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ABSTRACT

Silk materials are natural protein-based materials with an exceptional toughness. In
addition to their toughness, silk materials glegsess complex physicabperties and functions
resulting from a particular set of amino-<écarrangement that prodes structures with
crystalline Esheets connected by amorphous chains.risite studies have been performed to
study their structure-function reianship leading to recent adweements in bio-integrated
devices. Applications to fieldsther than textiles and biomeitie, however, have been scarce.

In this dissertation, amvestigation of the electronigroperties, functionalization, and
role of silk materials (spider silk arBbmbyx moricocoon silk) in the field of organic materials
research is presented. The imigestion is conducted from an expaental physics point of view
where correlations with charge transporeamanisms in disordered, semiconducting, and
insulating materials are made when appropriate.

First, | present the electronproperties of spider silklfers under ambient, humidified,
iodized, polar solvent exposure, and pyrolized conditions. The conductivity is exponentially
dependent on relative humidity changes aral gblvent polarity. lodine doping increases the
conductivity only slightly but has pronounced effeon the pyrolization process, increasing the
yield and flexibility of the pyrolized silk fibers. The iodized samples were further studied using
magic angle spinning nuclear magnetic resonance (MAS-NMR) and Fourier transform infrared
spectroscopy (FTIR) revealing ntiomogenous iodine doping angl ihduced hydrogenation
that are responsible for the mmal conductivity improvemenand the pyrolization effects,
respectively.

Next, | present the investigati of silk fiber functionalizatin with gold and its role in
electrical measurements. The gold functionalizalék fiber (Au-SS) is metallic down to
cryogenic temperatures, has a certain amaifnflexibility, and possesses magnetic field
independent conductivity at lowngeratures. This allows theireisis micro-wires and flexible
electrodes for transport measuremeagitsmall organic samples. Isal found that neat spider silk
fiber can be used as the mdsk lithographic processes, providimgsimple routef fabricating
adhesive stamp electrodes for measuring ti@mgmoperties of supra-micron samples in the

lateral range of 159 — 100 An and thickness > Bn at low temperatures and high magnetic
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fields. The current-voltage characteristic of theulating channel in g adhesive electrodes
revealed Fowler-Nordheim tunneling mechanism.

For electronic sensing and aating device applicationd, have developed a simple
method for silk functionalizatiowith carbon nanotubes (CNT) ftated by polar attraction and
supercontraction, a phenomenon where silk iseseff when exposed to water. Uniform CNT
coating and CNT penetration into the silbdr surface are evident from the SEM and cross-
sectional TEM studies. The conductivity of tterbon nanotube functionadid silk fiber (CNT-
SS) follows variable range hopping behavior vatttivation energy simikato that observed in
buckpaper. In addition to being electricalbpnducting, the CNT-SS is custom-shapeable,
flexible, and sensitive to humidity, allowingsituse as a heart-pulsend humidity resistive
sensors, as well as for current-driven actuators.

Finally, | present the invéigation of the processdg8iombyx morsilk thin film. The silk
thin film exhibits actuating and self-healing peopes similar to those of a biological muscle.
Proof-of-concept silk-based bio-mimetic muscle and water-based memory device are
demonstrated. The silk thin film is also usesithe dielectric layenf a diF-TESADT organic
field effect transistor (FET) where | observadower operating voltagend an enhancement in
the mobility of the device compared with the FET using,Si@lectric layer, accompanied with
an anomalous source-drain current-voltage characteristics.

This dissertation aims to demonstrate thiéetent aspects of exasing experimental
physics to an intedisciplinary research subject. @hfundamental chacterization and
instrumentation developed in this work are intted to stimulate futurdiscoveries by providing
new experimental tools to study electronic tgors properties of new materials. In addition, the
device fabrication principles wilbe valuable for development of more environmental-friendly
electronics. The treatment presented in thisediaion should serve as a roadmap for future

studies of natural materials from anexperimental physics point of view.
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CHAPTER 1

INTRODUCTION

Organic charge transfer materials have drawnsiderable interest for decades due to
their presence of anisotropic and rich phaaadition phenomena. The physical properties that
govern these phenomena can be tuned with respect to variation of pressure, temperature,
magnetic field, and chemical composition. In regtrcelectric fields, usually a configuration
similar to that employed in silicon metal-oxidemiconductor field-effect-transistors is used.
This kind of electric field gating configuration ssiitable for tuning th electronic properties of
an organic semiconductor, such as pentacene. Howa the case of an organic donor-acceptor
material such as the (TMTSIPFs, | found that the conventional gating method is not effective
due to the conductivity.

The original motivation of tils dissertation was to find afteative methods of tuning the
properties of charge transfer materials usarg electric field. Inprinciple, by applying a
sufficiently high bias voltage, ishould be possible to contrdie charge transfer from the
acceptor P§to the donor TMTSF (tetramethyltetraseleradlene), effectively tuning the Fermi
level of the material. This would lead to, for exde) a variation of the metal-insulator transition
temperature. Achieving this goal would openaupew area of organic conductor physics, where
the superconductivity, magnetism, and phase transition properties can now be controlled with an
electric field. There are sevértactors that rendede the conventional electric field gating
method to be ineffective. First, even though themas could be cleaved to be very small, they
are still too large for lithogghic or lamination types of pressing. Secondly, the organic single
crystals are not able to susthigh temperature processing, whislrequired in the conventional
lithographic processing. Finally, because of thgdaenergy required to alter significantly the
degree of charge transfer between the acceptbdanor (~ 1 eV over angstrom distances), very
large gating voltages @needed if a Si{dielectric layer is used.

To solve this problem, | decided to employiaterdisciplinary approach by exploring the
properties and processing methods of soft orgawaiterials that would have better compatibility
with the organic conductor, as opposed to,Sibis original exploration then led me to the work
reported in this dissertation, wh includes aspects of biophysis®ft condensed matter physics,
and device physics. The work pretehin this dissertation brings me closer to my goal. | have
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developed new methods of handling small bulk-like samples, devised new techniques of
making electrical contacts to such samples, asd ekplored the properties of a high dielectric
constant dielectric layer. laddition, during this exploration, have also discovered new
multifunctional properties of organic and in particular bio-materials, leading to the fabrication of
various electronic devices. NatUrmaterials are chosen as the material of interest in the
exploration because of their availability, nfunctionality, and compatibility with low-
temperature processing.

The role of natural materials in our livés extensive. Conveional use of natural
materials such as cotton, bamboo, paper, soyt f#adrils, silk, etc includes usage for clothing,
pillow, bed, absorbent, construction materigdants, arts, food, medicine, etc. In biological
systems, bacteria containingsBg, known as magnetotactic bactefid, have been used to
determine magnetic poles of geological rockd aecently, found their application as efficient
biosorbents for reducing heavy metal pollutioh. [lore recently, natural materials have an
increasing role in electronics and bioméakéc For example, many groups have reported
development of paper-based electronics, suclpaser-based capacitor [3], gas sensor [4],
integrated circuit [5], fuel cells [6], flexib transistor [7], and more. In biomedicine,
developments of paper-based smart absorberdi$ease detection havedsereported [8]. In
these devices, paper usually acts simply as thelége material for the active materials such as
carbon nanotubes, gold, biological active matsri etc. This simpleole, however, has a
profound impact because it provides additional functions fer dlevice. In contrast to
conventional silicon based devicgmper-based devices are lightight, flexible, eco-friendly,
and allow capillary action. From éhpoint of view of experimentalhysics, this kind of inter-
disciplinary science provides unique platform of exeming physics experiments beyond the
conventional hard condensed matter systekssa consequence, non-conventional innovations
are encouraged that may be useddvance both fundamentabaapplied physics research field,
as | will show in this dissertation.

Similar to the natural materials mentioned above, silk materials such as spider silk and
Bombyx moricocoon silk have alsooéind an increasing role inesltronics and biomedicine.
There are several key properties that make silk materials techndipgitglortant. First,
although spider silk is not as strong as Kevlar 49 and not as extendable as rubber (see Table 1.1)
[9], spider silk is considered the toughébler available [9,10]. Toughness is a measure of both



strength and extensibility, for example, théatarea under the stressash curves (see Figure
1.1). This means that spider silk, in principleosld be able to absorb more energy than Kevlar
49.

Table 1.1. Tensile properties epider silk, synthetic rubbegnd Kevlar 49. These data are
reproduced from reference [9]. Stiffness is defi as the slope of ghstress-strain curve.
Strength and extensibility are defined as thecimam stress and strain a material can sustain
before breaking. Toughness is defined agddted area under the stress-strain curve.

Material Stiffness | Strength | Extensibility | Toughness
(GPa) (GPa) (%) (MJ m®)
Spider dragline silk 10 1.1 27 160
Spider viscid silk 0.003 0.5 270 150
Synthetic rubber 0.001 0.05 850 100
Kevlar 49 130 3.6 2.7 50
1.4
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Figure 1.1. Stress-strain curve ofafveus Diadematus dragline andcid silk fibers. The figure
is reproduced from reference [9].



Secondly, they are bio-compatible [11] and can be processed into various forms, for
example, thin films, microspheres, tubes, gatsl sponges [12]. Recently, a bio-compatible silk-
based integrated chip has been demonstrated [13,14]. This implade&lide is potentially
useful for various medical applications suat for wound healing, ving tissue monitoring,
disease detection an@unter-treatment, and many more thatve yet to be demonstrated. In
another case, it has been demonstrated that by Bemgpyx morsilk thin film as the dielectric
layer, the performance of armacene organic fieldffect-transistor (OFET) can be improved
dramatically to achieve mobility as high as 20*¢M.s, with switching speed of ~ 1 MHz [15].

As a microsphere, silk has been utilized for drug delivery [16,17]. In the fiber form, a silk-based
humidity driven actuator has been demonstrated [18].

Third, these silk fibers are very thinittv a diameter that ranges from nm En scale
potentially useful for nano- or micro-electromeaaical system applicats [19,20]. Finally, silk
materials can be functionalizedith various nanomaterials, for example, CdSe [21] and
magnetite [22] nanopatrticles, sputtered metal [23], carbon nanotubes, organic semiconductors
[15] for optical, magnetic,ral electronic applications.

Fundamental research on silk’s physicahd biochemical properties have been
monumental leading to thoseckmological applications. Structlrstudies using NMR [24-27] ,
x-ray [28], raman [29], FTIR [3 spectroscopy have led tolkeetter understanding of silk’s
protein structure [31-35] and hothe structure is affected by mmidity [36], various solvents
[37], temperatures [38,39], and deformations [40jis understanding allows the discoveries of
efficient silk processing andifictionalization methods [12,21-23].

The main objective of my work as an expennta physicist is to further explore the role
of natural materials, in particular, silk ma#dsi in advancing the field of both fundamental and
applied organic materials research. The scopei®ftbrk is three-fold: 1) Fundamental science
investigation, 2) improvement of experimen&thniques, and 3) device development. The first
part, described in Chapter 4, is the investigatbmhe electronic properties of spider silk [23]
under variable humidity, iodine doping, polar solyemnd pyrolization conditions, which serves
as the basis and justification of the silk funcéiiration strategies employed for the rest of this
work. Secondly, in Chapters 5 and 6, | demonstrate the utilization ofugationalized and neat
spider silk fibers for development of novektedevices [23] for v temperature and high

magnetic field electrical transport measurementgeoy small organic single crystals, including
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samples with supra-micron size (< H» with thickness > 1Rn) [20], a size that is difficult for
conventional conducting paste lthographic techniques. Fingll in Chapter 7, | report the
functionalization of spider silk with carbon matubes for electronicna actuating devices,
followed by investigation oBombyx morsilk thin film for biomimeic muscle and organic field-
effect-transistor applications, as describe€ivapter 8. The exploration route is summarized in
Figure 1.2. In every step of the explorationedtetical and experimental physics guided the

investigation.

PHYSICS

Experimental tools:

Very high/low resistance measurement
Capacitance measurement
TGA, SEM, TEM
Raman, MAS-NMR, FTIR

%
N/

Electrical measurements applications
Sensing and actuating devices

Neat Silk
Property characterization: O
Mechanical I I
Electronic A2
Magnetic H lodine doped
Thermal
Thermoelectric A4 Y P\lr/olizat;):
Polymerization y
Theoretical tools: N
Variable range hopping H Silk
Fowler-Nordheim tunneling Functionalized Micro-Mask
Principle of electric field gating

Figure 1.2. Flowchart diagram ofelexploration route in this wior The physicsrivolved in this
work is summarized in the left box. The physibsoretical and experimé&l tools are use to
guide the exploration.

1.1 Silk Materials

Spider silk fibers from three different esggjes were harvestefdr different kind of
experiments [23]Kukulcina hibernalisandPholcus phalangioidesilk fibers were used to study
electrical conductivity rgponse with respect to varying hulity, polar solvent, iodine doping
and pyrolization conditions in Chapter 4. Fordgp silk functionalizabn using gold or carbon
nanotubes and their appiions (described i€hapters 5, 6, and 7INephila clavipesdragline



silk fibers were used. Each of these spispecies produced a unique web structure and silk
fibers with different morphologies.

1.1.1 Spider silk morphology

First, theK. hibernalis(common name: southern houssder) has a frayed and random
web structure consisting of non-adhe silk fibers with a diamet that ranges from ~ 44 nm to
~ 2 Fn (see Figure 1.3a). Likewise, tRe phalangioidegcommon name: vibrating spider) has a
random web structure that generally hangs in a net-like fashion. Indiyigired|silk fiber has a
diameter of ~ 0.5 mm (see Figute3b). This type of silk fibeis also non-adhesive. Both
hibernalisandP. phalangioidesilk fiber are very extendable.

Figure 1.3. Spider species and silk fibers ugsedhis work. SEM images of female (a)
Kukulcania hibernalis(b) Pholcus phalangioidegc) andNephila clavipesilk fibers. [23]

In contrastN. clavipegcommon name: golden orb weayigpider) produces an orb-web
structure. The web is made from two types ofrBb@ee Figure 1.3). Firghe dragline silk fiber
is used to make the frame thie orb-web. The dragline silk i®n-adhesive and the strongest
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type of silk fiber [9]. A single draglie silk fiber has a diameter of ~ 3.3%. On the contrary,
the viscid silk is used to make the spiral pdrthe orb-web, and is adhesive and very extendable
[9] with a diameter of ~ 1Rn. The superior toughness ofidgr silk is a result of the
arrangement of amino acids inetlprotein structure, a subjectathwill be discussed in more
detail in the next section.

1.1.2 Protein Structure

Silk material is a protein-based polymek protein is described by a sequence of
molecules called amino acids. Amino acids aresdiasl based on the typef side chains (R
groups) that are attached to a certain prot@ickbone. In Figure 1.4, | list the side chains of
amino acids that are presensitk materials [31]. There are matypes of protein backbone, but
in the case of silk material, it has a protein toacie similar to nylon-6 [31], as shown in Figure
1.5a. When multiple backbone molecules are condetttey form a secondary structure. Several
secondary structures commonlhufal in silk material includeestrand, Esheet, Dhelix, and 3-
helix [9,34,35,41].

' | | Black: Non-polar
H CH, CH, Blue: Uncharged polar*
| Green: charged polar”

OH
Glycine Alanine Serine CH

Gl Al I
(Gly) (Ala)  (Ser) A

V
CH, CH,  nc” “cH o
|
CH CH, n¢ ¢y HN—C—C—OH
|7 1 N |
C C c CH, CH,
2N 7N | R
O N4, O O OH CH,
Glutamine Glutamate  Tyrosine Proline
(Gln)* (Gluy' (Tyn)* (Pro)

Figure 1.4. Amino acid side chaifmund in silk materials. The delabeled structure corresponds
to a protein backbone segment. [23]

Estrand and Esheet
The arrangement of &strand is shown in Figure 1.5When two or more of thes&
strands are connected through hydrogen bonding, they Esineets. Two kinds otsheets are

available, parallel or anti-paralldtsheets. In silk materials, anti-parallEsheets (Figure 1.5c)
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are commonly found [34]. Thé&sheets can be stacked to form a block co-polymer crystalline,

usually contributing to thbeardness of the material.

DBnelix and 3 helix
On the contrary, the arrangement obDdelix or 3 helix [34] usuallycontributes to the
flexibility of the material. TheDhelix arrangement is shown kgure 1.5d. This arrangement is
stabilized by the hydrogen bondi connecting the N-H group ofparticular backbone molecule
to the C=0 group of the forth earlier backbone molecule. SimilagllgeBx is also stabilized by
hydrogen bonding between the N-H and C=0 group, excapirthhis case, eadhrn of helix is

composed only of 3 amino acids.

