a random
charging and discharging of defects located irstlieon dioxide layer
and energetically close to the CNT Fermi level [19]

In our case the presence of aluminum oxide at itherface
between aluminum contact and MWCNTSs could playstr@e role at
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Fig. 2.3. a) First current-voltage characteristics of sample 2
measured at room temperature (both measurementtaires). b) 2nd
to 10th room temperature |-V characteristics of pém2. c)
Monitoring of the sample current with a fixed apglivoltage of +10V
after the termination of the previous 11 currentage scans
between -10V and 10V d) Current-voltage charactiesg(solid line:
from negative to positive voltages and dashed linrem positive to
negative voltages), measured after the stabilimafwocess with a
fixed applied DC voltage of +10V, as monitored ig.R2.3c).
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Fig. 2.4. a) Scanning electron microscope image of sampigl8few
nanotubes in the gap region .b) First current-vgiacharacteristics
of sample 3, measured at room temperature (botAsomrement
directions, as indicated by the arrows).

the contact interface. Regarding the stabilizatainthe electrical
characteristics, contacts with very low resistangetween an
individual single-walled carbon nanotube (SWNT) g@adladium (Pd)
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electrodes have been obtained using electric-ctimmenced Joule
heating. [75]. The authors deposited SWCNTs ontelBctrodes pre-
patterned on a SiIBi substrate, and achieved the elimination of the
tunneling barriers between the SWNTs and the eldets through
annealing [75]. In the case of semiconducting SWNfe Schottky
barrier is estimated to increase slightly aftecleal pulse annealing

in some cases, resulting in a relatively high tesse and
asymmetrical current-voltage characteristics [75].

This could be a possible explanation for the $taion of our
MWCNT random network, as the application of a canswoltage of
10V can cause local heating and annealing of theotoae-metal
interface.

Since the MWCNTs have not identical electrical pamies, for
some of them the barrier can be decreased by heatid for others
increased. Finally the effect of aluminum contacts SWCNTs
transistors with 300nm contact distance has beegploeed and
compared to those realized with with palladium &tahium contacts
[76].

Aluminum contacts resulted in the lowest currendaXimum value
of about 5L0®A) [76]. In our case with a distance qfr@ between the
aluminum contacts the current is in {b&-range.

2.2.1 Stable characteristics and temperature behavior

Investigation of sample 1 was performed when alsthbhavior was
reached. In particular, the temperature behaviothef network has
been studied. As clearly evident in Fig. 2.5a arib2a decreasing
resistance with temperature is found in the whalestigated range.
This behavior can be interpreted in terms of d#fertheoretical
models, used in the case of MWCNTSs networks. Itiqadar the most
commonly considered are: 1) Luttinger liquid (LLA7], 2) variable
range hopping (VRH) [78], and 3) fluctuation indddenneling (FIT)
[79]. While LL and VRH models completely fail inpeducing the
measurements (see the dashed and dotted curvesctresly, in Fig.
2.5b), a qualitative agreement between FIT anceperimental data
points is observed (clearly shown by the solid ewf Fig. 2.5b). The
lowest reducedyx® and the highest coefficient of determination r
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values, reported in Table 2, support the choicd-ldf as the most
appropriate theoretical interpretation of the ekpental temperature
dependence. This is not new and surprising, simo#as results have
already been shown for HDPE/MWCNTSs composites [8H8Bwever,
the values of the fitting parameters seem to beifsigntly different
from those found in other carbon nanotubes compgymdbably due
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Fig. 25. a) Current-voltage characteristics of sample 1 eaft
stabilization, measured at three different tempares for the

structure shown in Fig. 2.2. b) Resistance as atfan of temperature
of sample 1 after stabilization measured with arpliol constant

current of 0.2A. The curves represent the best fit of the consite
theoretical models to the data.
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to the possible presence of high-level contactiéa@rin the system
here studied. Although solid interpretation is Istihissing, the
suggestions of previous literature [80], togetherithw the

considerations described above, lead us to redsdirnvestigated
device as a random resistor network in which tlststers are located
at the junctions between carbon nanotubes and didesnare the
conducting pathways connecting different junctionkat is the
nanotubes themselves.

