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ABSTRACT 

Silk materials are natural protein-based materials with an exceptional toughness. In 

addition to their toughness, silk materials also possess complex physical properties and functions 

resulting from a particular set of amino-acid arrangement that produces structures with 

crystalline �E-sheets connected by amorphous chains. Extensive studies have been performed to 

study their structure-function relationship leading to recent advancements in bio-integrated 

devices. Applications to fields other than textiles and biomedicine, however, have been scarce. 

In this dissertation, an investigation of the electronic properties, functionalization, and 

role of silk materials (spider silk and Bombyx mori cocoon silk) in the field of organic materials 

research is presented. The investigation is conducted from an experimental physics point of view 

where correlations with charge transport mechanisms in disordered, semiconducting, and 

insulating materials are made when appropriate.  

First, I present the electronic properties of spider silk fibers under ambient, humidified, 

iodized, polar solvent exposure, and pyrolized conditions. The conductivity is exponentially 

dependent on relative humidity changes and the solvent polarity. Iodine doping increases the 

conductivity only slightly but has pronounced effects on 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 non-homogenous iodine doping and I2 induced hydrogenation 

that are responsible for the minimal conductivity improvement and the pyrolization effects, 

respectively.  

Next, I present the investigation of silk fiber functionalization with gold and its role in 

electrical measurements. The gold functionalized silk fiber (Au-SS) is metallic down to 

cryogenic temperatures, has a certain amount of flexibility, and possesses magnetic field 

independent conductivity at low temperatures. This allows their use as micro-wires and flexible 

electrodes for transport measurements of small organic samples. I also found that neat spider silk 

fiber can be used as the mask for lithographic processes, providing a simple route of fabricating 

adhesive stamp electrodes for measuring transport properties of supra-micron samples in the 

lateral range of 15 �Pm – 100 �Pm and thickness > 1 �Pm at low temperatures and high magnetic 
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fields. The current-voltage characteristic of the insulating channel in tape adhesive electrodes 

revealed Fowler-Nordheim tunneling mechanism. 

For electronic sensing and actuating device applications, I have developed a simple 

method for silk functionalization with carbon nanotubes (CNT) facilitated by polar attraction and 

supercontraction, a phenomenon where silk is softened when exposed to water. Uniform CNT 

coating and CNT penetration into the silk fiber surface are evident from the SEM and cross-

sectional TEM studies. The conductivity of the carbon nanotube functionalized silk fiber (CNT-

SS) follows variable range hopping behavior with activation energy similar to that observed in 

buckpaper. In addition to being electrically conducting, the CNT-SS is custom-shapeable, 

flexible, and sensitive to humidity, allowing its use as a heart-pulse and humidity resistive 

sensors, as well as for current-driven actuators. 

Finally, I present the investigation of the processed Bombyx mori silk thin film. The silk 

thin film exhibits actuating and self-healing properties 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 used as the dielectric layer of a diF-TESADT organic 

field effect transistor (FET) where I observed a lower operating voltage and an enhancement in 

the mobility of the device compared with the FET using SiO2 dielectric layer, accompanied with 

an anomalous source-drain current-voltage characteristics. 

This dissertation aims to demonstrate the different aspects of exercising experimental 

physics to an inter-disciplinary research subject. The fundamental characterization and 

instrumentation developed in this work are intended to stimulate future discoveries by providing 

new experimental tools to study electronic transport properties of new materials. In addition, the 

device fabrication principles will be valuable for development of more environmental-friendly 

electronics. The treatment presented in this dissertation should serve as a roadmap for future 

studies of natural materials from an experimental physics point of view.
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CHAPTER 1 

INTRODUCTION 

 Organic charge transfer materials have drawn considerable interest for decades due to 

their presence of anisotropic and rich phase transition phenomena. The physical properties that 

govern these phenomena can be tuned with respect to variation of pressure, temperature, 

magnetic field, and chemical composition. In regard to electric fields, usually a configuration 

similar to that employed in silicon metal-oxide-semiconductor field-effect-transistors is used. 