(a) T ﬁ (b) T cl’ H R T ﬁ Ry
%
My AN SN e S N
AN A AT
Backbone [-strand
(c) ) (d)
N E— = ¥ R T
H o) H R H o H R Ec /r-l-;-
PESY ¢
...... P T N S N T It 3/
A B O g 5 M
R H |H o R H o AR
. S
H R o H H ae‘R o H \\ — R~
F LN ] -
------ \C/C\N/IC\C/N\C/C\N//C\C/N\'"'" ]ii : L
% E e .
k- 2z | :
ll, ,|4 R/ % c_I, ,!. R H k Vi H
- R
h Anti-parallel p-sheet a-helix

Figure 1.5. Backbone arrangement of variousseéary structures. (a) The backbone molecule.
R corresponds to a specific sidleain related to a particular am acids. Arrangement of the (b)
Estrand, (c) anti-paralleEsheet, (d) Dhelix. Orange line: hydrogebonding. Blue rectangle:
the “unit-cell” of the Esheet.



1.1.2.3 Spider Silk Protein Structure

It is generally accepted that spider spkotein is composed of block co-polymers
arranged inEsheets structure connected by amorpl{eametimes helical) chains [9,34]. The
sheets are composed mainly of alanine araitids, while the amorphous chains are composed
mainly of glycine amino acids. All together, théyrmed two kinds ofrotein structures (see
Figure 1.6). The first is called Spidroin 1 [33jotein that has a sequence of 33 amino acids
composed mainly of glycine dralanine with a few other anmo acids in GXG repetition patterns
(where G and X correspond to glycine and aetgrof amino acids, respectively). The second,
Spidroin 2 [32], has a sequence of 47 amino acamposed mainly of glycine, alanine, and
proline (an amino acid that is g@onsible for the elasticity adpider silk fiber) [42-44] in
GPGXX repetition patterns (whefe corresponds to prolind)epending on how much of each
type of protein is present ingarticular type of silk, the silkan be strong or extendable. For
example, the dragline silk is composed mainlySpidroin 1, thereforet is strong and not as

extendable as the viscid silk, whichcemposed mainly of Spidroin 2 [31].

Amorphous B-sheet
chains crystals

Spidroin 1:
lGC!(’_-} GYG GLG SQG A GRG GLG GQGIIAGA7G2A|

Amorphous chains B-sheet

Spidroin 2:

I(GPGG\" GPGQQ), GF’SGPGSI Iﬁl

Amorphous chains B-sheet

Figure 1.6. Protein structure apider silk. Green rectangleEsheet crystals. Blue coils:
amorphous chains (sometimes helical).

1.1.2.4 Bombyx mori Fibroin Protein Structure
Similar to the protein siicture of spider silkBombyx moricocoon silk also contains

amino acids repetitions. There are two main tygfgzroteins present ithe cocoon silk, namely



the fibroin and sericin. Fibroin the main protein that corresportdsthe internal structure of the
silk fiber and sericin is the prein that corresponds to the glue that binds the fibers in forming
the cocoon. The fibroin is composed of mudipepeats of GAGAGSwhere S is serine)
arranged asEsheets that are connected with mireonount of random amorphous chains
[9,12,35]. Because the fibrois composed mainly oEsheets, th&ombyx morisilk fibers is
more rigid compared to spidsilk fibers. The sericin is a ¢iinly hydrophilic and water-soluble
protein. It is composed mostly of glycinerise, and aspartic aci@5]. About ~ 25 wt% of
sericin is present in a silkworm cocoon [46]. Theref it is necessary to wash (degum) the silk
cocoon using N&O; solution to extract the sildbers from the cocoon [12].

1.1.3 Supercontraction and Cyclic Contraction of Spider Silk

Spider silk is strong but #fowhen exposed to water. This phenomenon is known as
supercontraction, a subject of extensiveesrch since 1981 [25,38,47]. Recent studies [36,40]
reveal that supercontraction is auk of the release of internalgsstress of the silk fiber. The
internal pre-stress is introduced during the sipig of the silk fiber and vary depending on the
species and the condition at which the filierdrawn / spun [36]Figure 1.7 outlines the
supercontraction process. In tdey state, the pre+sss is fixed. Wherexposed to relative
humidity (RH) level up to ~ 70% [48] 080% [36] at ambient condin, water vapor is absorbed
selectively by the amorphous chains [36,49,50], ardetbre swells the silk fiber, increasing
both the length and diameter of thiék fiber [36,48]. Further increase RH causes the inter-
and intra-chain hydrogdmonding in the amorphous chains toldseken, causing thchains to be
mobile [36]. Thereforethe internal pre-stress is released. The supercontraction, in effect,
decreases the length and increabesdiameter of the silk fibesignificantly [36,37]. In this wet
state, the silk fiber is soft. After drying, thdksfiber loses tle absorbed water and de-swells,

further decreasing both the length and diamasathe hydrogen bonding re-establishes [36,40].
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Figure 1.7. lllustration of supeawotraction process. Ylew: dry state. Teal: humidified state.
Blue: wet state.

Supercontraction may be regarded as a prolfior technological applications requiring
the silk fiber to have a constant strength andlfiéty in a variable environment. However, as |
will show in Chapter 7, supercontraction provides a simple and effective route for
functionalizing spider silk with carbon nanotupemabling electmic applications including
sensors and actuating devices.

In addition to supercontraction, spider sdlso experiences cyclicontraction [18], a
phenomenon that is different from supercontmactiln contrast to qercontraction being an
irreversible process, cylic contraction isveesible [18]. After the silk fiber is fully
supercontracted, further expwe to humidity up to 1009®H swells the silk fiber, increasing
both the length and diameter. After drying, thk §iber de-swells reversibly, returning the
length and diameter to its origihdry state value. The cyclmontraction produces a superior
work density of ~500 kJ/fn[18], a value ~ 50 times higher than the typical work density of a
biological muscle [18]. Therefer spider silk is a natural humidity activated actuator. The
actuating properties of spider siiber is summarized in Table 1.2 along with the comparison to
muscle fibers, liquid crystal polymers, conductp@ymers, and ferroelectric polymers [18]. In
Chapter 7, | will demonstrate that by functionadgithe silk fiber with carbon nanotubes, it is
possible to obtain an electricadadout during the actuating prese The functionalization also

allows the silk actuator to be aaied by current instead of humidity.
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Table 1.2. Actuating properties of various polymditse data is reproduced from reference [18].

Muscle fiber| Spider | Liquid crystal | Conductive | Ferroelectric

silk fiber polymers polymers polymers
Sustainable 0.1-0.35 80 0.45 5-34 20
stress (MPa)
Work density 8 (typical)- 500 3-56 100 300
(kJ/m3) 40 (max)
Strain (%) 20, >40 2.5 10-45 2-12 3.5
Mechanism Chemical | Humidity Voltage Voltage Voltage

1.2 diF-TESADT [2,8-Difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene]

A pentacene-derivative semiconductor (diF-TESADT) was used as the active material for
the organic field-effect-transistor discussed in Chapter 8. The crystal structures of pentacene and
diF-TESADT [51] are shown in Figure 1.8. Thenpecene molecule hastenating single and
double bonds between neighboring carbon atoms isttbheture, also known as the conjugation.
Because of the conjugation, some of the cartmmbecules have a valence electron that can
facilitate charge transfers (hopping) beem neighboring molecules. The charge hopping
efficiency is dependent on the distance betweenntblecules. The closer they are, the more
efficient the charge hopping. Theoeé, the crystal paakg of the material can have a dramatic
effect on the mobility of the charge carrieie crystal packing of pentacene [52] and diF-
TESADT [53] are shown in Figar1l.9. Pentacene arranges in eihg bond structure [52]. By
substituting the carbon atoms in the centrabrivith molecules, the crystal packing of the
material is altered [54]. In &éhcase of diF-TESADT, the crystal packing modifies into a brick-
like packing [52]. As a consequence, more edfiticharge hopping can occur in this material.
The substitution of the carbonoat with the molecular constituents also provides greater
stability in air and renders the masdrsoluble in orgaic solvents [51,54].
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Pentacene diF-TESADT

Figure 1.9. Crystal packing of (a) pentacene and (b) diF-TESADT. Reproduced from reference
[52] and [53], respectively.
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CHAPTER 2

THEORETICAL BACKGROUND

For better physical understand of the experimental rekuin this work, various
theoretical models were considered: the vadeialange hopping model, charge transport in
organic field effect transistpand Fowler-Nordheim tunnelin@asic understanding of charge
transport in disordered, semicontlng, and insulating materials is discussed in this chapter.

Understanding of charge transpor disordered system is portant when discussing the
electronic properties of the pymed and carbon nanotube functibped silk fibers that are
discussed in Chapters 4 and 7, respegtivéhe variable range hopping model provides a
measure of defects in these materials, there®i®ying us to improve the material processing
methods.

Likewise, theoretical understanding of baddgrams and mobility in field-effect-
transistor is very important for the work involvitige silk-based organic field effect transistors,
discussed in Chapter 8, because it allows usetoersatile in performing the experiment. The
band diagram theory allows us to predict thecoote of an experiment and to anticipate for
novel phenomenon that may occur when explorimgwa material, such dhe hysteresis effects
in silk-based organic field effettansistor discussed in Chapter 8.

Finally, understanding of charge transporechanism such as the Fowler-Nordheim
tunneling in insulating materiglrovides additional insights todtstability and operating limit of
the adhesive electrode developed in Chapter 7. Because the charge transport in the insulating
adhesive follows the Fowler-Nordheim tunnelimgchanism, which a temperature independent
phenomemon, the adhesive electrmdexpected to be more stable against temperature changes.

2.1 Variable Range Hopping

In a disordered material where the electrmaiduction requires thelectron to “hop” or
guantum-mechanically tunnel from osiee (for example a molecyléo another, the electron in
the material is considered to be localizede Tegree of localizationan be described by the
localization length,/ e.g.: the electron is m®localized for shortey In variable range hopping
(VRH) model [55], the prbability of a localized electron toop between sites depends on the

distance and energy distribution between sites. Mathematically, the Patehopping between
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two sites with distanc® can be modeled to be proportional ®*'/. Based on this, electrons
are more likely to hop between two sites thatcoser. In addition, theate is also proportional

to __eW/I%T

, whereW is defined as the hopping energy (e.g.: the energy differbetween site 1
and site 2)k, is the Boltzmann constant, afddis temperature. Thiselation suggests that
electrons are more likely to hop between twessthat have a lower hopping energy. Altogether,
they give the following relation:
Q- el 2RIV (Eq. 2.1)
However, theR andW are inter-related. Assuming thendgy of states per unit energy

and per unit volume\(E), is constant over the hopping energy range,

dnl
N(E) —— Eq. 2.2
(E) EV (Eq. 2.2)
the total number of states)(in the rangalE over the hopping distan€eis given by
n VN(E) dE (Eg. 2.3)

where the volume\{) in 3 dimension isg FR®. The average spacing between energies is

therefore,

(Eq. 2.4)
4 R°N(E)
This relation suggests that electrons eithep over short distancesith large activation

energies, or over long distances with smaativation energies. Ehmaximum hopping rateglax,

can be found by substituting E}4 into Eq. 2.1 and setting

do
— 0 Eq. 2.5
R (Eq. 2.5)
This condition is satisfied when
1/4
9/ 3 (Eq. 2.6)
8N (E)k To °q

Substituting Eq 2.4 and Eq. 2.6 into Eqg. 2.1, and considering the case Rviwetarge, the
following relation is found
.LO"§114

Q-e '° (Eq. 2.7)
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where

1
T — Eq. 2.8
ki To N(O) / (Eg. 2.8)
Since, the hopping rate is profional to the conductance,
E'g]ﬂl . E"§]J4
G~e '® off R~e™® * (Eqg. 2.9a and 2.9b)

This relation is the Mott Variable Range Hopp{(iviRH) law, which will be used to describe the
temperature dependent resistardepyrolized and carbon nanotulienctionalizedsilk fibers

discussed in Section 4.4.8chSection 7.3, respectively.

2.2 Field Effect Transistor

A basic metal-insulator-semiconductor (MIS) field-effect-transistor (FET) is a three-
terminal device where the resistance of Hsmiconductor between the first two terminals
(source and drain) is controlled byvoltage applied at the thirdrt@nal (gate) that is isolated
from the semiconductor by an insulator. The basic structure of a FET is illustrated in Figure 2.1a,
showing a gate electrode and a semiconductor ftlim separated by an insulating dielectric
layer. The source and dnaglectrode can be deposited belovoortop of the semiconductor thin
film. In this work, the top-contact configuration is used.

Depending on the doping of the material, a semiconductor can have majority hole (p-
type) or electron (n-type) carriers. In this €athe semiconductor is considered an extrinsic
semiconductor. In the energy band diagram, p-type semiconductor is defined by the position of
the Fermi energy (& below the intrinsic energy (Eof the material. The intrinsic energy is
positioned half way between the conductiop) @d valence (§ band. Therefore, for p-type
semiconductor, the Fermi energy is positionedset to the valence band. Application of
voltages (\&s) between the gate and source electrode mexian electric field across the device
and in some cases results in the formatioa obnducting channel onehnterface between the
insulator and the semiconductor. The formatof the conducting channel and how it can be

tuned by variable ¥s are the basic mechanisms behind the operation of a FET.
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2.2.1 Channel Formation

Several conditions for the channel formatiin a p-type semiconductor device in the
ideal case are summarized in Figure 2.1. €hergy band diagram of the metal-insulator-
semiconductor, before thez¥is applied, is shown in Figure 2.1a this flat band configuration,
the work function of the metatj(),,), defined as the energy reged to move an electron from
the Fermi level to outside the metal, ifigaed with the Fermi energy of the p-type
semiconductor. In this state, applying the voltaggs(\between the drain and source terminal
would produce a very small current due to thghlriesistance of the semiconducting material.

In the second case, a negativgs¥ applied (see Figure 2.1b). This causes negative
charges to be deposited on the metal. In the band diagram, this effectively raises the Fermi
energy in the metal withespect to the senanductor. The increase Bf, (Fermi energy of the
metal) causes the insulator band to tilt andgh&., andE, bands of the semiconductor to bend.
From the band bending and the @rconcentratin relation [56],

p nés N

wherep is the hole concentratiom; is the intrinsic carrier concentratiok,is the Boltzmann
constant, and is the temperature, the concentratiornole carriers is expected to increase near
the interface athe amount of; — Ef) increases. Therefore, holaése accumulated at the surface
of the semiconductor, forming a conducting p-channel.

In contrast, when s is positive, Ey decreases and causes the insulator and
semiconducting bands to bend in the oppositectioe (see Figure 2.1c). This effectively
decreases th&(— Ef) at the insulator-semicondue interface, causing holés be repelled from
the semiconductor surface and producing a highly insulating depletion layer.

In some cases, however, i¥is further increased, then formation of another type of
channel is possible. Instead of a p-channeh-ghannel would be formed. As shown in Figure
2.1d, at high enoughgs, the Er crosses thé&; at the insulator-semiconductor interface. This
causes a crossover betweenBhandE; and E — Ef) to be negative at the interface, indicating
an accumulation of electrons at the surface ob#miconductor near the interface. Therefore, an
inversion layer made of n-charne formed, which is highly anducting. This ighe basis of
operation in a conventional Si-based FET. Beseathe n-channel is formed from minority
electron carriers in the-type semiconductor, the Si-baseBT is also known as a minority

carrier FET.
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Figure 2.1. Summary of chann@lrmation mechanisms in a p-type semiconductor device. (a)
For flat band mode atd4 = 0 V. (b) For accumulation mode atd/< 0 V. (c) For depletion
mode at \és > 0 V. (d) For inversion mode atp¥>> 0 V. Left: energy band diagram. Right:
illustration showing the basic tantact FET structure and thermar distributions. S: source,

D: drain, G: gate.
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2.2.2 Linear and Saturation Region

Besides the ¥s, the channel is also affected by an application g Yiere, we consider
the case for a p-type device in thewnulation mode, for example, wh¥&gas < 0 V. Initially,
when a small negative p¢ is applied, the channel proesl a highly conducting path for the
holes to flow and currentdd) increases linearly with p5 (linear region, see Figure 2.2). As the
Vps becomes more negative, the potential difiese between the drain and gate electrodes
becomes smaller. As a consequence, holes adatiamunear the drain electrode is minimized,
increasing the resistance of the channel. Thstance increase is observed in the current-
voltage (I-V) curve as the curve bends approaching a saturation valug; if Wrther lowered
to a value close to 84 some part of the channel becomes depleted (pinched-off). Further
lowering of \Wbs, depletes more channel region. Consequently, gbasl now limited to a
saturated value as the hole carrier travelsuinothe channel and is being swept through the
pinched-off region by the high electric field in thigien. In this state, the device called to be in
the saturation region baese a variation of M does not increase the valyg significantly.

Figure 2.2. lllustrationtsowing the influence of ¥s on the conducting channel when (lefiysVv
=0V, (middle) \bs< 0V, (right) \bs << 0 V.
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2.2.3 Mobility Calculation

One of the most important quantities insdebing the performance of a FET is the
mobility. When electric field is applied to a tedal, carriers do not accelerate, instead, they
move with an average net drift velocityy) as they experience scattegs or collisions due to
impurities and defects in the material. The mopils a measure of how easy or difficult these
carriers (holes or electrons) move throughrttzerial. Bulk mobility is described by [56]

Vg
E
wherevy is called the drift velocity ané& is the applied electric field. Alternatively, the drift

B

velocity can be described by [56]

w
vV, 9%
m*
where Uépresents the average time between scatteringsnans the effective mass of the

carriers. Using the relation, the bulk mobility can also be described as [56]
PRV
m*
where Wepresents the average éirbetween scatterings andf is the effective mass of the
carriers.