Model z°values r? values
Luttinger liquid 445x10%  0.9006
Variable range hopping 823x 101  0.8163

Fluctuation induced tunneling 1.43x10°  0.9996

Table 2.2. Reducedy® and coefficient of determinatiorf walues,
resulting from the fit of the experimental resistestemperature
dependence for the same sample as in Fig. 2.5b).

2.3 Conclusions

In this chapter the techniques used for the cocstiu of temperature
sensors based on pure MWCNTSs network were reported.

The MWCNTs were deposited from two different swins
leading to different results regarding their morplgy: an almost bi-
dimensional “carpet” of MWCNTS, and a network corsgw of a very
limited number of MWCNTSs. The “carpet” was obtainedh a 1%
SDS solution in MilliQ water saturated with MWCNTSs.

This type of solution described in paragraph 2vias very stable
in time and very reproducible networks could beiedstd. For this
reason the SDS solution has also be used as gtantterial for the
preparation of the bio-nano-composites, as will teported in
Chapter 3.

All the pure nanotube networks were deposited hy d
electrophoresis inside an aluminium contact gaphwat contact
distance of 3um.
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After the deposition the temperature dependendweciivity of the
MWCNTs “carpet” inside the aluminum contact gap hasen
determined. The temperature behaviour of the cdndiycshows a
good qualitative agreement with the fluctuationuoed tunnelling
model for disordered materials.

A rapid reduction of the random telegraph noisesent in the
virgin devices has been observed after relativebrtsapplication of a
constant voltage. This increases the possibiliteesuse aluminum
contacts for electronic CNT devices like sensorisene high current
levels are not required.

When a different solvent has been used, thattexbih a much

lower concentration of CNTs in the micro-gap, abldaelectrical
behaviour has not been achieved.
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Bio-nano-technology and tissue
engineering for electronic and
mechanical purposes

In this chapter a new concept is introduced: thesjodlity to generate
new materials useful in a wide range of engineeapglication from
whole biological cells and CNTs. In the first paia@gth it has been
investigated, if it is possible to use fungal cédlgproduce temperature
sensing elements while in the second paragraph ee rgeneral
procedure involving for example also isolated celfstobacco has
been explored.

3.1 CandidaalbicanssMWCNTSs: a stable
conductive bio-nano-composite and its
temperature sensing properties.

This paragraph focuses on the first successful ymtomh of an
artificial tissue producedn vivo with whole fungal cells and
MWCNTSs. As it will be emphasized jparagraph 3.2 this can be seen
as the first prototype of a cyborg tissue. Howedigferently from
what is found with the general procedure proposedi @chieved in
paragraph 3.2 in this case no “stand alone” material is produbat
rather it is applied on top of a Si@yer with gold electrodes like pure
CNT networks seen earlier in this thesis. Neveetsethe element can
be used as temperature sensor and its performantetier with
respect to the pure CNT network devices, especiagarding the
stability of the electrical characteristics.

3.1.1 Sample production and mor phology

C. albicansyeasts were grown in suspension and agitation &@ #%
RPMI medium and cells, used for this experimengreacollected at
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an absorbance of 0.36 @@ Commercially carbon nanotubes (non-
modified type “3100” Multi Walled CNTs from Nanoc¥), with a
typical length of 0.1-1Qum and a typical diameter of 10 nm were
used. The CNTs were dispersed with 1% sodium dddeayate
(SDS) in MilliQ™ water. CNTs were added to the S8&fution and
left for 150 min. The CNT suspension was sonicagdroom
temperature for 20 min, the supernatant was celieand allowed to
form a precipitate for 18 hrs. Then the supernataas collected,
centrifuged at 10,000 rpm for 5 min at room tempee and the
obtained supernatant was collected again.

The suspension obtained is saturated with CNT= flimal
CNT concentration depends on the used SDS contentraAn
amount of 75Qul of CNTs were added to 3 ml &f. albicansculture
with a 20% final concentration of the MWCNT suspensin the
growth medium. After incubation at 25°C for additz 24 hrs the
artificial “tissue” was collected and deposited wtite coplanar gold
electrodes, evaporated on top of the oxidized p-sipcon substrate.
The distance between the coplanar contacts wasi®.6

After deposition of the material, the device wagedl for 24
hrs at room temperature. For control experimenBMRmedium with
SDS both with and withou€. albicang after growth,C. albicans
alone was centrifuged and the I-V characteristiecrewmeasured
before drying. However, in this case cells did fooin a mechanically
stable layer. Instead they formed a layer thatim hours fragmented
and pulverized upon drying.