This kind of electric field gating configuration is suitable for tuning the electronic properties of 

an organic semiconductor, such as pentacene. However, in the case of an organic donor-acceptor 

material such as the (TMTSF)2PF6, I found that the conventional gating method is not effective 

due to the conductivity. 

 The original motivation of this dissertation was to find alternative methods of tuning the 

properties of charge transfer materials using an electric field. In principle, by applying a 

sufficiently high bias voltage, it should be possible to control the charge transfer from the 

acceptor PF6 to the donor TMTSF (tetramethyltetraselenafulvalene), effectively tuning the Fermi 

level of the material. This would lead to, for example, a variation of the metal-insulator transition 

temperature. Achieving this goal would open up a new area of organic conductor physics, where 

the superconductivity, magnetism, and phase transition properties can now be controlled with an 

electric field. There are several factors that rendered the conventional electric field gating 

method to be ineffective. First, even though the samples could be cleaved to be very small, they 

are still too large for lithographic or lamination types of processing. Secondly, the organic single 

crystals are not able to sustain high temperature processing, which is required in the conventional 

lithographic processing. Finally, because of the large energy required to alter significantly the 

degree of charge transfer between the acceptor and donor (~ 1 eV over angstrom distances), very 

large gating voltages are needed if a SiO2 dielectric layer is used. 

 To solve this problem, I decided to employ an interdisciplinary approach by exploring the 

properties and processing methods of soft organic materials that would have better compatibility 

with the organic conductor, as opposed to SiO2. This original exploration then led me to the work 

reported in this dissertation, which includes aspects of biophysics, soft condensed matter physics, 

and device physics. The work presented in this dissertation brings me closer to my goal. I have 
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developed new methods of handling small but bulk-like samples, devised new techniques of 

making electrical contacts to such samples, and also explored the properties of a high dielectric 

constant dielectric layer. In addition, during this exploration, I have also discovered new 

multifunctional properties of organic and in particular bio-materials, leading to the fabrication of 

various electronic devices. Natural materials are chosen as the material of interest in the 

exploration because of their availability, multi-functionality, and compatibility with low-

temperature processing. 

The role of natural materials in our lives is extensive. Conventional use of natural 

materials such as cotton, bamboo, paper, soy, plant tendrils, silk, etc includes usage for clothing, 

pillow, bed, absorbent, construction materials, prints, arts, food, medicine, etc. In biological 

systems, bacteria containing Fe3O4, known as magnetotactic bacteria [1], have been used to 

determine magnetic poles of geological rocks and recently, found their application as efficient 

biosorbents for reducing heavy metal pollution [2]. More recently, natural materials have an 

increasing role in electronics and biomedicine. For example, many groups have reported 

development of paper-based electronics, such as paper-based capacitor [3], gas sensor [4], 

integrated circuit [5], fuel cells [6], flexible transistor [7], and more. In biomedicine, 

developments of paper-based smart absorbent for disease detection have been reported [8]. In 

these devices, paper usually acts simply as the template material for the active materials such as 

carbon nanotubes, gold, biological active materials, etc. This simple role, however, has a 

profound impact because it provides additional functions for the device. In contrast to 

conventional silicon based devices, paper-based devices are light-weight, flexible, eco-friendly, 

and allow capillary action. From the point of view of experimental physics, this kind of inter-

disciplinary science provides a unique platform of exercising physics experiments beyond the 

conventional hard condensed matter systems. As a consequence, non-conventional innovations 

are encouraged that may be used to advance both fundamental and applied physics research field, 

as I will show in this dissertation. 

Similar to the natural materials mentioned above, silk materials such as spider silk and 

Bombyx mori cocoon silk have also found an increasing role in electronics and biomedicine. 

There are several key properties that make silk materials technologically important. 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 toughest fiber available [9,10]. Toughness is a measure of both 
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strength and extensibility, for example, the total area under the stress-strain curves (see Figure 

1.1). This means that spider silk, in principle, should be able to absorb more energy than Kevlar 

49.  