It is important to distinguish that in FETe mobility measured is not the same as the
bulk mobility of the material. Instead, it tee channel mobility, or also known as the surface
mobility. Therefore, defects, impurities, andighness at the insulator-semiconductor interface
are important factors that need to be considered to fabricate FETs with high mobility. The
channel mobility can be extracted from the datthe linear region (Figer2.3a and Figure 2.3b)
by using the following formula [56]:

AVC a 1,0
ID Tq <_(|VG Vr VD EVDZ 174
where As the mobility, W/L is the ratiof channel’'s width and length, & the capacitance per
unit area and Yis the threshold voltagén the linear region, ¥is much smaller than @/~ V).

Using this approximation, the following expression is obtained:
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I, MVl W)
wherem is the slope of thinear fit of the ps vs Iss curve in the linear ggon (Figure 2.3b). The

slope is related to the mobility by the following expression:

mL
V,CW

Alternatively, the mobility can be extracted from the data in the saturation region (Figure

2.3c and Figure 2.3d) using the following formula:

lhsa) 2l W)’

VIp(sad ——(\él V)
Vio(sat)  m\ V)

where,m is the slope of the traresf characteristic plos*? vs Vs (inset of Figure 2.3d). The

mobility is related to the slope by:
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Figure 2.3. Example data for mobjliextraction illustration. (a)ok vs Vps in the linear region.

(b) Ips vs Vs in the linear region. The mobility is extracted by performing a linear fit to this
data. (c) bs Vs Vps in the saturation region. (dpd vs Vs in the saturation region. Inset: linear
fit of the transfer characteristic plot for mobility extraction.

2.3 Organic Field Effect Transistor Operation

In contrast to the conventidn&i-based FETs, an organielil effect transistor usually
utilizes an intrinsic semiconductor (undoped semdtator). In an intrinsic semiconductor, the
electron and hole carrier concentration are edbafefore the Fermi level is positioned exactly
at the center of the band gap. Unlike inarigasemiconductors, an organic semiconductor is
usually composed of larger molecules that ar@rgyed in various kinds of packing structure.

Due to the molecular nature of the makrithe energy band description is more
complicated than in the case of an inorganic nedtel herefore, the energy band is viewed from
each molecule’s perspective, imatl of from each atom in the molecules and is described based
on orbital overlaps. The valence band is knowiH@MO (highest occupied molecular orbital)

and the conducting band is known as LUM@west unoccupied molecular orbital).
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In contrast with the opeliah of conventional Si-baseBET in inversion mode, an
organic FET operates in accumulation mode (Fg#). This is because usually the organic
semiconductor is an intrinsic semiconductomysthno minority carrier@are available for the
inversion to occur. In general, however, thera tendency for an organic FET to operate as a p-
channel device. This is because the metal wanktion (~ 5.1 eV for gold) is usually closer to
the HOMO level of the organic semiconductoarththe LUMO level [51]. For example, the
HOMO and LUMO level of a pentacene is 54V and ~ 2.5 eV, respectively [51,57].
Therefore, hole is easier to be injected tledectron due to the lardgearrier for an electron

injection.

Figure 2.4. Band diagram of p-channel formatio an organic FET. (a) Band diagram ais¥
0 V. (b) Band diagram atdé< 0 V.

2.4 Fowler-Nordheim Tunneling

In the above discussion, it was assumed tiatcharge can flow across the insulator
layer. However, at high enougheetric field, charges can tunnatross the insulating barrier.
One of the mechanisms of charge transporhsulator is by Fowler-Nordheim tunneling [58].
Unlike thermionic emission mechanisms which are temperature dependent, the Fowler-
Nordheim tunneling is temperatmimdependent. The energy band diag is useful to provide a
qualitative understanding tiie Fowler-Nordheim tunnelingeshanism [59]. The band diagram
of metal-insulator-metal terface is illustrated in Figure 2.5. If a negativg (Woltage between
the left and right metal contact) is appligtegative charges are deposited on the left metal
contact. Therefore, the Fermi eggrof the left metal contact isicreased relative to the right
metal contact, and as a result, the insulator bsuimbnt (Figure 2.5b)At a very high electric
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field, the insulator band bend significantly urdiltriangular barrier is formed, increasing the
probability of electron to quantum mechanicaliynel from the left to the right metal contact
(Figure 2.5¢).

Figure 2.5. Band diagram illustration of electranreling at high electric field. Band diagram at
@ Vir=0V, (b) Mr <0V, and (c) Yr << 0V. Vir corresponds to voltage between left and
right metal contats) g corresponds to the barrier height.

The Fowler-Nordheim tunneling is desmd by the following expression [58]:

2 oy, A2ZM* ()™ °
eXp « »
39+ Va

J~E

whereJ is the current densityg is the electric fieldp* is the effective mass, andg is the
barrier height. In terms of the curreht &nd voltage\(), it can be expressed as [58]:

| ~V2exp( b/V)
whereb is a constant.
If the charge transport through the insutats following the Fowler-Nordheim tunneling
mechanism, then the plot of IlN?) vs -1V should be linear. On a more general term, an

empirical cold field emission (CFEglation can be expressed as [60]:

| cV"exp( b/V)

wherec andb are constants, andis determined from [60]:
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This relation is used in Section 6.3.
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CHAPTER 3

EXPERIMENTAL METHODS

3.1 Spider Silk Harvesting

The spider silk samples were harvesteohirtheir natural habitat and used without
washing or special treatment. Stds of silk fibers were separated with tweezers on glass slides

under a microscope.
3.2 Electrical Conductivity Measurement

Silk fibers were connected in eitheouf-terminal or two-terminal conductivity
configuration using carbon paste. Whenever bssisuch as in the case of samples having
lower resistance (R < 10W), electrical conductivity measements were performed in four-
terminal configurations with lk-in amplifiers (SRS 830) ax combination of DC/AC current
source (Keithley 6221) and nanovoltmeter (Kegh®182A). Four-terminaconfiguration is
ideal because it eliminates contact sesice contribution in the measurement.

For high resistance samples (R >’ 10), electrical conductivity measurements were
performed with an electromet@{eithley 6517A) in twaterminal configurabn inside a shielded
box whenever possible. Electrometer was chosendii® very highinternal resistance (R > 200
T :) relative to the sample undtast. In this case, it is velynportant to perform background
leakage current check before characterizing thmepta Furthermore, it is very important to
allow enough time for the discharge of any stray capacitance present in the system before

recording the resistance values during each measurement.
3.3 Humidity Dependent Canductivity Measurement

For humidity dependent conductivity measueem(Chapters 4 and 7), the sample was
mounted in either two-terminal or four-terminal configurations inside a humidity chamber
(Figure 3.1) that was equipped with a gmere-independent humidity sensor (HIH-5030-001
from Newark). The sample and humidity sensvere mounted side-by-side in the middle
chamber. The left chamber was connected ¢éowhter reservoir, and the right chamber was
connected to a vacuum pump. By turning thgulators in each chamber, it was possible to

control the relative humidityRH) level at a desired rate; for expl®, closing the left valve and
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opening the right valverould decrease theH. Alternatively, an environmental chamber (Micro

Climate from Cincinnati Sub-Zero) capabletemperature and humig control was used.

Figure 3.1. Schematic of the setup used for conductistyRH measurements. Sample and
humidity sensor (model HIH-5030-001 from Newawgre mounted side by side in the vacuum
chamber through the middle opening. The left dmamwvas connected tihe water reservoir.
The right chamber was connected to a vacuum pihpwas controlled by regulating the left
and right valves. [23]

3.4 Solvent Exposure Method

To study the influence of variow®lvents on the electronicqperties of neat spider silk
fibers described in Chapter 4, several solvent®whosen and prepared. Solvents with different
polarities were prepared in segge clean bottles, including an pty control bottle. The solvents
(polarity index, % solubility in water) were &sllows: Hexane (0, 0.001), Toluene (2.4, 0.051),
Dichloromethane (3.1, 1.6), Isopropanol (3190), Methanol (5.1, 100 Ethanol (5.2, 100),
DMSO (7.2, 100), KO (9, 100). For the sample holder, thwoles were drilled into a bottle cap
made of polytetrafluoroethylene (PTFE) for insegttwo platinum wires. The sample was then
mounted on to the platinum wires in a two-@mtconfiguration usin@ carbon paste and its
resistance was monitored using an electtemé¢Keithley 6517A). Each solvent exposure
measurement was performed bymtoring the sample resistance while alternating the sample
between the empty control bottledaa specific solvent bottle (wittap sealed) and backs to the

control bottle every 150 s. These measurements eaaried out at améint pressure at 22 °C.
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3.5 lodine Doping Procedures

To study the effects of; Idoping on silk fiber bundles édcribed in Chapter 4), two
iodine doping conditions were e, namely light and heavy dloping. Before the iodine doping,
individual silk bundles were fitorepared by attaching gold wicentacts to a neat spider silk
fiber bundle with carbon past#. was very important to @sgold wires and a carbon paste
because they did not interact with Light I,-doping was done by placing the neat silk fibers
together with solid J chunks inside a sealed vial at 26 for 24 hour. Before electronic
characterization, the-doped silk fiber (dark in color) wgdaced in a vacuum for 12 h before
being measured, and the evacuation resttivedriginal silk color. For heavy toping, the silk
fiber was further exposed te Vapor at 70 °C for 3 h. The rdsng silk fiber had a permanent

deep-brown color.
3.6 Scanning Electron Microscopy

Scanning electron microscopy (JEOL JSM-7410F field-emission SEM) imaging of spider
silk pyrolization (described in Chapter 4) was mostlyfgened in the scondary electron
imaging (SEIl) mode at 10 keV. In some cases, it was necessary to use the lower secondary
electron imaging (LEI) mode tionprove the image quality and tse a lower voltage between 5
to 7 keV to reduce the risk afestroying the sample. The SEMaging was also used in the

study of gold and carbon nanotube functionalizedfgilrs in Chapter 5 and 7, respectively.
3.7 Raman Spectroscopy

Raman spectroscopy was cadiout with a 785 nm ekation wavelength and 10
seconds exposure on both the pyed neat andhe pyrolized J-doped silk fibe (Chapter 4)

using a Renishaw Invia micro-Raman spectroscope.
3.8 Thermoelectric Setup

Room temperature thermoelectric measurémeas done by monitoring the resistance of
the pyrolized silk fibers (Chapter 4) with resparthermal gradient. hsample was mounted to
the terminals of a standard integrated dtr@4pin socket and connected to a nanovoltmeter
(Keithley 1282) in a two-terminalonfiguration (Figure 3.2). Theermal gradient was generated
by introducing a laser pulse (He-Neser, 35 mW, 633 nm) to one of the terminal connections.
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Figure 3.2 Room temperature thermoelectric measurement setup. The fiber sample was mounted
in two-terminal configuration using carbon pagthe background image has been removed to
show only the fiber). The voltage produced by thatlirom the laser pulse was monitored with a
nanovoltmeter. [23]

3.9 Cryogenic measurements

To characterize the electricedsistance of the sample at low temperatures, the sample
was first mounted inside a vacuum-sealed container containing a small amount of exchange gas.
Next, the container with sample inside was immersed in a bath of either ligoidlijuid He
bath down to ~78 K or 4.3 K, respectivelifor characterization at lower temperatures,
measurement was done in a toua refrigerator down to 25 mKCryogenic measurements were

done in various experiments described in Chapters 4, 5, 6, and 7.
3.10 'H — °C CP-MAS-NMR

The solid-state nuclear magditeresonance (NMR) in @, wet, and iodine-dopeN.
clavipesdragline silk fibers, described in Chapterwere measured with a Bruker Avance Il
11.75 Tesla (500 MHZH NMR frequency) wide-bore solidate NMR system with a 2.5 mm
triple-resonance'-X-Y) NMR probe in the double resonance moté-"*C cross polarization
(CP) magic angle spinning (MAS) spectrarevebtained at 25 kH#IAS using 2.27 psH NMR
pulse, 2 ms of CP contact, 110 kHz two-pytdese-modulated (TPPM) decoupling and a 2 s
recycle delayH-3C CP MAS spectra were obtained fire neat silk fiber (both dry and
hydrated), gold-sputtedesilk fiber and J-doped silk fiber. The amino acid assignment was done

following the work of Creager et al. [26]lISpectra were normalized to the alaningp@ak.
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3.11 FTIR spectroscopy

Fourier transform infrared (FTIR) spectroscapgasurements of neat, wet, and iodine-
dopedN. clavipessilk fibers, described in Chapter 4, neecarried out at room temperature under
attenuated total reflectanceTR)-FTIR mode using the Smart Orbit diamond ATR accessory of
the Thermo Scientific Nicolet 6700 spectromegguipped with a thermoelectrically cooled
deuterated triglycine sulfate (DTGS) detector. $hectra were recorded @absorption mode at 2
cm* resolution in the 4000-400 ¢hregion. The content of-sheet was estimated by peak

deconvolution in the amide Il region (1480-1585"¢m
3.12 Microtome and TEM

To obtain the cross-sectional TEM imagecafbon nanotube functioliwed spider silk
fibers (CNT-SS), described in Chapter 7, tlsiections of the CNT-SS were first obtained.
Bundles of the CNT-SS fibers weefirst fixed with 3% glutaralehyde in water solution (diluted
from 50% glutaraldehyde in water solution pwased from Electron Microscopy Sciences) for
two hours at room temperature. The purpose ofixlagion was to preservie internal structure
of the silk fiber. The fibers were then dehyedrhin ethanol, followed by embedding in Epo-fix
(5:25 hardener/resin vght ratio, Electron Miapscopy Sciences) at 5C for 4 hours. Then, the
epoxy with the sample inside was mountedaobeica Ultracut E microtome and 90 nm thick
sections of the embedded CNT-SS were obtaifibdy were then transired onto TEM copper
grids (100 mesh) and storedandesiccator. TEM images were obtained by cold field emission
JEOL JEM-ARM 200F at 80 kV.
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CHAPTER 4

ELECTRONIC PROPERTIES OF SPIDER SILK

The first step | took in the exploration dfilizing spider silk in electronics was to
understand the electrical propertiesspider silk. In this chaptethe electronic properties of
spider silk with respct to varying humidity, iodine dopingpyrolization, and polar solvent
conditions are discussed. This work provitles basis and foundation for the functionalization

strategies to be describen the next chapters.
4.1 Humidity Dependent Conductivity

The electronic transport properties of tgolcus phalangioideseat silk fiber bundle is
shown in Figure 4.1. A backgund leakage current check (befadhe sample was mounted) was
first performed under evacuated and humidifietditions as a baselingigure 4.1a) for the
conductivity measurements. Theerease of the background current from ~3% to ~&8%avas
very small (~1 pA) compared to the signal proeld by the sample (for example, neat spider
silk). This background check was important becaafsthe highly insulaig nature of the neat
silk fiber. Furthermore, it was very important to ensure the current measurements were recorded
in the steady-state region by allowing enough timetHe stray capacitance to discharge before
recording the current values (Figure 4.1b).

As expected, the spider silk fiberhgyhly insulating. Tle conductivity value () of the
spider silk fiber at ambient condition (50% RH, 22 was extracted frorthe current-voltage{
V) curve (Figure 4.1c) by taking intccount the geometrical factor$4 G*I/A whereG is the
conductance, is the length = 0.14 cm amlis the estimated crosses®n area of the sample =
1.09*10* cnf) to be ~ 44 nS/cm. The effectiveoss-section area of the silk bundle was
estimated by taking into account the 62% filling factor of spider silk fibers of a given bundle
size. The filling factor was estimated by compgrthe experimental value of a model system, a
32 Bn sized bundle oN. clavipedfiber consisting of 38 fibers,ith the ideal case of a perfectly
hexagonally packed silk fiber builed A slight non-lineaty in the lower voltage region ~ 0 to 4
V of thel-V curves was observed.

Furthermore, the conductivity was expatially activatedwith respect toRH changes

(below 70%). In Figure 4.1dhe semi-log plot of theanductivity with respect t&RH for neat
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silk fibers at different bias voltagesseown. The conductivity scales closely t& 1§ €%23TH,
which indicates that the conductiviincrease is not due to sitep(linear) geometrical addition
of water molecules to the silk fiber, nor torgaation effects [61]. Fopercolation effectsis
would have a power law dependenceRti{RH,)” Based on observations from MAS-NMR in
Section 4.3, we propose a qualitative watesoaption model involving sequential absorption

mechanism by different amino acid sitesiethis discussed in Section 4.3.1.