All electrical measurements &faMWCNT composites have
been performed in a two point-contact geometry gisanKeithley
model “2400” source measurement unit. Secondarycti©le
Microscopy images were obtained using a FEG-SEMI@HEmMission
Gun-Scanning Electron Microscope) model from InsgecFEI Co.,
equipped with a Everhardt-Thornley Secondary EbectDetector
(SED).

It was attained a spontaneous aggregatidd. @ibicanswhen
cells were incubated for 24 hours with MWCNTSs. Ttained black
precipitated viscous material was pipetted out disgosed on a SO
surface.
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Fig. 3.1 Microscopic images of Ca/MWCNTs composite matéaal
Optical microscopy image (magnification 800x) of /M&VCNTs
material (b) Secondary electron microscopy imageCafMWCNTSs
material (magnification 3,954 x) (c) Detail of CalMCNTs
interaction (SEM image) (magnification 42,739 x).
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When observed by optical microscopy the mategaémbled
an artificial tissue composed of highly packeds@Hig. 3.1a). In Fig.
3.1b the effect of cell drying is manifested by ith&ghost cell”
appearance.

A rather specific physical interaction between MM/I& and
C. albicanswas observed by electron microscopy (Fig. 3.1a) an
emphasized by red arrows, suggesting that theveall (the most
outer part ofCandidaand other yeast cells) may play a major active
role in establishing a CNT network and in its diahtion.

3.1.2 Thermo-€electrical characterization

The Ca/MWCNTs composite was deposited on top ofiliaos
substrate covered with a thick thermal gi@yer with coplanar gold
electrodes (0.6 mm distant) and the dried sampka® wubjected to
slow temperature cycles in an electronically retpdaoven whose
temperature was measured using a thin-film theremeht positioned
close to the Ca/MWCNTs composite sample.

All the measurement presented here were perfororech
single sample, however, sets of 3 independent &wpats (not
shown) have been done and each tested materialeghsunilar
behavior. Fig. 3.2 shows the monitoring of the otemperature (blue
solid line) and of the resulting sample currentl (dashed lines) when
applying a constant voltage of 1 V. Due to the Malue (about 600
uW) of the dissipated electrical power in the sangdi¢ained under
these conditions, self-heating can be excluded.

The total measurement time was about 12 days. Ewnde,
except the first two, was performed with a 12 hquer

The temperature was cycled between a lower valugseC
and a stepwise increasing upper value, varying B06M(12 cycles) to
75°C (4 cycles) and finally 100°C (6 cycles). Theasured current
(see Fig. 3.2) increases monotonically with indrepgemperature
within every cycle. Furthermore, the room tempeamatturrent value
after each cooling period strongly increased dutirefirst 12 cycles.
The same occurred during steps, coinciding withnanease of the
upper cycling temperature (after about 6 days addy8).
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Fig. 3.2 Slow temperature cycling of Ca/MWCNTs composite
material. (a) Sample Current (red dashed line) awén temperature
(blue solid line) as a function of time. Tracing @i days of
temperature cycling is reported. Sampling time: $86.
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Fig. 3.3. Two additional temperature cycles from 25° to 1DG@ffter
stabilization of the sample. Sample current (redhdal line), oven
temperature (blue solid line). Sampling time: 16 se
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Fig. 3.4. Current vs temperature, for the two cooling cyalegorted
in Fig. 3.3. Blue dashed line: first cycle, yell®slid line: second
cycle.

The increase of the relative room temperatureeatirvalue
was, however, less pronounced during the cycleh &t upper
temperature of 75°C. An almost stable behavior been observed
during the cycling period with an upper temperatuakie of 100°C,
after the completion of the first cycle. This pheremon may be due
to a release of humidity of the sample or to tharmsngement of
CNTs and theC. albicansnetwork. After stabilization of the sensing
response, a very regular monotonic increase ofstraple current
with increasing temperature was observed. Afterda¥s of slow
temperature cycling, two additional temperatureleyd1l additional
day) with an upper cycling temperature of 100°Cengerformed with
a better time resolution (see Fig. 3.3). A curmgaturation during the
constant high temperature period was observedywhbah returning to
room temperature the current tended to furtheredesa. This is also
evidenced in Fig. 3.4, in which the sample currsnshown as a
function of the oven temperature for the two cagliperiods only,
with sample and oven temperature in equilibrium.