Material Stiffness 

(GPa) 

Strength 

(GPa) 

Extensibility 

(%) 

Toughness 

(MJ m-3) 

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 

 

 

 

 

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

Figure 1.1. Stress-strain curve of Araneus Diadematus dragline and viscid silk fibers. The figure 
is reproduced from reference [9]. 
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Secondly, they are bio-compatible [11] and can be processed into various forms, for 

example, thin films, microspheres, tubes, gels, and sponges [12]. Recently, a bio-compatible silk-

based integrated chip has been demonstrated [13,14]. This implantable device is potentially 

useful for various medical applications such as for wound healing, living tissue monitoring, 

disease detection and counter-treatment, and many more that have yet to be demonstrated. In 

another case, it has been demonstrated that by using Bombyx mori silk thin film as the dielectric 

layer, the performance of a pentacene organic field-effect-transistor (OFET) can be improved 

dramatically to achieve mobility as high as 20 cm2 / V.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 thin with a diameter that ranges from nm to �Pm scale 

potentially useful for nano- or micro-electromechanical system applications [19,20]. Finally, silk 

materials can be functionalized with various nanomaterials, for example, CdSe [21] and 

magnetite [22] nanoparticles, sputtered metal [23], carbon nanotubes, organic semiconductors 

[15] for optical, magnetic, and electronic applications.  

Fundamental research on silk’s physical and biochemical properties have been 

monumental leading to those technological applications. Structural studies using NMR [24-27] , 

x-ray [28], raman [29], FTIR [30] spectroscopy have led to a better understanding of silk’s 

protein structure [31-35] and how the structure is affected by humidity [36], various solvents 

[37], temperatures [38,39], and deformations [40]. This understanding allows the discoveries of 

efficient silk processing and functionalization methods [12,21-23].  

The main objective of my work as an experimental physicist is to further explore the role 

of natural materials, in particular, silk materials in advancing the field of both fundamental and 

applied organic materials research. The scope of this work is three-fold: 1) Fundamental science 

investigation, 2) improvement of experimental techniques, and 3) device development. The first 

part, described in Chapter 4, is the investigation of the electronic properties of spider silk [23] 

under variable humidity, iodine doping, polar solvent, and pyrolization conditions, which serves 

as the basis and justification of the silk functionalization strategies employed for the rest of this 

work. Secondly, in Chapters 5 and 6, I demonstrate the utilization of gold functionalized and neat 

spider silk fibers for development of novel test devices [23] for low temperature and high 

magnetic field electrical transport measurements of very small organic single crystals, including 
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samples with supra-micron size (< 70 �Pm with thickness > 1 �Pm) [20], a size that is difficult for 

conventional conducting paste or lithographic techniques. Finally, in Chapter 7, I report the 

functionalization of spider silk with carbon nanotubes for electronic and actuating devices, 

followed by investigation of Bombyx mori silk thin film for biomimetic muscle and organic field-

effect-transistor applications, as described in Chapter 8. The exploration route is summarized in 

Figure 1.2. In every step of the exploration, theoretical and experimental physics guided the 

investigation. 

 

 

1.1 Silk Materials 

Spider silk fibers from three different species were harvested for different kind of 

experiments [23]. Kukulcina hibernalis and Pholcus phalangioides silk fibers were used to study 

electrical conductivity response with respect to varying humidity, polar solvent, iodine doping 

and pyrolization conditions in Chapter 4. For spider silk functionalization using gold or carbon 

nanotubes and their applications (described in Chapters 5, 6, and 7), Nephila clavipes dragline 

Figure 1.2. Flowchart diagram of the exploration route in this work. The physics involved in this 
work is summarized in the left box. The physics theoretical and experimental tools are use to 
guide the exploration.  
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silk fibers were used. Each of these spider species produced a unique web structure and silk 

fibers with different morphologies. 

1.1.1 Spider silk morphology 

First, the K. hibernalis (common name: southern house spider) has a frayed and random 

web structure consisting of non-adhesive silk fibers with a diameter that ranges from ~ 44 nm to 

~ 2 �Pm (see Figure 1.3a). Likewise, the P. phalangioides (common name: vibrating spider) has a 

random web structure that generally hangs in a net-like fashion. Individually, the silk fiber has a 

diameter of ~ 0.5 mm (see Figure 1.3b). This type of silk fiber is also non-adhesive. Both K. 

hibernalis and P. phalangioides silk fiber are very extendable.  