Figure 4.1. Electronic properties of ndat phalangioidesspider silk. (a) Background current
check (before the sample was mounted) at diffeRiit(~65% and ~3%) level at an applied
voltage of 20 V. (b) Current vs. time measuestnat constant voltagebetween -20 V (lowest
curve) and 20 V(highest curve) with 1 V increments. Inset: Current vs. time curve at -20 V
showing the approach to steady statel-{¢)curve of neat silk fiber &H ~ 50 %. (d) Humidity
dependent conductivity at differeapplied voltages. [23]

4.2 lodine Doping

The observation of the highly saolating nature of spider silk (as expected) led us to

explore effects of iodine doping to the elexdti conductivity as done in conjugated polymer
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systems. We found, however, unlike conjugatedymels, it is very difficult to achieve
intrinsically highly conducting 8t fiber by conventional chargdoping methods. The iodine
doping was done following the procedure describe8ention 3.5. As shown in Figure 4.2, we
found that for “lightly b doped” silk fiber, unlike in the casé conjugated polymer system, the
conductivity increased onhlightly by ~ 600% at 50% RHFurther doping withal (“heavily I,
doped” silk fibers) did not increase the conductivithe response of the neat silk fibers to RH
was nearly reversible. On the contrary, hysterbehavior of the conductivity with RH was
observed forJ doped silk fibers which was largest for the heavilgidped silk fibers, indicating

an increase in water retention as thedntent was increased. As discussed in Section 4.3.5, the
slight improvement in the conductivity may beedo inhomogeneous doping of the silk fibers or

to additional ionic transport caused digsociations of water-iodine compound.

Figure 4.2. Humidity dependentratuctivity of neat (top), lightlymiddle), and heavily (bottom)
I, dopedN. clavipesdragline silk fiber. [23]
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4.3 MAS-NMR and FTIR Spectroscopy

To gain insights of how the water and iodinteract with the spider silk, we performed
'H-3c CP MAS-NMR and FTIR spectroscopy oeat, hydrated, lightly, and heavilydopedN.
clavipessilk fibers. As destibed in Section 1.1, spider silprotein is composed mainly of
Alanine-rich crystal forming Esheet blocks connected by Glycine-rich amorphous chains
(sometimes Bhelix) with GXG or GPGXX amino acid patins (where X is a variation of amino
acids). From MAS-NMR and FTIR spectroscopy were able to probe the individual amino
sites on the protein backbone and trenformational structural (such as thesheet and
amorphous chains, sometimes t#&lix) changes, respectively. As a control, the MAS-NMR
spectra for neat silk fiber under ambient dtinds was obtained and labeled according to the
literature. The amino acid assignment on MRBM spectrum was done following the work of
Creageret al.[26].

4.3.1 MAS-NMR Spectra of Neat (enbient) and hydrated silk.

As a control, the MAS-NMR spectrum for nesiik fibers under ambient conditions was
first obtained. The silk fibers were then hydrased the resulting speativas compared with the
neat dry silk fibers spectrum as shown igufe 4.3a. The hydration decreases the intensity of
most of the peaks except for the two Ala peaks, Adaril Ala G:( Esheet), which are generally
attributed to the poly-Ala located in thesheet crystal forming block3he overall decrease in
intensity of the spectrum of the hydrated sanmpliaought to result from the increasing mobility
of the protein backbone and side-chain mobiliyh hydration [50,62]. Othe affected peaks,
the largest drops in intensity are observed for the Glycine (Glyai@l Glutamate or Glutamine
(both labeled as GIx), Serine ¢pand Proline (Pro) peaks. Thigicates that at lower humidity,
most of the water only enters the Gly site. the humidity increases, more sites are filled by
water, first, going into the Glx sites, then the &ed Pro sites. It is posde that this sequential
water absorbance causes the exptakmcrease in @nductivity as the hurdity is increased

(see Section 4.1).

4.3.2 MAS-NMR Spectra of Lightly I,-doped silk.

In regard to the iodine-silk interactiome first obtained the MAS-NMR spectrum for

lightly 1, doped silk (the case wheretkilk fiber is exposed te ht 25°C for 24 hours) as shown

34



in Figure 4.3b. The overall structure of the spgatwas not strongly affected. However, there
was a loss of intensity for the Glx;@nd slight intensity drop for Gly £We note that in this
lightly I, doped sample, the color of the sample changed back to original color after vacuum
treatment for 12 hours. Theredgrin the MAS-NMR experiment, where the sample was under
ambient conditions, there was only a minimal amount pfésent, probably around the Gly C

and GlIx G;site.

4.3.3 MAS-NMR Spectra of Heavily p-doped silk.

We further investigated thedine-silk interaction by obtaining the MAS-NMR spectrum
for the heavily 4 doped silk fiber (the case whéme silk fiber is exposed te At 70°C for 3
hours) as shown in Figure 4.3in contrast to the lightly,ldoped sample, the MAS-NMR
spectrum showed intensity redion in the peaks that corfgands to both the amorphous and
crystalline regions. We also notedaththe intensity reduction of Gly £and Glx G were
systematic (more intensity reduction asdoping is increased). The overall peak intensity
reduction indicated that heavydoping introduces chemi-sorbednto the amorphous, and to a

certain degree, the crystalline regions.
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Figure 4.3 —3C CP-MAS spectra ofl. clavipesdragline silk fibers. (aNeat silk fibers in
dry (red) and hydrated (bluestate. Except for the Ala £and Ala Gt ( Esheet) peaks, the
hydrated spectra are lower in intéps(b) Neat (red) and lightly.ldoped (black) silk fibers.
Inset: Detail of decrease in Glyg@nd GIx G Tyr Cegpeaks after,ldoping. (c) Neat (red) and
heavily b doped (orange) silk fiberdntensity reduction in most peaks as indicated by the
arrow.[23]
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4.3.4 FTIR Spectra of neat, lightly, and heavily -doped silk.

To confirm and understand the conformational changes caused by diopihg, we
obtained the FTIR spectra afeat, lightly, and heavily,ddoped silk (see Figure 4.4). For
conformational study, amide | region (agstom C=0 stretchingibrations, 1600-1700 cm)
and amide Il region (arises from N-H in-plabend and C-N stretafng vibrations, 1500-1600
cm?) are the focus of study [63]. Ehis because variations of side chains do not affect the
vibrations in amide | and amideregions [64]. Instead, they gdend on the arrangement of the
protein backbone and the strength of the hydrdgmnding in a particular conformation [64]. For
example, multiple bands occur in the amide loagwith different frequencies that increase [64]
with the strength of hydrogen bonding in e&gbe of conformations: intermolecul&strands or
Esheets (1629-1635 ¢ty Dhelices (1649-1658 ch), and turns (1665-1690 ¢t [64].
Similarly, amide 1l region envelopeSsheets andhelices bands at ~1515 and ~1550'd66].

Several observations were made. First,oiserved that there is no carbon-iodine (C-I)
chemical reaction as indicatést the lack of C-I stretchg band betweeB00 to 600 cri region.
Second, doping at 7 (heavy } doping) caused a major dease in the content dEsheets
from ~ 54% to 42% as indicatdwy the intensity decrease thfe ~1515 (in amide Il)and ~1625
cm’ (in amide 1) bands. The intensity decrease in Esteet bands and the increase in the
helix bands indicated that some of tBsheets were destabilized and transformed Bkelices

or amorphous coils.
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Figure 4.4. FTIR spectraf neat (red), lightly 4 doped (blue), heavily,Idoped (green) oN.
clavipesspider silk fiber showing main conformatial changes in Amideand Il regions. Inset:
reduction of Esheet band relative intensity in Amaid and Il at ~1625 and ~1515 respectively;
and increase ofDhelix band relative intensity irAmide | and Il at ~1655 and ~1550
respectively. No C-I bond is observed withire taxpected region (gray area) in any case. The
curves have beenifted for clarity.[23]

4.3.5 Qualitative Silk-I, Interaction Model

Based on the MAS-NMR and the FTIR spedfaodine doped samples, we propose the

following qualitative model for the silk-linteraction (Figure 4.5). At 7T, it is likely that there

is a water-induced thermal glass-transition thatnalghains to become mobile as in the case of
Bombyx morisilk fibers [66]. In contrst to doping at room temperature, where the iodide ions
were mainly located at the outer surface of the silk fibers, doping @ @&lows diffusion into
both the Esheet layers and intermoléauchains of the amorphousgions. The diffused iodine,
trapped within theEsheets, partiallyuppressed the hydrogen bonding probably around the N-
H...O=C region, causing some part of tBsheets to become unstabléis partial suppression

is consistent with the reduction in tlesheet peaks in both the Rrand MAS-NMR spectra. In

effect, some of theesheets were converted into amorphous phases.
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The model above assumes thahbstly remains in the amorphous regions of the silk
fiber structure after partial destabilization BEheet regions. Therefore, only the resulting
amorphous region remains doped. This is in contoasther systems such as Nylon-6, where the
I, doping is homogeneous throughout the bacie chain [67], therefore improving the
conductivity up to ~ 18 S/cm [68]. The limite¢tonductivity improvemerin spider silk may
therefore be qualitatively undéosd by considering a random resishetwork that consists of
the tunable resistivitiR, of the amorphous paand non-tunable resistivify, of the Esheet
crystals. Even thougR; can be tuned to be conductingRifremains highly insulating, then the
overall conductivity is limited byR..

Figure 4.5. Schematic of neaf,doped spider silk, and proposessilk interaction mechanisms.
Left: general spider silk structure beforedbping showingEsheet crystals (green rectangles)
connected by amorphous coils (blue coiR)ght: spider silkstructure after,ldoping showing
(a) iodine (red dots) complesdetween the amorphous coils, &bpconversion of some part o
Esheet into additional amorphoasils (yellow coils).[23]

4.4 Pyrolization of Spider Silk

Due to the difficulties of making intrinsically highly conducting spider silk fibers via
conventional charge doping method (for exaampby iodine doping), we explored another
strategy which is to pyrolize the silk fibers ifi@ghly conducting carbon fibers. By heating the
sample up to temperatures approaching @ an inert argon or nitrogen environment, non-
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carbon components are preferentialiyven off, leaving only the c¢hon elements in the system.
Pyrolization study orBombyx morisilk fibers has ben performed by Khaet al. [69], where
they found that, similar to the case of pyrolizataf coal tar pitch (CTP[70], iodine doping the
fibers prior to pyrolization improves the carbgeld and the morphology dhe resulting carbon
fibers. These works were used daide the investigain of pyrolization of spider silk fibers
below (Figure 4.6). Thermogravimetric (TGAEM and Raman analysis were performed for
pyrolized Pholcus phalangioideseat and heavily;ldoped silk fibers. Several improvements
were observed. Firstthe carbon vyield of ol doped silk fibers was increased by ~ 7%.
Furthermore, the resulting carbon fibers are nilerable. The pyrolizdon was done in Ar gas
environment up to 80 at a 5°C/min rate.

Figure 4.6. Photographs Bf phalangioidesieat (a), heavily:ldoped (b), and pyrolized (c) ksil
fiber bundle.[23]

4.4.1 Thermogravimetric Analysis of Pyrolized Spider Silk

As shown in Figure 4.7, by heavily doping the silk fibers prior to pyrolization, a higher
carbon yield of ~ 7% was achieved. Several uest in the TGA curves are important in
understanding the role of in improving the carbon yield. Firsds is evident in Figure 4.7, after
I, doping at 70C for 3 hours, the weight of the silk fibassincreased by ~10% as a resultof |
being trapped in the silktructure (see Section 4.3.5). Second, most ofteedporates below
200°C, as seen from the intersection temperature (Ti) between the healdlyeld and neat silk
fiber TGA curves. Third, the accelegatweight reductiomccurs earlier by 28C (as indicated
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by the shift in the weight reduction temperatugg, &t a slower rate, and finishes earlier than the
neat silk fibers.

The accelerated weight loss profile in thedbped spider silk is similar to that of CTP
[70]. In CTP, the main weightduction process in the doped silk fiber also starts and finishes
at lower temperatures. In CTP, these charatiesiare attributed to the dehydrogenation process
which occurs in the temperature range 200 to #50From mass spectroscopy, a significant
amount of hydrogen iodide (HI) igenerated in this temperaturange [70]. The increase in
carbon yield is understood as a result of the tnyein removal from the CTP components, which
produces radicals that accelerate golymerization process. In effect, the molecular weight of
the components increase, and a higimraount of carbon yield is obtained.

Similar TGA behavior of spider silk an@TP leads to the following interpretation of
iodine doping in silk. First, the heavily doped spider silk fibers physisorb and chemisgrbtb
both the amorphous an&sheet regions of the spider silk fibers (see Section 4.3.5). Upon
heating to 200C, most of the physisorbed ¢vaporates. Above 20, the chemisorbed Is
removed by HI formation, turning the dehydrogedatemponents into radicals. This allows an

accelerated polymerization as in the cas€™®, resulting in a higher carbon yield.

Figure 4.7. TGA thermogram &f. phalangioidesilk fibers. For heavily.ldoped silk fibers, &
was reduced from ~3%90 294 and the carbon yield was incredsby ~7% yield after heating
up to 700°C. For the heavily.ldoped silk fibers, the weightsielue was normalized with respect
to the initial weight of silk fibers before Hoping. T indicates the temperature at which the
physisorbedd has evaporated, and abovetfie chemisorbed ktarts to be removed.[23]
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4.4.2 SEM and Raman Spectroscopy Study of Pyrolized Spider Silk

The added flexibility of the pyrolized iodirdoped silk fibers was also evident from the
SEM images. The comparison of the bulk structfréhe neat silk fiber with the heavily-I
doped silk fiber before and aftermpjization is shown in Figure 4.&or neat silk fibers (0.5-1
Fn in diameter individually)considerable disintegration éie fiber structure was observed

after pyrolization (Figur 4.8a and Figure 4.8b). This resdlte very brittle carbon fibers.

Figure 4.8. Comparison bed@n neat and heavily dlopedP. phalangoidesilk fibers before and
after pyrolization. Left: Neat silk fibers befof@) and after (b) pyrolizain. Before pyrolization,
individual silk fibers of diameter ~ 0.5 BAn were separated. After pyrolization, fiber
disintegration was apparent. Right: Heavily doped silk fibers before (c) and after (d)
pyrolization. Before pyrolization,doping formed silk fiber bundlesith an average diametef o
~ 10 Hn. After pyrolization, only smll amount of disintegrain was observed, leaving the
bundles intact. The inself (c) emphasizes the differencetween the neat (a) and heavily |
doped silk fibers on the same scale.[23]
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In contrast, the Jtdoped silk fibers formed largdundles and/or bibon-like structures
comprising of ~ 5-10 silk fibers per bundMsiter pyrolization, tke bundle structure og-doped

silk fibers remained intact and considerably less disintegrated, which resulted in a more flexible
carbon fibers. The qualitative-s$ilk interaction model (described in Section 4.3.5) is helpful to
understand the possible underlying mechanism o smprovements. The iodine complex that
forms in the amorphous chains serves as ttenmediaries between fibers, producing a larger
bundle and/or ribbon-like structure. The trappedine can effectively change the interchain
hydrogen bonding into iodine complexes that faverchain van der \Aals C-C interactions

upon pyrolization, therefore, leaditg more flexible carbon fibers.

The Raman spectra of pyrolized neat and heavilyoped silk fibers are shown in
Figure 4.9. Both samples exhibit D-band (~1300"c@ind G-band (~1600 ¢t peaks, which
are associated with disordered and graphitcagtion, respectively. Besides the relative increase
in the intensity for thezidoped silk fiber, the spectra are very similar. Tdi&lintensity ratio,
which is related to the degree of crystallinity, does not change significantly,vaddping. This
is similar to the pyrolizedldoped fibers fromBombyx mori[69], except for the higher
percentage of amorphous carbon Rorphalangioidessilk fibers indicated by the lowes/lp

ratio.

Figure 4.9. Raman spectra of pyrolized neat and heayilgoped P. phalangioidessilk
fibers.[23]
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4.4.3 Electrical, Thermoelectric, and Incadescent Properties of Pyrolized Silk

The pyrolized silk fiber is a p-type semiconductor as revealed by the temperature
dependent resistance (Figure 4.10) and ntbefectric (Figure 4.11) measurements. The
temperature dependent resistance of the pyrolizatland iodized silk fibers was investigated in
the range of 77 -300 K, and found to followariable range hopping (VRH, see Section 2.1)
behaviorR = Reexp([To/T]¥%) with a barrier energy, of ~ 343598 K (Figure 4.10).

Figure 4.10. Temperature dependent electronicspran of pyrolized neat (solid line) angd |
doped (dash linelP. phalangioidessilk fibers. Inset: Ln(R) vs. (1/8* fit, showing that the
pyrolized silk fiber follows a viaable range hopping (VRH) mechami$23]

The semiconducting behavior was further stigated by a thermoelectric measurement.
The measurement was done in a very simpleract configuration atoom temperature as
described in Section 3.8. We observed that latihg the fiber at the positive electrode junction,
a negative voltage was produced (Figure 4.11a). ifldisates that the pyrolized silk fiber is a
semiconductor with predominanthyle carriers. Upomeating the positivelectrode junction,
the hole carrier density at the positive electrbdeame lower than the density at the negative
electrode, inducing a negative voltage. In casit under the same conditions, a carbon fiber
made from polyacrylonitrile (PAN) produced a fiog voltage, a characteristic of an n-type
semiconductor (Figure 4.11b). These charactesistere further confirmed by performing a
more systematic temperature dependentmbpower (Seebeck) measurement as shown in
Figure 4.11c.
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Using the pyrolized silk fibers, we demdtnaged that it was possible to use them as
lighting elements for an incandescent bulb (Fegdirl2). To do so, the pyrolized silk bundle was
connected to copper wires with carbon paste aackepl inside a vacuum chamber. A variable ac
(60 Hz) transformer was used to apply thereunts to the bundle. Alough not confirmed in

detail, the light spectrum appeared®conventional blackbody radiation.