Here it can be observed an almost linear corpiatietween
sample temperature and sample current from 10@0t€ (slope of
+630 nA/°C) and a stronger dependence (about 4stitmgher)
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between 40° and 25°C. Subsequently, it was meagthecaurrent-
voltage (I-V) characteristics of the sample at fodifferent
temperatures. A perfect linear characteristicstieesn obtained for all
4 temperatures with a linear regression correlatoefficient R2
equal to 1, as shown for example for the measureate2b6°C in Fig.
3.5. The same figure 3.5 shows control experim@RBMI medium
with SDS both with and without C. albicans), in aiino significant
electrical conductivity was detected. Fig. 3.6v88@n enlarged area
of the |-V characteristics at 4 temperatures amnslightly different
slope value. Finally, in Fig. 3.7 temperature dejegice of these slope
values is shown. A 10% increase of the currentevatian applied
voltage of 1 V was observed at 100°C, when comptueitie value
obtained at 25°C. This novel Ca/MWCNTs materiahtected

1E+02 - /
&"‘ /
==
Z1E+00 -
=
2
S
©1E-02 -
A RPMI+SDS
RPMI+SDS+C a.
RPMI+SDS+MWCNTs+C.a.+Linear Fitting
1E-04 ‘ ‘ ‘
0 0,25 0,5 0,75 1
Voltage (V)

Fig. 3.5 Current-voltage characteristics of Ca/MWCNTSs cosif@
material (a) Black dotted line: Current-voltage chateristics at
25°C. Yellow solid line: fit with linear model. Gae circles: Current-
voltage characteristics of growth medium with sotvend cells. Red
triangles: Current-voltage characteristics of gréwimedium and
solvent



50

Chapter 3
600* .250C
. A 50°C A“i
< o At L
355 | 75°C AA‘:__-
= 100°C LAt mE
o L
% A“:...
O 450 - AA:.-'
A::..
jroet
375 4 ‘ ‘
0,7 0,8 0,9 1
Voltage (V)

Fig. 3.6 Enlargement of the -current-voltage characteristias

different temperatures. Blue squares: 25°C, redngies: 50°C, green
dots 75°C and violet x: 100°C.
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using gold electrodes has good stability, a perfexwtar current-
voltage characteristics and, as shown in Fig. &/Sp a linear
dependence of conductance on the ambient temperafter prior
heating.

It has been used liv€. albicanscells to self-structure a
Ca/MWCNTs and used it as a temperature-sensingegleoperative
up to 100°C. Microscopy showed that Ca/MWCNTSs fadnaesort of
artificial tissue.

Likewise, dried cells still acted as a stable mrafor the
MWCNT network. Good stabilization of the temperatuesponse of
the material has been obtained. The artificialugsslso exhibited
perfect linear current-voltage characteristics whrembined with
coplanar gold electrodes.

The produced bio-nano-composite is inexpensive raag be
useful in a wide range of electronic applicatiaasging from heating
to sensing and microwave shielding.

3.2 Cyborgtissues constructed with whole cells
and carbon nanotubes: bio-materialsfor
engineering applications

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

3.2.1 Sample production
Figure 3.8 shows a drawing of the procedure usbkd.different types

of materials produced are: a. BY-2 tobacco cellhwi0% of a
solution containing 1% SDS (sodium dodecyl sulfs@jurated with
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MWCNTs (tobacco/20-MWCNTSs); bC. albicanswith 6.6% of a
solution containing 1% SDS saturated with MWCNTsa/@6-
MWCNTSs); c.C. albicanswith 20% of a solution containing 1% SDS
saturated with MWCNTSs (Ca/20-MWCNTS).

To obtain a Ca/20-MWCNTs material yeast cells groat
25°C in RPMI medium (Sigma-Aldriéh St. Louis, MO) were
collected at an absorbance of 0.36 Dand used for the
experiments. To attain a Ca/6.6-MWCNTSs yeasts werevn at 25°C
in YPD (yeast peptone dextrose) medium. Between n8 &
independent cellssMWCNTs suspensions were produnad each
analyzed individually.