 

 

In contrast, N. clavipes (common name: golden orb weaving spider) produces an orb-web 

structure. The web is made from two types of fibers (see Figure 1.3). First, the dragline silk fiber 

is used to make the frame of the orb-web. The dragline silk is non-adhesive and is the strongest 

Figure 1.3. Spider species and silk fibers used in this work. SEM images of female (a) 
Kukulcania hibernalis, (b) Pholcus phalangioides, (c) and Nephila clavipes silk fibers. [23] 
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type of silk fiber [9]. A single dragline silk fiber has a diameter of ~ 3.35 �Pm. On the contrary, 

the viscid silk is used to make the spiral part of the orb-web, and is adhesive and very extendable 

[9] with a diameter of ~ 1 �Pm. The superior toughness of spider silk is a result of the 

arrangement of amino acids in the protein structure, a subject that will be discussed in more 

detail in the next section. 

1.1.2 Protein Structure 

Silk material is a protein-based polymer. A protein is described by a sequence of 

molecules called amino acids. Amino acids are classified based on the type of side chains (R 

groups) that are attached to a certain protein backbone. In Figure 1.4, I list the side chains of 

amino acids that are present in silk materials [31]. There are many types of protein backbone, but 

in the case of silk material, it has a protein backbone similar to nylon-6 [31], as shown in Figure 

1.5a. When multiple backbone molecules are connected, they form a secondary structure. Several 

secondary structures commonly found in silk material include �E-strand, �E-sheet, �D-helix, and 31-

helix [9,34,35,41].  

 

 

���������������� �E-strand and �E-sheet 

The arrangement of a �E-strand is shown in Figure 1.5b. When two or more of these �E-

strands are connected through hydrogen bonding, they form �E-sheets. Two kinds of �E-sheets are 

available, parallel or anti-parallel �E-sheets. In silk materials, anti-parallel �E-sheets (Figure 1.5c) 

Figure 1.4. Amino acid side chains found in silk materials. The red-labeled structure corresponds 
to a protein backbone segment. [23] 
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are commonly found [34]. The �E-sheets can be stacked to form a block co-polymer crystalline, 

usually contributing to the hardness of the material.  

 

���������������� �D-helix and 31 helix 

On the contrary, the arrangement of a �D-helix or 31 helix [34] usually contributes to the 

flexibility of the material. The �D-helix arrangement is shown in Figure 1.5d. This arrangement is 

stabilized by the hydrogen bonding connecting the N-H group of a particular backbone molecule 

to the C=O group of the forth earlier backbone molecule. Similarly, 31 helix is also stabilized by 

hydrogen bonding between the N-H and C=O group, except that in this case, each turn of helix is 

composed only of 3 amino acids. 

 

 

Figure 1.5. Backbone arrangement of various secondary structures. (a) The backbone molecule. 
R corresponds to a specific side chain related to a particular amino acids. Arrangement of the (b) 
�E-strand, (c) anti-parallel �E-sheet, (d) �D-helix. Orange line: hydrogen bonding. Blue rectangle: 
the “unit-cell” of the �E-sheet. 
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1.1.2.3 Spider Silk Protein Structure 

It is generally accepted that spider silk protein is composed of block co-polymers 

arranged in �E-sheets structure connected by amorphous (sometimes helical) chains [9,34]. The �E-

sheets are composed mainly of alanine amino acids, while the amorphous chains are composed 

mainly of glycine amino acids. All together, they formed two kinds of protein structures (see 

Figure 1.6). The first is called Spidroin 1 [33] protein that has a sequence of 33 amino acids 

composed mainly of glycine and alanine with a few other amino acids in GXG repetition patterns 

(where G and X correspond to glycine and a variety of amino acids, respectively). The second, 

Spidroin 2 [32], has a sequence of 47 amino acids composed mainly of glycine, alanine, and 

proline (an amino acid that is responsible for the elasticity of spider silk fiber) [42-44] in 

GPGXX repetition patterns (where P corresponds to proline). Depending on how much of each 

type of protein is present in a particular type of silk, the silk can be strong or extendable. For 

example, the dragline silk is composed mainly of Spidroin 1, therefore, it is strong and not as 

extendable as the viscid silk, which is composed mainly of Spidroin 2 [31].  