Figure 4.11. Thermoelectric propies of pyrolized silk fiberga) Voltage vstime graph of &.
phalangioidescarbon fiber exposed seqtiefly to heat pulses atach end of a two-terminal
configuration. A heat pulse at the positive (@idge) voltmeter terminal produces a negative
(positive) voltage spike. (b) Voltages. time of polyacrylonitrile (PAN)-type carbon fiber
showing an opposite thermoelectric responseheat pulse. (c) Comparison of the temperature
dependent thermopower for pyrolized silk arA&lNPfibers indicating holdike and electron-like
carriers (respectively) abom temperature.[23]
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Figure 4.12. Photographs Bf phalangioidepyrolized silk fibers as incandescent light emitters.

4.5 Polar Solvent Dependent Conductivity

The activated humidity dependent conductivity, discussed previously in Section 4.1, led
us to explore the sensing profes of neat spider silk fiberdhe investigaon was done by
comparing the resistance measurements of Regihalangioidessilk fibers that have been
exposed to the saturated vapors of a varietpadér solvents under ambient conditions (see
Section 3.4). We observed a characteristiopdm resistance during the exposure, which
recovered after exposing the sdento air (Figure 4.13a). Similar measurements were done for
immersion of the bare electrodes into the kigas a control. As shown in Figure 4.13b, the
changes in the resistance for saturated vapor exposure follow the changes in the resistance of the
bulk liquid versus solvent polarityyhich indicates that simple absorption of the vapor by the
porous fiber may be responsible for the elogristic resistance drops. Assuming a linear
response of Ig) to Polarity Index RI), the resistance drops follow @ = Geexp(C*PI)
relationship (wher€ ~ 1 for vapor, and ~ 2 for liquid cgséndicating an actated dependence
on solvent polarity. We also note that there isclear correlation betweete solubility of the
solvents in water with the conductivity changaggesting that the obsed effects are not due
to residual water in the startisglvents. Since pure non-ionic sehts are electrically insulating,
the conductivity increase should be caused by tbbilmionic carriers that are produced from
the dissolved impurities by the solvent. Thereftine,amount of the conductivity change should
increase with polarity indexAlthough this is consistent withhe overall features, some
deviations are evident, such imsthe case of the responsevesd dimethylsulfoxide (DMSO)
exposures. This anomalous response may beodilie hygroscopic nature of DMSO, absorbing

additional water from the air.
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Figure 4.13. Polar solvent dement transport properties &. phalangioidessilk fibers. (a)

Time dependence of resistance as the silk fiber was exposed to solvent vapor followed by
exposure to ambient air. Solvents (polarity ind#xsolubility in water) used: hexane (0, 0.001),
toluene (2.4, 0.051), dichloromethane (3.1, J1i§ppropanol (3.9, 100), methanol (5.1, 100),
ethanol (5.2, 100), DMSO (7.2, 100) angCH(9, 100). The DMSO resnse is anomalous. (b)
Conductance change vs. solvent polarity xder vapor (square) and liquid (circle)
exposure.[23]
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CHAPTER 5

GOLD FUNCTIONALIZED SPIDER SILK FOR ELECTRICAL
MEASUREMENTS AND DEVICES

As described previously in Chapter dyen though the conductivity has activated
dependence with both humidity and @osolvent exposure, the neaidgp silk fibers are still too
insulating as for sensing applicms. Furthermore, the conductivitycrease of the iodine-doped
silk fibers is not significant enough for using th@der silk fibers as electrical wires. Although
the pyrolized silk fibers are electrically conting, they have very limited use because the
mechanical and biochemical advantages of thefigites are lost aftethe pyrolization process.
These observations led us to explore gold fanetization of spider ik fibers, which is
described in this chapter. Surprisingly, theld functionalization can be done with ease,
producing a very robust semi-flexible micro-wweeful for electrical measurements of small

organic crytals.
5.1 Gold Functionalization Method

The gold functionalization was performed ugia sputtering machine (Denton Vacuum

Desk Il). First the silk fibers were aligned and secured between two raised toothpick stages.
Then, the fibers were placed inside theaaiated sputtering chamber, followed by gold
sputtering under Ar gas environment. The silk fdb@ere sputtered for 30 s at a 40 mA current,
followed by a 15 s break, and then by a sec8dd deposition. The 15 s break was done to
minimize the risk of excessive heating during spettering. From the SEM images (Figure 5.1),

it was evident that the gold formed small round dora with an averagédiameter equal to the

film thickness of ~ 20 nm. The gold sputtering was domailk fibers fromvarious species, such

as Kukulcania hibernalisand Nephila clavipedragline silk fibers, ah we confirmed that the

gold sputtering was effective independehthe type of spider silk fibers.
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Figure 5.1. SEM images of gold sputternéd hibernalissilk fibers. (a) Lower magnification
image showing the uniform gold coating. (b) Higher magnification image showing the formation
of gold domains.[23]

5.2 Electrical, magnetic, and elastic properés of gold functionzalized spider silk

fibers

The gold sputtered silk fiber is electricatybust down to the lowest temperature studied
of ~ 260 mK (Figure 5.2a). Entemperature dependent remnste shows metal conductivity
over the full temperature range. At low temperature range, the resistance has very small
temperature dependence. Likewise, at T260 mK, the resistance was magnetic field
independent (Figure 5.2b). This is in contnagh the case of high puyitpolycrystalline gold,
where the resistance increased wéhpect to increasing magnetic fields [71]. This indicates that
the lack of both temperature afidld dependence in the goldrfctionalized silk fiber may be
due to the presence of defects in the samphe lack of temperature and magnetic field
dependence, however, may be advantagefousfabrication of coils for cryogenic RF

measurements, such as the TDO (Tunnel Diode Oscillator).

Figure 5.2. Temperature (a) and magnetic (b} fad¢pendent resistance of gold sputterdd sil
fibers.
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We also found that the gold sputtered dillers possessed elasticity, allowing the
formation of electrical cross-junctions under tensiThe cross-junctions were formed by first
attaching the gold-sputtered silk fibers on Hwtom and top substrates, shown in Figure 5.3,
using silver paste. The two substrates were titressed together and secured using GE varnish
to maintain the tension between the two fib&tee junction was metallic down to at least ~ 80 K
as shown in Figure 5.4. Based on this observaitoprinciple, for junctions involving p- and n-
type coatings, diode characteristics should be plessiVe also noted that this kind of junction

was not possible to fabate using pure gold wire.

Figure 5.3. lllustration of the cross-junction agafation. (a) Schematic of the assembly. Blue:
substrate, brown: GE varnish, yellow: gold sputlesiék fibers, white: #ver paste, orange: gold
wire. Photographs of theisstrates (b) before and) @fter the assembly.[23]

Figure 5.4. Gold sputtered. clavipessilk fibers cross-junctionga) Photograph of the junction
showing the tension maintained. (b) Temperatlgpendent resistance of the junction showing
metallic behavior down to ~ 80 K.[23]
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5.3 Electrical Resistance Test Device Based on Spider Silk Micro-wires

The elastic properties of the dokputtered silk fibers led u® develop an electrical
resistance test device using thefibers as the electrodes. elthest device allows transport
characterization of small organic samples invodvcryogenic temperaturegthout the need of
the conventional conducting paste. The fabricatiotheftest device, the “mandolin,” is outlined
in Figure 5.5. First, thé&l. clavipesdragline silk fibers weraligned and secured across two
toothpicks, after which they were gold sputte(E@yure 5.5b). Then the fibers were transferred
to a substrate and secured using enamel area§it2850 (Figure 5.5¢). Next, the sample under
test was placed on a small piecgytass slide and then pressediagt the aligned fibers (Figure
5.5d). The substrate and the glabdes are secured by GE varnish. Finally, the gold sputtered
silk fibers were connected to the copper wires gamg the measurement equipment (Figure
5.5e). The gold sputtered silk fibers wedl £onducting even after considerable bending
(Figure 5.5f).

Figure 5.5. lllustration and photographs of thmandolin” fabrication procedure. (a) The
“mandolin” assernly. Blue: substrate, yellow: gold speted silk fibers, black: Stycast 2850,
brown: GE varnish, black rectgie: sample. (b) Four aligned. clavipesgold sputtered gil
fibers. (c) The transferred fibers on a substrate. N(BETD-TTFLCU[N(CN),]Br Sample on
glass slide in direct contactitiv the silk fibers. (e) Completed assembly on a sample holder,
where the gold sputtered silk fibers were connettdtie copper wires using silver paste. (f) The
gold sputtered silk fibers remained condugteven after considale bending.[23]
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The performance of the mandolin was evaluated using a test sam(@&DT-
TTF),Cu[N(CN)]Br organic single crystal (Figure 5.6d)om 300 K down to 4.3 K. As shown
in Figure 5.6a, the resistance measurement was stable in all temperature range, and multiple
cooling and warming cycles were carried ouetsure repeatability. Using the “mandolin,” we
were able to reproduce the results reported in the literature [72] for this sample, for example, the
insulator-metal transition at ~80 K (Figure 5.@lmd superconducting transition at ~12 K (Figure
5.6¢). Additionally, because no conducting pasts used to make contact to the sample, the
sample was clean and can be saved for futdiher measurements. We also noted that, in
general, the contact resistancelw sample diminished at lower temperatures except for a bump
in between 250 K and 300 K, which affected 4hpoint measurement in this temperature range.
The initial increase in the contact resistance mightiue to differentialanling rates in different

components of the mandolin setup.

Figure 5.6. Electronic transport measurement NBEDT-TTF),Cu[N(CN)]Br using the
mandolin setup. (a) SEM of the gold sputtekedlavipesdragline silk fibergpressed against the
sample. The gold sputtered silk fibers at tges of the sample was broadened by ~ 10% due to
the tension. (b) Temperature dependent 4-posistance of the sample from 300 K to 4.3 K. (¢)
Low temperature transport claaterization showing the superducting transition (~ 12 K). (d)
Temperature dependence of the contact resistance from 300 K to 4.3 K.[23]
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5.4 Water-assisted electrical contacts using gold sputtered spider silk fibers

Alternately, it is possible to make direetectrical contact to samples using water to
render the silk fibers sticky. Unlike the mandolinthins case, it is not necessary to maintain the
tension on the fibers. To makeetbontact, first the gold coatéitbers were placed on top of the
target sample, for example the (TMT@HM}j organic single crystal Figa 5.7a). Next, a water
droplet was introduced on top of the sample, wgtthoth the sample and some part of the silk
fibers (Figure 5.7b). During the initial water contabe silk fibers became soft and increased in
diameter due to supercontraction (described ptesly in Section 1.1). As the water evaporated,
the silk fibers became compliatat the surface profile ahe sample as shown in Figure 5.7c. In
effect, the silk fibers became more intimately in contact with the sample. After drying, the gold
sputtered silk fibers remained stuck on the sampléhe preliminary stage, we have confirmed
that at room temperature, goo@datical contacts between the galauttered silk fibers and the
sample are established. The stickiness of gbkl sputtered silk fibers may be due to an
enhanced the van der Waals ratgion. The increasing diametand compliance of the silk
fibers during the wetting process may contribtdean enhanced van der Waals interaction.
Furthermore, the surface tension of water may edsuribute to help press the silk fibers down

to the sample.

Figure 5.7. Water-assisted stickly clavipesgold sputtered draglinelkifibers. Photographsfo
the gold sputtered silk fibers in contact with a (TMTHHR sample (a) before, (b) during, (c)
after the wetting process. Befaometting, the silk fibers wererstight, stiff, and non-sticky. After
drying, the silk fibers were compliant toettsamples surface profile. See video 5.1 for more
details.
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CHAPTER 6

SPIDER SILK MASK FOR MICRO-PATTERNING OF
ADHESIVE ELECTRODES

Similar to traditional gold or platinum wirentacts made with conducting paste, the gold
sputtered spider silk fibers amseful to make clean and flexibé¢ectrical contacts to small bulk
organic samples as described in the previchaspter. However, even though individual gold
sputtered silk fibers are very thin (diameter of ~R4), it is still difficult to make 4-point
contacts using the mandolin methodsamples with sizes less than 1B8. In order to achieve
this resolution, it is necessary to setup a micezmanical manipulator system to align the fibers
very closely and to position these fibers direcitytop of the sample. Usually, to make contacts
to a sample of this size, lithographic teciugs are employed. The lithographic techniques,

however, require the samplelie very thin (thickness < Bn).

Figure 6.1. Adhesive electrodand sample configurations. (a) Photograph of a sample
(TMTSF),PF mounted at the crossing gaps betwdka 4-terminal eldcodes. (b) Cross-
sectional schematic of the adhesivectilode and sample configurations.[20]

In many cases, new materials involve singlgstals in the supra-micron size range (<
100 Rn, thickness > 1Rn). For samples of this size, lithographic techniques are problematic due
to large vertical distances involved in the titias from a flat substrate to the bulk sample
surface. To address this limitation, using spisiét fibers as masks for micro-patterning, we
have developed a simple adhesive stamp elecfordipra-micron samples, useful for transport
characterization down to cryogertiemperatures and high magnéefields. In Figure 6.1a, we

show an example of the 4-terminal adhesiextebde with a supra-micron sized single crystal
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attached. The cross-section of the setup istited in Figure 6.1b. This setup provides an
adhesive, but conducting and compliant patternectrelde to which the sample can be attached.

6.1 Adhesive Electrodes Fabrication Procedures

In Figure 6.2, we outline th&abrication procedure of thadhesive electrode. First, a
double-sided adhesive 3M ScbtMounting Tape (Cat# 110 or 114) was cut into a 25 mm
square and attached to a G10 support substristtethe non-adhesive backing sheet removed
(Figure 6.2a). Next, a crosseddi mask was made by laying tWephila clavipegiragline silk
fibers (diameter ~ 8n) on the tape adhesive surface. The silk fiber mask was then secured by
re-applying the non-adhesive backing with 250 ehgveight (Figure 6.2b). Then, an additional
boundary frame mask made from the non-adhdsasking was fixed to the surface, and gold
was either sputtered or thermally evaporaiatb the surface (Figure 6.2c). Following the gold
deposition, the frame and silk fiber masks wédted-off, producing fourindividual contact pads
separated by ~ #m gaps (Figure 6.2d). Finally, the sampln be placed at the center of the
electrode gap crossing, and elamlicontinuity was checked ugj standard gold wires attached
to the electrode pads with conducting pastee $ample was further pressed gently against the
adhesive surface using a thin Apgtor with a flattened tip madeom the non-adhesive backing

to ensure a reliable and permanent ohmic connection (Figure 6.2e).

Figure 6.2. Adhesive stamp elemde fabrication procedure. (a) Mounting tape (white), G10
substrate (blue), and spider silk fiber (yel)ocross-lined mask. (b) Pressed non-adhesive
backing for securing the silk fiber to adhesive surface. (c) Non-adhesive boundary frame mask.
(d) Deposited gold electrode after mask lift-of¢) Sample mounting and external electrode
arrangement. [20]
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For room temperature measurements, we ti@ethis structure can be achieved using
various adhesive tapes. Howevier, cryogenic measurements, ivisry important to use the 3M
Scotch Mounting Tape. The spongy internal striectaf this tape is compliant to irregular
pressure or sample features, therefore, erdsatice effective surface contact area with the
sample. Furthermore, compared with other adieetipes, the thermal contraction mismatch at
low temperatures between the sample and e &ase not as pronounced. We also note that the
presence of undesired oxide or contaminant on the sample or gold surface reduces the
effectiveness of the method.

Due to the roughness of the tape surface, & mecessary to deposit at least 50 nm of
gold film to obtain good electrad continuity by thermal evapation. Alternagly, by using
diffusive sputtering process, thickness of ~20 nm was sufficierFor sputtering deposition,
however, it was very important nsure that the silk fibe@nd the frame mask were firmly
affixed to the tape surface prior to the depositmavoid electrical shortage between the contact
pads. The gold sputtering was done using DentacuMm Desk Il system if@gl5 s at 45 mA in
two stages, with a 15 s break for cooling. Theslltireak was introduced to reduce the risk of

overheating the tape.
6.2 Surface Profile

The surface profile of the deptexl gold film is shown in gure 6.3. The gold film has
surface roughness tfns ~ 300 nm and®R ~ 2 Bn, whereh,s is the rms vertical displacement
about the mean surface height, d&ds the average lateral sizé the distance between two
peaks inh. We also performed a control study to urstiend the possible mechanisms that make
the design work effectively, where we lamirchta glass slide. As shown in Figure 6.3a and
Figure 6.3b, we found that majority of the goiltnfsimply flattens. We also note that the gold

film returns to its original shape after removing the glass slide.
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Figure 6.3. Surface profile of thelk patterned adhesive electrodeea (a) beforand (b) after
lamination with a transparent gkaslide. Flattening of the gotdated surface is evident.