Commercially available CNTs (non modified type 081
Multi walled CNTs, Nanocyl™) were used in a solatiwith SDS as
described earlier [82]. Tobacco BY-2 cell line [884s derived from
the callus of seedlings dfNicotiana tabacumand propagated in
modified Murashige and Skoog medium [84] suppleme@mith 3%
sucrose, 60@g/ml KH,PQOq, 0.2 ug/ml 2,4-dichlorophenoxacetic acid
(2,4-D), and 3Qug/ml thiamine-HCI.

Cells were grown in large flasks on a rotary shael30 rpm
at 25°C in the dark. Every week 10% of stationanpge cells were
transferred to fresh medium.

Spontaneous aggregation of cells was observed tafthcco
cells combined with MWCNTSs and the obtained matevias layered
over a plastic film with a plastic policeman roche@ dried the sample
spontaneously detached from the plastic substoateiig a thin film
(ca. 142um thick). Uniaxial tensile load tests were perfodusing a
displacement-controlled machine (ZwfcBZ 2.5 equipped with a 5N
loading cell).

Dual Beam Focused lon Beam was used to cut theddated
C. albicanscell by G&d ions and to obtain SEM pictures. The
FIB/SEM instrument was a XL830, DB Magnum FEG, ¥Eind
Philips®. The FIB part is made by FEland mounted on a PhiliPs
SEM. The XL830 series of Scanning Electron Micrgs= (SEM)
and Focused lon Beam (FIB) systems contain a lahgenber and
stage for sample handling.
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Fig. 3.8 Drawing of the process, used to obtain the make@ad the
sample geometries for electrical and mechanicahctarization.

3.2.2 Material mor phology

As seen in microscopic images (Fig. 3.9; 3.10al)3dells of the
composed materials are interconnected by CNTs.r Afte in vivo
formation, the materials were dried and the dehgdraells still acted
as a stable matrix for the MWCNT network. When obsé by light
and scanning electron microscopy (SEM) the mateaaémbled an
artificial tissue composed of highly packed celgg( 3.9a,b). In the
previous paragraphs it was reported that MWCNTsirgerted into
the cell wall ofC. albicang82]. Figure 3.9c , Fig. 3.10a and Fig. 3.11
show that MWCNTs surround the cells acting as ieif adhesins.
Figure 3.10b shows the effect of cell dehydratisnmevealed by their
“ghost cell” appearance. Using Dual Beam Focused BReam
(FIB/SEM) a section of a dried isolated cell withd@iNTs was cut
and it was obtained an image of the treated céHl thie incorporated
SEM
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Fig. 3.9 Structure and preparation of cel/MWCNTSs cybogsties a.
Microscopy image of dehydrated Ca/20-MWCNTSs aidificissue

(SEM image, magnification 2,000x%). b. Optical m®ropy image of
dehydrated tobacco/20-MWCNTs artificial tissue (mfigation

800x) c. Detail of Ca/20-MWCNTs interaction (SEM ag®)

(magnification 12,000x).
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Fig. 3.10 a. SEM image of Ca/20-MWCNTs (magnification 15000
with MWCNTSs acting as artificial adhesins. b. SEMage of Focused
lon Beam cut section of a dehydrated isolated oéllC.albicans
(Magnification 35,000x)
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Fig. 3.11 a. SEM image of Ca/20-MWCNTSs (magnification 1,500.x)
SEM image of Ca/20-MWCNTSs (magnification 6,500x)
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3.2.3 Electrical characterization

Figure 3.12 shows the electrical analysis of tob&@&MWCNTSs
material. Co-planar gold electrodes were sputteredhe ends of a
material bar (Fig. 3.12b) and the electric field esirrent density
characteristics of the material has been meas#igd3.12a).

No hysteresis was detected by changing the appiddeige
slope direction. Figure 3.13a reports electrical peaance
spectroscopy measurements of the tobacco matetialroam
temperature.

Frequency spanned from 100 Hz to 1 MHz with 2.% ketéps.
The amplitude of the applied voltage was 50 mV Ad ao DC bias
voltage was applied. Z' represents the real parthaef measured
electrical impedance, while Z” denotes the imagynaart.

The model in Fig. 3.13b is the serial arrangemantwo
blocks that represent the contribution from thekbeoid the material
(Ch, Rp) and the effect of the contact interface betweeld @nd the
material (R, CPE) (see Fig, 3.13c). The Constant Phase Element
(CPE) [85] is introduced to model the surface rowegs effect on the
dielectric behavior [86]. The following equation itne Laplace
domain describes the model of Fig. 3.13b.