 

 

1.1.2.4 Bombyx mori Fibroin Protein Structure 

Similar to the protein structure of spider silk, Bombyx mori cocoon silk also contains 

amino acids repetitions. There are two main types of proteins present in the cocoon silk, namely 

Figure 1.6. Protein structure of spider silk. Green rectangle: �E-sheet crystals. Blue coils: 
amorphous chains (sometimes helical). 
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the fibroin and sericin. Fibroin is the main protein that corresponds to the internal structure of the 

silk fiber and sericin is the protein that corresponds to the glue that binds the fibers in forming 

the cocoon. The fibroin is composed of multiple repeats of GAGAGS (where S is serine) 

arranged as �E-sheets that are connected with minor amount of random amorphous chains 

[9,12,35]. Because the fibroin is composed mainly of �E-sheets, the Bombyx mori silk fibers is 

more rigid compared to spider silk fibers. The sericin is a highly hydrophilic and water-soluble 

protein. It is composed mostly of glycine, serine, and aspartic acid [45]. About ~ 25 wt% of 

sericin is present in a silkworm cocoon [46]. Therefore, it is necessary to wash (degum) the silk 

cocoon using Na2SO3 solution to extract the silk fibers from the cocoon [12]. 

1.1.3 Supercontraction and Cyclic Contraction of Spider Silk 

Spider silk is strong but soft when exposed to water. This phenomenon is known as 

supercontraction, a subject of extensive research since 1981 [25,38,47]. Recent studies [36,40] 

reveal that supercontraction is a result of the release of internal pre-stress of the silk fiber. The 

internal pre-stress is introduced during the spinning of the silk fiber and vary depending on the 

species and the condition at which the fiber is drawn / spun [36]. Figure 1.7 outlines the 

supercontraction process. In the dry state, the pre-stress is fixed. When exposed to relative 

humidity (RH) level up to ~ 70% [48] or 80% [36] at ambient condition, water vapor is absorbed 

selectively by the amorphous chains [36,49,50], and therefore swells the silk fiber, increasing 

both the length and diameter of the silk fiber [36,48]. Further increase in RH causes the inter- 

and intra-chain hydrogen bonding in the amorphous chains to be broken, causing the chains to be 

mobile [36]. Therefore, the internal pre-stress is released. The supercontraction, in effect, 

decreases the length and increases the diameter of the silk fiber significantly [36,37]. In this wet 

state, the silk fiber is soft. After drying, the silk fiber loses the absorbed water and de-swells, 

further decreasing both the length and diameter as the hydrogen bonding re-establishes [36,40]. 
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Supercontraction may be regarded as a problem for technological applications requiring 

the silk fiber to have a constant strength and flexibility in a variable environment. However, as I 

will show in Chapter 7, supercontraction provides a simple and effective route for 

functionalizing spider silk with carbon nanotubes, enabling electronic applications including 

sensors and actuating devices. 

In addition to supercontraction, spider silk also experiences cyclic contraction [18], a 

phenomenon that is different from supercontraction. In contrast to supercontraction being an 

irreversible process, cylic contraction is reversible [18]. After the silk fiber is fully 

supercontracted, further exposure to humidity up to 100% RH swells the silk fiber, increasing 

both the length and diameter. After drying, the silk fiber de-swells reversibly, returning the 

length and diameter to its original dry state value. The cyclic contraction produces a superior 

work density of ~500 kJ/m3 [18], a value ~ 50 times higher than the typical work density of a 

biological muscle [18]. Therefore, spider silk is a natural humidity activated actuator. The 

actuating properties of spider silk fiber is summarized in Table 1.2 along with the comparison to 

muscle fibers, liquid crystal polymers, conductive polymers, and ferroelectric polymers [18]. In 

Chapter 7, I will demonstrate that by functionalizing the silk fiber with carbon nanotubes, it is 

possible to obtain an electrical readout during the actuating process. The functionalization also 

allows the silk actuator to be activated by current instead of humidity. 