Based on these observations, we propose tl@viag mechanism. Initially, the ~ 20 —
50 nm thick gold film covers the entire tapafaoe, except in the masked area. When a flat
sample is pressed onto the tape, the high points of the gold filrmdhteith the sample surface.
Because of the granular/domain nature of tie gold films, gold atthese high points are
displaced and adhesive conta@re made between the tape and the sample. However, the
remaining un-displaced gold film, which is alsocontact with the sample, remains well above
percolation threshold. In effect, many good elealricontacts remain between the sample and
the continuous gold film in parallel with the adhe contacts. Furthermore, the sample is in
direct contact with the tape adhesive in th@sked region, producing additional attractive force
to the electrode.

6.3 Breakdown Voltage

We found that the 4 mm gap between the eldesachannel can sustain an electric field
up to ~ 60 kV/cm before breaking down, as observed froYheharacteristic shown in Figure
6.4. Thel-V characteristic shows a typical metaduator-metal Fowler-Nordheim tunneling
behavior. Above 15 V, it follows the empiricaold field electron (CFE) emission relation

(discussed in section 2.4),

_B
| CV'eV
whereC andB are fitting constants, andis determined from the fitting analysis of th¥ curve
in figure 6.4 using the expression below,

din(1)
d@/Vv)
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and is found to be ~ 1.48. Unlike thermionicigson, this charge ansport mechanism is
essentially temperature independenterefore, we can expect the electrodes to be stable and

robust over a wide range of temperatures.

Figure 6.4. Current-voltage claateristic of electrode-channellectrode structure at room
temperature. Above 25 V, a rdpi growing leakage current is observed. (Inset) Empirical CFE
I-V characteristic showing the fitting alysis (solid line) for extracting thé&¥alue.[20]

6.4 Performance Evaluationat Cryogenic Temperatures

To evaluate the performanad the electrode at cryogentemperatures, a tiny single
crystal of the quasi-one-dimensional organic conductor (TMF&%&)was chosen as the test
sample. The sample was chosen because of its fragile and needle-like (along the a-axis), allowing
us to evaluate the method more rigorouslyrtiiermore, the conductiyitof the sample is
anisotropic, least along the c-axis and higheshg the a-axis [73]. At ~12 K, the sample
undergoes a spin density wave (SDW) metal-todatsr transition [73]In our evaluation, we
found that the electrode was stable down to &tk4.Furthermore, the sharply defined electrode
pads were suitable for anisotropic transport study. The transport characterization was done in a
standard cryogenic probe comtimig a small amount of helium exange gas. Lock-in amplifier
with a constant current of 0.FA was used to measure the resistance of the sample in 4-point
configuration.

In Figure 6.5, we show the temperature depahdesistance for current perpendicular to
the a-axis (I a) down to 4.3 K. For sample #1 (1Bn x 40 RBn), we observed metallic

conductivity down to ~ 12 K, where it undergoes the SDW metallic-insulator transition (Figure
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6.5a). From the high temperature metallic comigig, we deduced that the transport is along
the b-axis [73]. Furthermore, lmpmparing the resistance value platao the a-axis (I//a) at ~

20 K, we estimated the resistance anisotropy foa land I//a to be ~ 73, consistent with the

literature [74,75]. In contrast, for sample #2 (B& x 112 Hn), we observed a semiconducting-
like behavior down to 80 K that preceded the metallic behavior, similar to the transport behavior
along c-axis reported in the litéuae [73] (Figure 6.5b). At ~ 1K, the SDW transition was also

observed. The resistance anisotropy foraland I//a was found to be 26000, consistent with

the literature [74,75].

Figure 6.5. Temperature plendent resistance for la of (TMTSFYPF. (a) Sample #1 shows
metallic behavior and SDW metal-insulator transition at ~12 K, indicating transport along b-axis.
(b) Sample #2 shows semiconducting-like behaatmve 80 K., metallibehavior below 80 K,

and SDW metal-insulator trangiti at ~ 12 K, indicating transgalong c-axis. Insets: Semi-log

plot of the temperature dependerdistance at low temperatures.[20]

6.5 Performance Evaluation at High Magnetic Fields

For evaluating the performanaghigh magnetic fields, a small piece of kish graphite (25
Fn x 30 An) was chosen as the test sample. This material is well known for its quantum
oscillation (Shubnikov de Haas) efte and Hall plateau featureshigh magnetic fields [76,77].
In our evaluation, we found that in additiondiability at cryogenic temperatures, the adhesive
electrode was also stable at high magnetidsieThe transport measurement was done inside a
dilution refrigerator and a superconducting magiéte 4-point resistance was measured at a

constant 1 mA current using a lock-in amplifiehe magnetic field was applied perpendicular to
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the conducting plane for both the positive and negdtatd directions at ~ 25 mK. By averaging
the difference and addition of the pos#ti and negative signals, the HalR.() and
magnetoresistanc®(;) data were extractedgspectively (Figure 6.6YWe found features similar
to those reported in the literature such as ititeger Hall effectq6] and Shubnikov de Haas
oscillations [77]. Becaae of the thickness of the sample (~ Z#8), however, the features
observed were weaker compared to those reported in the literature. FrB dag¢a in Figure
6.6a, the bulk sample was estimated to hav@294 graphene layers. Weere also able to
extract the D(hole) and E(electron) Fermi pocket frequaas [77] of ~ 4.6 T and ~ 6.4 T,
respectively, from fast Fouriegransform (FFT) analysis of tHey signal between 0.25T- 9T
(Figure 6.6b).

Figure 6.6. Magnetic field dependeamgsistance of kish graphitg ~ 25 mK. (a) Rxy vs. field
showing a weak feature of theteger Hall effect (Rxy = h/ne2, where n = integer). Right axis
represents a normalized Rxy withspect to ~ 2294 graphene leyeR’ represents the first
derivative of Rxy with respect to the field.skt: Quantum number n vs. inverse field. (b) Rxx
vs. field showing Shubnikov de Haascillations. Inset: FFT anais showing a (hole) and b
(electron) pocket at ~ 4.6 T and ~ 6.4 T, respectively.[20]

6.6 Various electrode designs

If desired, more than four electrode pads barfabricated to allow multiple samples to
be characterized on the same adhesive subskate2xample, four by four electrode pad will
allow measurement of at least 4 samples on the same adhesive substrate. Besides the basic
adhesive cross-lined gold elemtie, it is also podsie to use the silk fiber mask fabricate

electrodes on other substrates and/or with wdffe configurations rad electrode materials.
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Several examples are given in Figure 6.7. Thie mask is very versatile and mechanically

robust. In principle, various @ttronic devices can be fabriedt using this micro-patterning

principle.

Figure 6.7. Electrode designs using spider silksk. (a) Cross-lined gold electrode on PDMS
substrate. (b) Eight-sided ags-lined gold electrode on tape adhesive. (c) Aligned carbon
nanotube fibers on tape adhesi(d) Carbon powder on tapelhesive. The carbon nanotube
fibers and carbon powder were deposited byctlyestamping the masked tape adhesive,
followed by lifting-off the silk mask.

61



CHAPTER 7

PHYSICAL, ELECTRICAL, A ND ACTUATING PROPERTIES
OF CARBON NANOTUBE FUNCTIONALIZED SPIDER SILK

As discussed previously in Chapters 5 antddéh gold functionalizedr neat spider silk
fibers have an important role in electricaéasurements. By harnessing the geometrically thin
nature of the neat silk fiber dnts mechanical robustness, werav@ble to devise a simple way
of fabricating micro-patternedestrodes on adhesive substratastfansport characterization of
supra-micron sized samples. Furthermore, by dssing the elastic nature of spider silk fibers,
we were able to fabricate semi-elasticcroiwires via gold functinalization useful for
developing a clean electricalinsport test device.

However, the gold functionalized silk fibertmo rigid for other applications such as the
development of sensing and actugtdevices. Besides the rigidity gtlgold coating also isolates
the silk fiber from external stimulus, such kgmidity changes, diminishing the silk fiber's
sensing properties. Thesbservations led us to perform spidék functionalization with carbon
nanotubes. We found that the tlwarbon nanotubes netvikoon the spider silkiber is flexible
and porous, which allows external stimulus to stiket the silk fibers. This allows us to harness

the elastic and humidity sensitive naturespider silk fibers to its full extent.
7.1 Carbon Nanotube Functionalization Method

Two methods of carbon nanotuf€NT) functionalization hee been developed. The
first, namely the water-based method, producesmiform and thin (thickness ~ 80 nm) carbon
nanotube network on a superconteacspider silk fiber. Due to the thin, flexible, and porous
nature of the CNT network, this functionaliz&der (CNT-SS) is flexible and responsive to
external stimulus. In contrast, the secondmely the benzoquinone-based method, produces
thicker (thickness ~ Hn — 5 Rn) carbon nanotube network on a non-supercontracted spider silk
fiber. The thick CNT coating nkas this fiber highly conducting bastiffer thanthe water-based
CNT-SS fiber and non-responsive éaternal stimulus. Therefey water-based CNT-SS fibers

are used to develop the sensing and acigiatevices described in this chapter.
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7.1.1 Water-Based Functionalization

We found that by taking advantage of theercontraction phenomenon that occurs in
silk fibers, it is possible to functionalize the silk fibers with aminated MWCNT (Nanocy! part#:
NC3152) in a simple and effective way. Thethoal is outlined in Figure 7.1. We discovered
that by coating the spider silk fibers withdry powder of aminated MWCNT (submicron in
length, functionalized with Nigroup), applying a few drops efater, and then pressing and
shearing the mixture between two Teflon (PTFEeth, the silk fibers became very black. After
drying, the silk fibers further contracted, proohgca uniformly MWCNT coated silk fibers. The
CNT-SS bundle can then be segiad using tweezers to obtandividual CNT-SS fiber.

Figure 7.1. Water-based CNT coating proced(a) Spider silk and aminated MWCNT are
mixed. (b) Few drops of water are appl@ato the mixed fibers, followed by (c) pressing
and shearing between two PTFE substrafd) Coated fibers after drying.

SEM images show uniform MWCNT coatingoal individual silk fibers with thickness
of ~ 80 nm, as determined from the cross-sectional TEM image (Figure 7.2). The MWCNTs
adhere very well to the silk fiber surface and some penetration of the nanotubes into the silk fiber
surface is observed (Figure2). We note that only dry paler of functionalized MWCNT
dispersed and adhere well to the silk fiber dutimg initial mixing process. This indicates that
the polar nature of the aminatddMVNCT and spider silk playan important role to achieve
effective functionalization. Furthmore, we found that only spidseilk fibers exhibit effective
MWCNT coating compared witmylon, polyester, cotton, and rgltic fibers (Figure 7.3).
Although the nylon and polyester bundles possess some electrical continuity, individually, they
are insulating suggesting non-uniform MWCNT coating. For cotton and acrylic fibers, no
electrical conductity was observed even in the bundlenfio These observations suggest that
spider silk, nylon, and polyestare all capable of trapping ¢@m nanotubes between the fibers
in the bundle, but only spider silk has theeaghanism that allows the MWCNT to adhere

uniformly. Furthermore, we observed that, unlike water, other solvents such as hexane, toluene,
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methanol, ethanol, acetone, DCM, and DMF do factlitate a uniform coating. Incidentally,

supercontraction is a phenomenon unique to sgitteand most activated by water solvent (see
Section 1.1). We also confirmed that the laygpion of pressure and shear to the wetted
SilkkMWCNT mixture is necessary to obtauniform CNT-SS fibers. Based on these
observations, we propose a polar attraction sumgercontraction assisted mechanism for the

CNT functionalization of spider silk fibers.

Figure 7.2. SEM and TEM images of the waiased CNT-SS. (a) SEM image of individual
CNT-SS. (b) and (c) Enlarged view of the CNT-SS surface at various spots. (d) TEM cross
section of CNT-SS. (e) TEM image showing TpNenetration into the silk structure.

The aminated nanotubes are polar, with positive charge at the proton sites, allowing
homogeneous dipersion in water. The spider fdil&r is a protein-based polymer consisting of
neutral and polar amino acid (see section 1Ngat silk fibers, when exposed to water,
experience supercontractioneés Section 1.1) [36], wherthey experience hydrogen bond
breaking, expand in diameter, cadt in length to a significantly smaller size, and become
softer. Exposure to water alsaduces closer silk fiber pacig, forming a tighter bundle (see
Figure 7.3). After drying, it fulter contracts in both lengdnd diameter as new hydrogen bonds
re-establish [36,40]. Initially, by mechanicalixing, the dry nanotube powder is partially
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dispersed and adheres to the dilkers due to polar attraot. The combination of fibers
softness, nanotube dispersion intevatighter bundling, shear deformation and pressure exposes
more silk fibers surface to the nanotubegob) drying, the silk fibers shrink further, which
concentrates the MWCNT network, making thehectrically conducting. In Figure 7.4, we

simultaneously demonstrated the polad @aonducting properties of the CNT-SS.

Figure 7.3. Photographs of various fibers edatising water-assisted CNT functionalization
method. Left: The original coated bundle. Righttracted individual coated fibers. Only spider
silk showed uniform individual CNT coating aetéctrical condutivity. Tighter fiber packing in
the spider silk bundle was observed.
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Figure 7.4. Simultaneous demonstration of tolar and conducting properties of CNT-SS.
Photographs of the setup (a) befarel (b) electrostatic attraction. The (c) Four-point resistance
of the CNT-SS vs time during the attractiamd release cycles. The resistance increases
(decreases) during theraiction (release).

7.1.2 Benzoquinone-Based Functionalization

The second method that we have devadopke benzoquinone-based method, involves
the conventional dip-coating method. First, gboca nanotube dispersion solution was prepared.
The solution was first prepared by sonicatiy mg of aminated MWCIRs (Nanocy! part#:
NC3152) in 15 mL of DMF (acidified witha few drops of HCI). Separately, 125 mg
benzoquinone was dissolved ih0 mL of DMF. Then, tb two mixtures (5:1 wt%
benzoquinone:NHMWCNT) were combined and sonicated until a good dispersion was
achieved (~15 minutes) [78]. Then, the silk fibgas immersed into dispersion solution,
followed by air drying at 50C. This process was repeated as many times as necessary with 15
seconds drying time between eadhltro get uniform coating. yipically, for 20 times repetition,
~3 Bn thick of CNT coating was achieved. The tésg silk fiber was uniformly coated as
evident from the SEM image in Figure 7.5 aslkéctrically conducting. As in the case of
buckypaper [78], even though benzoquinone was prasédine dispersion solution, there was no
observable benzoquinone in thadi product suggesting thatetlbenzoquinone acted only as a

cross-linker as opposed to a polymeric matrix.
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Figure 7.5. SEM and TEM images of the benzoquinone-based CNT-SS. (a) SEM image o
individual CNT-SS. (b) Enlarged view ofdlCNT-SS surface. (c) TENross section of CNT-
SS. (d) Enlarged view of the TEM cross-section.

7.2 Custom Shape-able Property of CNT-SS

For the investigation of the rest of this chapter, we will focus on the water-based CNT-
SS. The CNT-SS is versatile and can be shagedvarious forms withousignificant influence
to the conducting property asavn in Figure 7.6. To do so,dlCNT-SS was first wetted using
de-ionized water and bent intbe desired shape. After drying, CNT-SS maintained the shape
and remained conducting within 20% of its am@ resistance valueThis process can be
repeated to obtain other shapegh similar conducting properte The softness of CNT-SS
while in the wet state may mitigate the forroatof CNT cracks during the bending process.
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Figure 7.6. Custom-shapebale CNT-SS fibers. &raphs of CNT-SS fibeshaped into (a) coil,
(b) ring, (c) knotted, and (d) FSU letters form.

7.3 Electrical Properties of CNT-SS

The custom-shapeable property makes thd-SS versatile. For example, the CNT-SS
can, in principle, act aa re-shapeable micro inductor iretleoil shape. Using the shapeable
property, it is also possibleo use the CNT-SS to makeanoiping/weaving electrodes for
electrical measurements. These electrodes wade by first wetting the CNT-SS fibers, and
winding and weaving them onto a 4-terminal capp&es which were connected to a resistance
measurement setup. After drying, the fibers @mted and squeezed the outer two copper wires
(current leads) and increased the tension éetwthe inner two copper wires (voltage leads),
producing a good electrical contact between @NT-SS and the copper wires as shown in
Figure 7.7a. These clamping and weaving acist were robust in ambient or vacuum
environment down to cryogenic temperatures.