Rb Rc
+
1+sCR, 1+s"Q'R,

Z(s) =

Where Qis the CPE coefficient and n is the exponent. When
n=1, the CPE becomes an ideal capacitor. In owr, gass equal, on
average, to 0.73 and’@ 8.5 x 10° F x s/rad.

Biological tissues have been proved to exhibitesgavariant
properties and to be self-similar across multiphggical scales and
such properties are described in
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Fig. 3.12 Electrical characteristics of tobacco/20-MWCNTs géen
a. Electric field vs current density characterist€ the material. b.
Photograph of the sample with co-planar sputtereld g@lectrodes.
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FIG 3.13 a. Real part vs imaginary part of the electricalpidance:
red dots, impedance spectroscopy relative to largentacts; blue
circles, model simulation; violet dots, impedancpecroscopy
relative to smaller contacts; green circles, modsnulation. b.
Schematics of the electrical model of the matealcross section
drawing of the sample sandwitched between goldactsitd. Picture
of the top gold contacts (Area=4.34 fmand Area=10.46 mf.
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the fractal dimension D (Ref. 87). Various modedsdnbeen proposed
to explain CPE with fractal geometry [86].

A model of self-similar fractal electrode [88] gw a relation
between the exponent n and the effective fractaledsion D as
follows:

For a rough fractal surface, the fractal dimendionof the surface is
between 2 and 3, namely, the surface fills betwsem and three
dimensions [86]. The measurements were performedaimdwich
configuration with two different contact areas aswn in Fig. 3.13d
and are reported in the legend of Fig. 3.13a. Bselting D has on
average a value of 2.4. The obtained value of &hative dielectric
constantg,) at a frequency of 100 Hz is 390.

Ca/20-MWCNTs composite was deposited on top dfieos
substrate covered with a thick thermal Si&yer with co-planar gold
electrodes (0.6 mm apart). Dried samples were stdgeto slow
temperature cycles in an electronically regulatedeno whose
temperature was measured using a thin film therl@oent
positioned close to the Ca/20-MWCNTs composite damp

Figure 3.14a shows that the measured current ases
monotonically with increasing temperature (steps26fC) up to
180°C: a linear thermo electric behavior was detédFig. 3.14b).
Due to the low value (about 400W) of the dissipated electrical
power of the sample obtained under these condjtgel heating can
be excluded.

The Ca/20-MWCNTs material contacted with gold &tetes
has a good stability and shows a perfect lineareotivoltage
characteristics (Fig. 3.14c).



60

Chapter 3
da
365 = /1-::
ésso ] 2 Vs i
6180 g 2335 e A WW_ -
% © 320 0 80 130 g www %
E b Temperature (°C) f :
: G
@100 - . - 335 ‘g
5 o :
b=
o
-
20 ] ] | e
0 2000 4000 6000
Time (sec)
C
375 |
< 125 -
3 _ﬂ(.‘
E \-5“’"\*#
g ; ,'”y) 26°C
8 “1 2 5 7 k}[\’\’.
5 o o AR
5785 | | |
- 0,5 0 s 1
, Voltage (V)

Fig. 3.14 Ca/MWCNTs tissues temperature dependent electrical
characteristic. a. Ca/20-MWCNTs: temperature (blliee) and
corresponding sample current (red line) vs time soeed during a
step-stress test up to 180°C. b. Ca/20-MWCNTs:ecustemperature
characteristics of the sample. c. Ca/20-MWCNTs:renitrvoltage
characteristics at 26° (red circles) and 153°C (ded line).
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3.2.4 Mechanical characterization

Samples of tobacco/20-MWCNTs material with a nmiesssity
of 1.03 g/cm (ASTM D792) were cut into long strips (see FigL&)
and eight sample tractions and five relaxationsté&STM D638,
ASTM E328) were performed. The behavior was esalntinearly
elastic with a mean Young modulus E = 90.54 MPa anchean

strengtho® = 2.99 MPa.

Values obtained for the Young modulus are sintitathat of
low density polyethylene [89}hile the tensile strength is of the same
order of magnitude of the modulus of wood in theefidirection [90].