As shown in Figure 7.7b, the resistanckofwed the 3-D variable range hopping (VRH)
behavior (discussed in Section 2.1), e.gR)nf (1M down to ~ 4.3 K withTo ~ 108 K. For
comparison, we also characterized the;MBWNCT buckypaper (prepared from the same CNT
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powder) and the benzoquinone based CNT-SShigher temperature@bove ~ 30 K), 3-D
VRH behavior was observed wiify ~ 53 K and 150 K, for the buckypaper and benzoquinone-
based CNT-SS, respectively. At lower tengiere, however, the temperature dependence

followed the 1-D VRH behavior akiewn in Figure 7.7c and Figure 7.7d.

Figure 7.7. Custom shaped CNT-SS for gdach and woven electrodes and temperature
dependent resistance of various samplek.Pfaotograph of clampe (I£) and woven (V)
contacts used to characteritee temperature dependent sé@snce of CNT-SS. Temperature
dependent resistance of (a) water-based GSTdnset shows the 3-D VRH nature), (b) NH
MWCNT buckypaper, and (c) benzoquinoresed CNT-SS. Both Buckypaper and
benzoquinone based CNT-SS follow 1-D VRH behavior.

7.4 Strain dependent resistance of CNT-SS

In addition to being electridgl conducting, the CNT-SS is also flexible. Under a strain
DI/l of up to at least 50%, the CNT-SS fiber remains conducting, as shown in Figure 7.8a. The
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flexible and mat-like arrangement of the CNT toog can expand and conttatogether with the

silk fiber, therefore, maintaining electrical tmuity. In some cases, it is possible to obtain
fibers that in the dry state can be extendedoup 200% of the initial length while remaining
conducting. The breaking limit of the conductifigers may depend on the amount of initial
contraction length and other factanvolved in the coating process. The typical gauge factor for
the thin CNT coated fiber thas produced by the water-based method is ~ 1.22, as shown in
Figure 7.8b. A variatin of gauge factor'®/Ro) / ('1/lp) with respect to th initial resistanceR,

is observed (see Figure 7.8c). Although not confirmetktail, it is likely that the variation &%

is linked to the thickness of the CNT coatingtloé silk fiber under test, for example, a thicker
(thinner) CNT coating results in lower (higheryisgance. Therefore, fapplications requiring

higher gauge factor sensitivity, a thinner CNT coating is desired.

Figure 7.8. Strain dependentsigance of CNT-SS. (a) Strain dependent resistance of single
CNT-SS fiber up to 50% strain. (b) Cyclicah test revealing ~ 1.22 gauge factGiF] for a
single water-based CNT-SS fiber (solid lifesistance, dotted line: Strain). (d¥Ry vs 'l/lo

of various single CNT-SS fiber having differd®t (red: water-based CNT-SS, blue and green:
benzoquinone-based CNT SS sample 1 and sample 2, respectively).

Using the water-based CNT-SS with typicauge factor of ~ 1.22, we demonstrated
proof-of-concept applications such as strain sensitive sensors for heart pulse monitoring (Figure
7.9a). Figure 7.9a shows the experimentalseThe CNT-SS bundle was mounted in a 4-point
configuration using a carbon paste a substrate with a gap been the voltagéeads to allow
the CNT-SS bundle to bend during the monitoriflge carbon paste contacts were protected by

enamel coating.
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Figure 7.9. Proof-of-concept demonstrationsngsSCNT-SS fibers. (a) Demonstration of strain
sensitive resistance of CNT-SS to heart puldeswsg the monitoring oy 72 beat per minute
(bpm) heart pulses. (b) Cyclic relative humidigH) response of the resistive CNT-SS bundle
up to 70%RH (solid line: 'R, blue dotted lineRH).

Besides for heart pulse monitag, the CNT functionalizabn also provides electrical
readout to monitor strain chargelue to humidity variation, ashown in Figure 7.9b (for
experimental setup, see SectioB)3This approach may be usefal provide eletrical readout
for the spider silk-based humidity activatedtuator reported in rafence [18], therefore
allowing precise feedback contrdVe note that for gold futionalized CNT-SS or CNT-SS
with thicker CNT coating, no humidity response was observed, which emphasized the strategic

value of the thin, flexible, and pmus CNT coating for sensing devices.
7.5 CNT-SS Annealing and Current-Driven Actuator

We also found that by applying a 10BA annealing current for 40 seconds, the
conductivity of the CNT-SS was improved by ~ 2@#rmanently as shown in Figure 7.10.
Three separate samples were used to cortfirsnobservation. Furthermore, by using the CNT
coating as a local heating element, it wasspae to utilize the CNT-SS as a current-driven
actuator for lifting weights (Figer7.11). Figure 7.11a shows thesembly of CNT-SS actuator.
A single CNT-SS fiber was mounted between twbOGubstrates in a t2rminal electrical
configuration using carbon paste. Apé of 35 mg solder wire with a Z#n gold wire hook was

used as a hanging weight.
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Figure 7.10. Resistance of a se@NT-SS fiber before and aft@nnealing. Inset: Resistance vs
time during the annealing process using B(current.

The CNT-SS actuator can be operated in tmales, contraction or expansion mode. In
the contraction mode, aligation of a 2-second 10@A current pulse generated a local heat (~ 5
mW) that dehydrated the fiber. &ifect, the fiber was contractég ~ 1 % of its aginal length
(1775 mn), lifting the weight (35 mg) by ~ 2% (Figure 7.11b). The lifting action occurred
almost instantaneously within ®second. These observations wesasistent with the reported
values for the spider silk-based humidity activatetiavior (~ 1.7% contraction and ~ 3 seconds
response time for 9.5 mg mass, see reference. [A8] the current was turned off, the fiber
started to rehydrate and relaxéthder ambient conditions (55%H, 23 °C), the fiber relaxed
close to its original length within ~ 5 minutée slow relaxation rate may be due to the vapor
absorption rate intrinsic to the SS. In prineipbperation at lower temperature and/or higkidr
may decrease the fiber relaxatiome. Although thermal exparmsi of the CNT-SS was present,
the amount of thermal expansion is relatvedmall compared tahe shrinkage due to
dehydration.

By turning on the current ithe dry state, the CNT-SS was switched into the expansion
mode. In this case, the therneadpansion of the CNT-SS was domumt. In this mode, applying
the current after the imal dehydration etended the fiber by ~ 0.15 % of its dried length,
lowering the mass by ~ 4. The lifting action occurred alrab instantaneously within ~ 1
second. Likewise, the turn-off tim{@ber contraction) was fast {thin ~ 1 second)ln principle,

increasing the applied current would increase éxtension length. In both contraction and
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expansion cases, we confirmed the repeatabilithe$e behaviors for &ast 3 different single
CNT-SS fibers.

Figure 7.11. CNT-SS actuator. (a) Photograpt85 mg weight hangg on a single CNT-SS
fiber. (b) Cyclic CNT-SS contraction. The fibems allowed to relax for 1 hour before the next
current cycle to ensure full rehydration. For Cyclic CNT-SS expansion mode, see video 7.3.

The CNT coating provides additional functitiya for the spider silk-based actuator
reported in reference [18]. Depending on the desamgaication, the spider silk actuator can be
driven either by humidity or current. Although the fiber’s contraction/expansion length is limited
(maximum of ~ 2.5 %, see referer{d8]), the work density (~ 500 kJAnis superior to most
biological muscle material (50nties higher), allowing a 1 mm thickidpr silk fiber to lift ~ 5
kg weight [18]. For applications gairing larger contraction/expans, in principle, the CNT-SS
can be coupled to a mechanical strain loption setup to ackive larger amount of

contraction/expansion.
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CHAPTER 8

BOMBYX MORI SILK THIN FILM FOR BIOMIMETIC MUSCLE
AND FIELD EFFECT TRANSISTOR

As described in previous chapters, spiderisilthe fibrous form haan important role in
electrical measurements, sensiagd actuating applications. Nesider silk fiber, due to its
mechanical robustness and mioariometer-sized geometry, proes a simple route of micro-
patterning electrodes by acting as a mask dumatgrial deposition with thermal evaporator or
sputtering machine. The gold furmnalized silk fiber is usefufor micro-wire or electrode
applications. The gold functionalized silk fibis highly conducting, ahhas temperature and
magnetic field independent resistivity at low temperatures. Furthermore, it is not sensitive to
external stimulus. In contrasthe carbon nanotube furanalized silk fiber is sensitive to
external stimulus and custom-shapeable whilgntasing some conductity, allowing its use as
a self-monitoring strain and humidityrsers, and current-driven actuator.

Besides the fibrous form, silkaterials can be processed intiher forms, for example,
thin films. The silk material can be dissolved using ionic solutions, purified, and then re-casted
into thin films. The silk thin film is bio-comadible and can be tuned to be water soluble or
insoluble. Constituting the silk as thin film hasveral advantages. For example, it can be used
as a substrate for implantalidevices as demonstrated by Hgaand co-workers [14]. In our
work, we found that the neat silk thin film hesmnarkable water-activated actuating properties,
which are potentially useful for bio-mimetic muselpplications. Furthermore, the silk thin film
is suitable as a dielectric layfar organic field-effect-transistofd-ETs) [15]. Due to the large
amount of silk materials needéal produce the silk thin flm€Bombyx morsilk is used instead
of spider silk as the material of focus.

8.1 Spin-CastableBombyx moriSolution Processing

The processing oBombyx morisilk fibers into a spin-castable solution is done by
following the procedure developed by Rockwaeidal. [12]. First, Bombyx moricocoons were
purchased from Aurora Silk (Figure 8.1a) and wusmall pieces (Figure 8.1b). Next, the cut
cocoons were washed (degummed) in 1 L boiling 0.02M N@$@ionized water solution for 30

minutes, 2.5 mg cocoon at a time (Figure 8.J&)low-speed stirring was used to ensure
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homogenous degumming. After 30mates, the cocoon structure appeared to have the fiber form
and they were immediately immersed in 1 L cold deionized water for 20 minutes three times
(Figure 8.1d). Afterwards, thebiers were squeezed and drmcernight. Figure 8.1e shows the
dry degummed silk fibers. Thesédirs were then dissolved in 9.3 M LiBr / water solution with 1

g : 4 mL (silk : LiBr solution) ratio at 68C for 4 hours. The dissolved silk fiber was viscous and
orange colored as shown in Figure 8.1f. To reenthe LiBr from this solution, the solution was
transferred onto a dialysis cakee(Thermo Scientific Slide-lyzer G2 with 3500 molecular
weight cut-off) and dialyzed agnst 1 L deinoized water for 4 gka(Figure 8.1g). The water bath
was changed 2 times for each day. The dialyz#dsolution was transferred into Eppendorf
tubes and centrifuged at ~ 12,700 g &C4for 20 minutes (Figure 8h). Then, the centrifuged
solution was transferred into another seEppendorf tubes and was centrifuged for the second
time to ensure the removal of large impurities. Finally, the silk solution was stored in the
refrigerator at £C before usage.

Typically, the procedure outlined above proéd ~8% - 10% (wt/vol) silk solution. The
final silk solution appeared to be slightly yellow-tinted and slightly more viscous than water. To
fabricate silk film with thickness of ~ 108m (Figure 8.2), 4 mL sotion was drop-casted on a
glass or polystyrene petri-dishitiv6 cm diameter and left to dry for 24 hours. After drying, the
silk film was peeled-off carefullwith a tweezer. For fabrication seilk film with thickness of ~
2 Bn, a few drops of silk soluin was spin-casted on a 5 mrb ram glass slide at 5000 RPM
for 2 times.

The neat silk film is water-s&able. By tuning the amount oEsheet in the silk film, the
film can be made insoluble via various hads. The solubility can be tuned following the
procedure described in [79]. If vem-insoluble film is desired, the silk film can be treated by
immersing the film in methanol for 1 hour or exosthe film to water vapor inside a desiccator
(water-annealing).

The processing of the silk fibers into silk solution is the starting point of the investigation
described in this chapter. Depending on thecessing conditions, sud@s the silk degumming
and water-annealing time, silk film with differergsheet content can be produced [39]. For
consistency and reproducibility of the wopkesented in this chapter, we use 30 minute

degumming time and 12 hour water-annealing tivhen insoluble silk film is desired.
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Figure 8.1.Bombyx moricocoon silk processing. Photographs of (a) Basnbyx morcocoons,
(b) cut cocoons, (c) degumming of the cocoon using 0.02pB®asolution, (d) rinsing of the
silk fibers, (e) degummed dry sillibers, (f) dissolved silk fibers in 9.3M LiBr solution, (g)
dialysis of silk solution, angh) centrifugation of silk solutionThe final silk solution product

was kept in £C refrigerator.

Figure 8.2. Drop-caste®ombyx morsilk film.

8.2 Bombyx moriSilk Film for Biomimetic Muscle Applications

We found that a ~ 50 thick insoluble silk film ha water-driven actuating properties
useful for biomimetic muscle applications. The silk film was fabricated by drop-casting 2 mL
silk solution on a 6 cm diameter glass petshdand was water annedl for 12 hours before
peeled-off. Then, a thin strip (~1 cm x 1 mof)silk film was cut and mounted on a raised

sample stage (Figure 8.3). We found that the thilk strip bent considerably when water was
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applied to one side of the strip. The watesvapplied by touching a par soaked in water on

the surface of the silk strip. Application of wasvelled one side of the silk strip, causing the

silk strip to bend toward the dry side of the strip (Figure 8.8e)raturn to its original position

after drying. The degree of reversibility, hever, depended on the amount of bending. We
observed that introduction of water vapor neer surface of one side was enough to bend the
silk strip by a small amount and in this case llending was completely reversible. In the other
case, applying a drop of water bent the stripiigantly and in some cases caused the strip to
form a complete circle (Figure 8.3b). In this case, the process was only partially reversible. It
appears that there exists a bending distance limit at which the silk strip bends reversibly. More
detailed study is needed to determine the exact limit value. The partial reversibility may be

caused by the irreversible compression/expansioneosilk strip on théry side as it bends.

Figure 8.3.Bombyx moribiomimetic muscle. (a) Composite photographs showing the path o
path travelled by the tip of the silk strip. The watexs applied to the bottom of the silk strip. (b)
Photograph showing the extremese of silk fiber bending.

Surprisingly, however, we found that the silkigtcan be reset to iteriginal straight
position by immersing both sides thfe silk strip to a water bath for ~ 3 seconds. We observed
that the silk strip bent upnd down periodically while dryinggnd was straightened after it was
completely dried. This suggests that the slkip has a self-healing property, where the
previously broken bonds in the filie revived and reorganized baitko its origiral state. The
actuating and self-healing gperties of the silk strip are similar to a biological muscle, except
that in biological muscle it is chemically acied instead of water activated. Nevertheless, the
silk strip is valuable for biomimetic muscl@gication where, for exapte, an artifical finger

made from the silk material can be used for lifting weights.
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Furthermore, the silk strip may act as a menaw@yice. If the top (obottom) side of silk
strip is wetted, then the silk strip will bend wezsibly down-ward (or up-ward), producing a silk
strip that bends down-ward (or upward) semi-peremily (Figure 8.4a and Figure 8.4c). If both
sides are wetted, the system resets and itkessip is straightead (Figure 8.4b). These
operations are analogous to the operation of memevices, where application of water to one
of the sides can be understood as the “writdfoac and application of water to both sides
simultaneously can be understood as the “erag@iradf we name the down-ward bending as
“write-1", up-ward bending as “write-2”, and get as “erase”, we have a three-state memory
device that is operated by apptica of water. In principle, itshould be possible to design
micro-fluidic systems to facilitate two or mostrips to interact, producing water-based logic

circuits.

Figure 8.4.Bombyx moriwater-activated memory. Photograptfs(a) irrevergle down-ward
bending after the top side is heavily wetted (wiije (b) resetting othe silk strip by wetting
both sides (erase), and (c) irresible up-ward bendingfter the bottom side is heavily wetted
(write-2).

8.3 Field Effect Transistor with Slk Dielectric Fabrication Procedures

The silk solution can also be spin-casted tdenthin dielectric layes for fabrication of
an organic field-effect-transistqsee Section 2.2 and 2.3). él'lsilk dielectric improves the
mobility of the FET compared witthe FET made on conventional Sil@yer. However, the silk
device suffers from a long turn on time possibly due to the intrinsically ionic nature of the silk
dielectric. In this work a bottom-gate top-contact FET structure was used. The fabrication
procedure is outline in the following. First, a glass slide was cut into 5 mm by 5 mm squares. The

glass slides were then cleaned using soap watknwed by rinsing in water, acetone, ethanol,
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and blow-drying. Then, 5 nm of Cr was thetim&vaporated onto the glass slides followed by
deposition of 20 nm of Au. This gold layerrged as the gate eleode upon which the silk
solution was spin-casted at 5000 RPM for 2 tinddser the spin-casting, the silk solution was
left to dry for 24 hours in ambient condition under the fume hood. This results ifn- 21k
dielectric layer being deposited on top of the gdéetrode. The thickness of the silk dielectric
layer was checked using a confocal microscdyext, we deposited ~ 50 nm of the active
material (diF-TESADT organic sgconductor) on top of the silkelectric layer using a thermal
evaporator at 1 nm/sec rate. The pressurth@fevaporator chamber was kept below 4 X 10
Torr during the sample deposition. Then, a comaask was made on the sample using a spider
silk fiber or a 24 Bn Pt wire and Teflon tapd-inally, gold was evapated and the mask was
lifted-off, producing the source and dralectrode with charel length of ~ 4Hn or ~24 Rn for
spider silk or Pt wire mask, respectively. Theusture of the FET wadlustrated in Figure 8.5.
The FET characterization was done using a semdigctor parameter analyzer and a test fixture

for shielding inside an environmental chamber.