::13
Strain 3%

21 |
= |
= Strain 1.39%
% h :

g Strain 0.27%

D J I L] L]
0 1 2 3 4

Time (hours)

Fig 3.15 Mechanical charcteristics of tobacco/20-MWCNTSs glas
a. Black lines: relaxation test for three levelsstéady strain: 0.27%,
1.39%, 3%. Blue lines: fit with SL model; dashetkd are the initial

and the long term levels of stress.
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—_—cm

Fig 3.16 a. Photograph of a tabacco/20-MWCNTs bar during
mechanical tests. b. SL model schematics witkrEKK; Ke=82.51
MPa; 4=16.08 GPa x s

Relaxation tests were performed at room temperatior
determine the time dependent stress resulting &@teady strain. The
material is weakly viscoelastic. Figure 3.15 shadws results of a
typical test on a single strip. The parameters ragli¢he viscoelastic
behavior of the material were identified by adogtithe Linear-
Standard (LS) viscoelastic model shown in Fig. B,16vhose
relaxation kernel G takes the form:

Bty
G=K.+ (E—K,)e =

where kK is the long term rubbery elastic modulus, E thertsterm
glassy modulusrt is the relaxation timegtis the time at which the
relaxation starts andKE-K.. The best values of the parametegs K
andt over the five tests performed, determined throughlinear fit

of the data, were: &= 82.51 MPar = 2002 s, thug = 16.08 GPa x s.
Comparison of the predictions of the LS model ot#tdiby setting the
parameters to the values given above is shown gn Fil5 (blue
lines).
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It is important to remark that the measured valofestrength
and stiffness of tobacco/20-MWCNTs make such maitetiitable for
structural applications.

3.2.5 Optical characterization: a transparent and
conductive film

Figure 3.17c shows a photograph of a Ca/6.6-MWCHIis on an
electronic components breadboard, contacted bytespdt gold
electrodes at the ends.

Figure 3.17d shows qualitatively the flexibility the material
and, when placed flat, the sample reverted to thginal shape.
Figure 3.17a shows the spectrum of optical trarespar of the sample
using a white led as optical source varying froraut80% at 420 nm
to about 50% at 720 nm (%0n). Since both MWCNTSs concentration
and thickness of the Ca/6.6-MWCNTs are considerbiver than in
the case of the Ca/20-MWCNTs sample, previouslyontep, the
conductance is rather small (see Fig. 3.17b). Negksss, the
behavior of the current voltage characteristideisar up to 500 V. In
summary, a procedure has been established, thdirexmhow to
obtain cyborg tissues constructed with whole cellsd carbon
nanotubes. These bio-materials are appropriateléatric engineering
applications since they have performances compartblexisting
CNT-composite materials [42,43].

Further, the reported cyborg tissues have val@i@seahanical
strength and stiffness that make such material alsitable for
structural applications.

3.3 Conclusions

A Candida albicans/multi walled carbon nanotube/NMVECNTS)

composite material has been produced. It can bel e a
temperature-sensing element operative in a widepéemture range
(up to 180 °C). The Ca/MWCNTs composite has exoellemear

current-voltage characteristics when combined watplanar gold
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Fig. 3.17 a. Ca/6.6-MWCNTSs: optical transparency spectrunthie
visible range. b. Ca/6.6-MWCNTSs: current-voltagareltteristics up
to 500 V. c. Photograph of the Ca/6.6-MWCNTs onedattrical

components breadboard. d. Photograph of Ca/6.6-MW&Hf a thin
film bent between two fingers.
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electrodes. Growing cells of C. albicans were usedtructure the
carbon nanotube-based composite. The fungus QG:aabicombined
with MWCNTSs co-precipitated as an aggregate ofscatid nanotubes
that formed a viscous material. Microscopic anaysbowed that
Ca/MWCNTs formed a sort of artificial tissue. Slaemperature
cycling was performed up to 12 days showing a ktaltion of the

temperature response of the material.

In the present chapter it was also presented @ rgeneral
procedure in order to obtain the proposed novefiaal materials
using, for example, also isolated tobacco cell€ambination with
different concentrations of carbon nanotubes. THectrcal,
mechanical, optical, thermo-electrical propertidstioese materials
have been determined. Using tobacco cells it han lmbtained a
material with low mass density and mechanical prigee suitable for
structural applications along with high high valugfsthe electrical
conductivity. It is also reported about theoreticeddels both for their
mechanical and electrical behavior. These findirigdicate a
procedure for next generation cyborg nano-compaoséterials.
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