Figure 8.5. lllustration of the bottom-gatop-contact orgac FET structure.

8.4 Dielectric Constant oBombyx moriSilk Film

The dielectric constant of the silk dielacttayer was estimatk using a capacitance
bridge (Andeen Hagerling). For mobility estimation, the capacitance value at 50 Hz was used. At

50 Hz, the dielectric constant was extrddie be ~ 10 using the expression below,
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d

whereC is the capacitanceidlis thevacuum electric permittivity lis the dielectric constant of

c HHA

the silk,A is the area of the contacts, ah@ the thickness of the silk film. The dielectric value
was checked on several devices to ensupeatability. The frequency dependence of the
capacitance and ac conductancshewn in Figure 8.6. The large frequency dependence at both
ambient (~ 50% RH) and vacuumdicates the intrinsic ionic nature of the silk film. We also
note that because the silk film naturally consaor absorbs certain amount of water from the

environment, it is important to contrible humidity levels during the experiment.

Figure 8.6. Frequency dependent ¢apacitance and (b) conductanceBofmbyx morsilk film
at ambient (~ 50% RH) and vacuum conditidime requency dependence are strong in both
ambient and vacuum conditions.

The value of the dielectriconstant also depends on ttlegree of crystallinity, for
example, the lamy the amount ofesheet in a given silk film, the lower the dielectric constant
[80]. Figure 8.7 shows the three mawnformations that can occur in tBembyx morsilk film
along with the corresponding dipole moments. HBirelix, the net dipole moment is aligned
along the helix axis distion. For the paralleEsheet, only a small net dipole exists. Lastly, for
the anti-parallel Esheet, there is no net dipole momehterefore, for aikk film containing
more Esheets, the dielectric constant will be #era Furthermore, the conductivity of such a

film will also be smaller as th&sheet crystals block ¢hmovement of the ions.
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Figure 8.7. Dipole moments cogdirations of the three masonformations available iBombyx

mori silk film. The figure is reproduced fromfezence [80]. The dipoleare indicated by the
arrow. (a) In Dhelix, the dipole moment has net valaleng the helix axis. (b) In paralleE
sheet, there is a small net dipole momalaing the strand diction due to a 20C tilt in the
hydrogen bondings. (c) In anti-parallBsheet, the dipole moments cancels each other, resulting
no net dipole moments.

8.5 Transistor Characteristics

In the beginning of this work, control measurements to check the leakage currents
between the drain-source and gate-source terminals were done before further device fabrication.
In this case, only the gate, source, and drairtrelée were deposited wibut the active material.

As shown in Figure 8.8, the leakage currertiveen the drain-source (Figure 8.8a) and gate-
source (Figure 8.8b) electrode up tgsvand Vs of ~ 40 V were on the order of 10A,
indicating the silk diedctric layer had very good insulating properties.
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Figure 8.8. Silk dielectric layer leakage current check.gay$ Vps at Vg of 0, -10, -20, -30, -
40 V. (b) ksvs Wps at Vg of 0, -10, -20, -30, -40 V.

8.5.1 FET Characterisitcs of Thermal-Evaporaed diF-TESADT on Various Dielectrics

In this work, several kinds of diF-TESADT FEhave been fabricated to study effects of
the dielectric layer and material depositiontinoel on the mobility of the device. First, we
performed a systematic study on the devicelentom thermal evaporated diF-TESADT on
SiO,, neat silk, and Ar plasma treated dilielectric layer. Figure 8.9 shows thg Vs bs, Ibs
vs Vg, and the transfer characteristigrves of the three devices. We found that compared to the
device fabricated on SiQdielectric layer where the mobility is ~ 0.041 %¥hs, the device on
neat silk dielectric layer providea higher mobility of ~ 2.13 cftV.s, with the device on Ar
plasma treated silk dielectric layer being ttevice with the highest mobility of ~ 11.53%¥hs.

The mobility was extracted following the procedure described in Section 2.2 using the saturation
region approximation. The Ar plasma treatmesmts done using PlasniRreen for 10 seconds

prior to the evaporation of thective materials. Altharacterization was done at 50% RH. A hold
time of 1 minute between each,d/sweep was used. Thepy/was varied at a rate of 0.25
V/second at long integration time. Besides thghlr mobility, the silk device also had a much
lower turn-on voltage. For example, for the Si@vice, \bs and \ of ~ -30 V were necessary

to get an appreciable on and offioawhile for the silk device,only y and \& of ~ -3 V were

necessary.
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Figure 8.9. FET characteristics of thermalmyated diF-TESADT on vasus dielectric layers.
Ips VS Vps curve of FET on (a) Si§) (b) neat silk, and (c) Ar plasma treated silk dielectrigs. |
vs Vg curve of FET on (d) SiO2, (e) neat silk, andAf plasma treated silk dielectrics. Insets:
Transfer characteristics. Black line: lindgting used to extract the mobilities.

8.5.2 Anomalous bs Vs Vps Curves of the Silk FET

At higher voltages, for examplepYand \ > 5 V, the bs vs Vps curve of the silk FET
exhibited an anomalous behavior, as showrrigure 8.10. When the FET was entering the
saturation region, there was a considerable adrfoghe drain-source current, before the true
saturation was reached. We note that for the, $i€vice that was produced under the same
condition using the same processing, no anomadletsavior was observed. This suggested that
the anomalous behavior was caused by the sdledric itself. Furthermore, the anomalous
behavior occurred on both the neat and plasma treated silk devices, indicating that plasma
treatment was not the cause of the anomalousviehd@he origin of theanomalous behavior is
not understood at the moment, but may be linkegitteer the slow formation of the conducting
p-channel or to the diffusion of electron from the silk dieledtric the semiconductor when the

drain potential is lower than the gate potenifi&is will be discussed in more detail in 8.5.4.
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Figure 8.10. ds vs s curves at higher operating voltagdsthermal evaporated diF-TESADT
FET with (a) SiQ, (b) neat silk, and (c) plasma treated silk dielectrigsvé Vps of both neat
and plasma treated silk devicgsow anomalous behavior.

8.5.3 FET Characteristics of Solution-Basd diF-TESADT on Silk Dielectrics

Furthermore, we also fabricated th&TF using the solution-based diF-TESADT on
plasma treated silk dielectric layer. Firgt2 wt% diF-TESADT/Toluene solution was prepared.
Then, the solution was either spin-casted or drop-casted. The spin-casting was done at 1200 rpm
for 60 seconds. For drop-casting, a 1 solution was deposited without spinning. The FET
characteristics of the spin-casted and drop-castedET are shown ifrigure 8.11. Compared
with the thermally-evaporated device, botte thpin-casted (Figure 8.11a) and drop-casted
(Figure 8.11b) silk FET appeared to have a much lower mobility, ~0.268/smand 0.508
cn?/V.s, respectively. Further study is needed confirm this observation. For example,
capacitance measurement on the silk dielectric édeatith tolune is needed to extract the
mobility more accurately. Despite the lower mobjlipwever, the silk layer is stable against the
organic solvent. Therefore, in pdple, the silk dielectric can hgsed for the solution-based Ink

jet-type organic FET printing [81].
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Figure 8.11. FET characteristics of solution-loadd--TESADT on plasma treated silk dielectric
layer. bs vs Vps curve of (a) spin-casted and (b) drop-casted FEsTvs Vg curve of (c) spin-

casted and (d) drop-casted FET. Insets: Transfer characteristics. Black line: linear fitting used to
extract the mobilities.

8.5.4 Response Time and Humidity Treatment Effects

The slow response of the silevice is evident in Figure B. In Figure 8.12a, we show
the bs vs Vbs when sweeping thepé down (from 0 to -7 V) and up (from -7 V to 0) at 50% RH
and 23°C for the drop-casted silk FET. Pronounced hestis effect was obsexd, especially in
the region where the drain potential was lowantkthe gate potential, for example, whesg ¥
V. It is interesting to note that no hysteresis was observed ifghaas kept much lower than
the Vs. These observations may indicate thatctbns diffused from the silk to the
semiconductor when the drain potential wasdothan the gate perttial (during the ¥s down
sweep). As the electrons diffused into the semductor, they recombaad with the holes and
therefore reduced thed Because diffusion of electrons, in geadeare a slow mrcess, it took a
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long time for the electron to diffuse back t@ thilk layer when the drain potential was higher
than the gate potential (during thewup sweep). Therefore a hysteresis effect was observed.
We also observed that by incubatitig device at 90% RH (annealing) at Z3for 12
hours and then re-measuring the device at 3% the hysteresis eftt was significantly
reduced as shown in Figure 8.12b. Furthermare,observed that the switch-on time of the
device at s = -5V and \¢ = -5 V was reduced from few mutes down few seconds, as shown
in the time dependenid curve (Figure 8.12c). Additionally, eéhdielectric constant of the silk
layer was increased from ~10 to ~11.5, indicating the existence of additional water in the silk
that was absorbed during the teratreatment. The presencetbé trapped water may be one
reason why the response time is improved. Asudised in Section 8.3.4, most of the silk’s
dielectrics are defined e dipole moments in thBhelix chains. When the silk is dry (without
the additional trapped water), tH2helix is not mobile. As a consequence, a long time is needed
to align these dipoles when an electric fieldpplied. The presence aflditional water into the
silk dielectric causes th®helix chains to become more nileb In effect, the dipole moments

align faster, causing the formationtbe conducting channel to be faster.

Figure 8.12. FET characteristic of humidity treated drop-casted silk BEEVs Mps of the FET
(@) before and (b) after humidityreatment. Arrow indicates the pY sweep direction.
Pronounced hysteresis effect was observed bétaredity annealing. (c) Time dependeps at
Vps=-5V and \§ = -5 V. A faster saturation time was observed for humidity treated sample.

However, the mobility was greatly reduced. After the humidity treatment, the mobility
was reduced from 0.508 é&d.s to 0.240 crfiV.s. It is highly likel that during the 12 hour
humidity treatment some oxidation occurredhie diF-TESADT active material, suppressing the

transport of carriers in the material. Moradst and experiment are needed to understand the
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origin of the slow response time. It is alsgortant to study the edtt of different silk
processing conditions on the device perforogarior example, varying the degumming time,

solvent used to dissolve the silk fibers, and the post-treatment of the silk film.
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CHAPTER 9

CONCLUSION

In conclusion, we have investitgd the electronic properties of silk materials leading to

the silk functionalization for electrical memsments and device applications from an

experimental physicist point of view. The interaiinary nature of this research is very

exciting because it provides oppgrities to integrate theories, experimental techniques, and

technologies from various fields to producequd, non-conventional solutions to problems in

physics. A summary of thesults is listed below.

1.
2.

Neat spider silk fiber exhibits humidignd/or polar solvent activated conductivity.

lodine doping of neat spidsilk fiber increases the conduaty only minimally but has
significant effects on the pyrolization preseby improving the wld and structural
properties of the resulting carbon fibers.eTpyrolized silk fibers are conducting and
exhibit the 3-D variable range hopping belmaviThese fibers can be used as a light
emitting element of an incandescent light bulb.

The gold functionalized spider silk fiberare electrically robust and semi-elastic,
allowing their use as micro-wires for transporeasurement of small organic crystals at
cryogenic temperatures. At lowntg@eratures, the resistancetloése fibers is independent
of both temperature and magnetic field.

Neat spider silk fiber is versatile asnaask for micro-patterning of electrode. The
adhesive electrode fabricated using the espailk mask has a highly defined electrode
pattern suitable for anisotropic transpomdsés of supra-micron sized samples at low
temperatures and high magnetic fields. Ttlleesive electrode hasbreakdown limit of ~
60 kV/cm.

Supercontraction phenomenon gralar attraction provide armple route of fabricating
carbon nanotube functionalizedicdgr silk fibers exhibiting custom-shapeable, flexible,
and conducting properties. SEM and TEM &e@ reveal a uniform carbon nanotube
network formed on the silk fibers, including some evidence of carbon nanotubes
penetrating into the silk fiber. Using etbe fibers, proof-of-concept heart-pulse and

humidity resistive sensors, as well as car@riven actuators haugeen demonstrated.
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6. Bombyx morsilk thin film has actuating and seléaling properties potentially useful for
bio-mimetic muscle and water-based memory devices.

7. Using theBombyx morisilk thin film as the dielddc layer of organic FETSs, high
mobility FETs have been fabricated. The FETs possess anomalous current-voltage
characteristic and long carriéifetime that may be usefdbr specialized applications.

The silk dielectric is robust against organic solvents and compatible with the solution-

based FET fabrication procedures.

Several immediate extensions of the resuksaa follows: First, it will be interesting to
use the adhesive electrode to perform fparscharacterization on new materials of supra-
micron sizes that cannot be characterized befisieg conventional techniques. If successful,
new information regarding the transport properties of the material can be correlated with the
magnetization and resonance experiments to describe new physics.

Secondly, this dissetian seeks to further motivate stuslien artificial spider silk with
tunable properties. Recent advancementsmass production of artificial spider silk are
promising. For example, researchers at UniversityVyoming have prodied spider silk from
the milk of a genetically engineered goat [8R].another case, the production of spider silk
protein by transgenic silkworms has been demateddr[83]. Using artificial spider silk, it may
be possible to improve the performance of tevices presented in this dissertation. For
example, by tuning the water absorbing and thepr@erties of artificiabpider silk, a CNT-SS
actuator with stronger and largewntraction/extension may begsible. Likewisepy tuning the
solubility, crystallinity, and dielectric properties artificial spider silk, it may be possible to
fabricate better performance FETS.

It is also interesting to studynctionalization of spider silkbers with other materials,
such as p- or n- type semiconductors, wpesconductors. By using a layer by layer coating
method and incorporating technoieg from the textile industryarious woven electronics such
as woven micro diodes, capacitors, transistorsist@s, batteries, etshould be possible. In
addition, it will also be intesting to explore ways of tegrating these woven electronic
components for specific eleotric logic applications.

In regard to the silk thinlm biomimetic muscle, a more detailed study on its mechanical

properties will be valuable. For example, it isywamportant to characterize the maximum work
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density of the thin film and how the film thickness influences the work density. Furthermore, an
investigation of water absorption rate of thenfmay provide informa@in on how to control the
speed of the actuating motion.dddition, a systematic study oktinfluence of various solvents

to the actuating properties wilso be valuable. For proof-obucept demonstratn of using the

thin film for artificial finger application,a micro-fluidic water devery system may be
incorporated.

The treatment developed in this work candpglied to other natural materials, such as
cellulose, plant tendrils, and otse Depending on the propertiaad functions of a particular
natural material, unique additional functions nieyadded to existing technologies. The idea of
incorporating natural materglin technology will be valuablen designing high performance
next generation of devices that are bio-compatible, bio-degradable, and bio-renewable.

Finally, the discoveries an@dhnique developments presehia this dissertation have
brought me closer to my original goal, whichsata tune the propertieg an organic conductor
using an electric field. The higtiielectric nature and the compatibility of silk thin films to an
organic sample may now providemore efficient electric fielgating by reducing the amount of
voltage bias needed to controétbharge transfers in the (TMTSPJ organic conductor. For a
bulk sample, the silk dielectric layer can bleposited via dip-coaty methods at room
temperature. The source and drain electrodmmél can be defined by using a combination of
gold evaporation and spider silk mask. Alterngtéhe sample can be cleaved and laminated on
the adhesive stamp electrodes, which act@salirce-drain electrodds]lowed by spin-coating
the silk solution and gold sputteg to define the indator and gate electrode, respectively. For
an exfoliated thin film sample, which can be done on a glass substrate, silk dielectric can be
deposited by the spin-coating method. | havefgpmed initial trials in fabricating these

structures and the preliminarystéts appear to be promising.

90



APPENDIX A
GLOSSARY OF ACRONYMS

AFM: Atomic Force Microscope

Au-SS: Gold Functionalized Spider Silk

CIRL: Center for Integrating Research and Learning
CNT-SS: Carbon Nanotube Functionalized Spider Silk
CTP: Coal Tar Pitch

DSC: Differential Scanning Calorimetry

FET: Field-Effect-Transistor

FTIR: Fast-Fourier Transfm Infrared Spectroscopy
HOMO: Highest Occupied Molecular Orbital

HPMI: High Performance Materials Institute

LUMO: Lowest Unoccupied Molecular Orbital
MAS-NMR: Magic Angle Spinning- Nuclear Magnetic Resonance
MWCNT: Multi-Walled Carbon Nanotubes

NHMFL: National High Magnetic Field Laboratory
REU: Research Experience for Undergraduates
RH: Relative Humidity

SEM: Scanning Electron Microscope

SS: Spider Silk

TEM: Tunneling Electron Microscope

TGA: Thermogravimetric Analysis

VRH: Variable Range Hopping
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