 

Figure 1.7. Illustration of supercontraction process. Yellow: dry state. Teal: humidified state. 
Blue: wet state. 



12 
 

 Muscle fiber Spider 

silk fiber 

Liquid crystal 

polymers 

Conductive 

polymers 

Ferroelectric 

polymers 

Sustainable 

stress (MPa) 

0.1-0.35 80 0.45 5-34 20 

Work density 

(kJ/m3) 

8 (typical)- 

40 (max) 

500 3-56 100 300 

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. The pentacene molecule has alternating single and 

double bonds between neighboring carbon atoms in the structure, also known as the conjugation. 

Because of the conjugation, some of the carbon molecules have a valence electron that can 

facilitate charge transfers (hopping) between neighboring molecules. The charge hopping 

efficiency is dependent on the distance between the molecules. The closer they are, the more 

efficient the charge hopping. Therefore, the crystal packing of the material can have a dramatic 

effect on the mobility of the charge carriers. The crystal packing of pentacene [52] and diF-

TESADT [53] are shown in Figure 1.9. Pentacene arranges in a herring bond structure [52]. By 

substituting the carbon atoms in the central ring with molecules, the crystal packing of the 

material is altered [54]. In the case of diF-TESADT, the crystal packing modifies into a brick-

like packing [52]. As a consequence, more efficient charge hopping can occur in this material. 

The substitution of the carbon atom with the molecular constituents also provides greater 

stability in air and renders the material soluble in organic solvents [51,54]. 

Table 1.2. Actuating properties of various polymers. The data is reproduced from reference [18]. 
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Figure 1.8. Crystal structure of (a) pentacene and (b) diF-TESADT. Reproduced from reference 
[51]. 

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 understanding of the experimental result in this work, various 

theoretical models were considered: the variable range hopping model, charge transport in 

organic field effect transistor, and Fowler-Nordheim tunneling. Basic understanding of charge 

transport in disordered, semiconducting, and insulating materials is discussed in this chapter.  

Understanding of charge transport in disordered system is important when discussing the 

electronic properties of the pyrolized and carbon nanotube functionalized silk fibers that are 

discussed in Chapters 4 and 7, respectively. The variable range hopping model provides a 

measure of defects in these materials, therefore, allowing us to improve the material processing 

methods. 

Likewise, theoretical understanding of band diagrams and mobility in field-effect-

transistor is very important for the work involving the silk-based organic field effect transistors, 

discussed in Chapter 8, because it allows us to be versatile in performing the experiment. The 

band diagram theory allows us to predict the outcome of an experiment and to anticipate for 

novel phenomenon that may occur when exploring a new material, such as the hysteresis effects 

in silk-based organic field effect transistor discussed in Chapter 8. 

Finally, understanding of charge transport mechanism such as the Fowler-Nordheim 

tunneling in insulating material provides additional insights to the stability and operating limit of 

the adhesive electrode developed in Chapter 7. Because the charge transport in the insulating 

adhesive follows the Fowler-Nordheim tunneling mechanism, which a temperature independent 

phenomemon, the adhesive electrode is expected to be more stable against temperature changes. 

2.1 Variable Range Hopping 

In a disordered material where the electrical conduction requires the electron to “hop” or 

quantum-mechanically tunnel from one site (for example a molecule) to another, the electron in 

the material is considered to be localized. The degree of localization can be described by the 

localization length, �[, e.g.: the electron is more localized for shorter �[�� In variable range hopping 

(VRH) model [55], the probability of a localized electron to hop between sites depends on the 

distance and energy distribution between sites. Mathematically, the rate (�Q) of hopping between 
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two sites with distance R can be modeled to be proportional to 2 /Re �[���� . Based on this, electrons 

are more likely to hop between two sites that are closer. In addition, the rate is also proportional 

to /~ bW k Te�� , where W is defined as the hopping energy (e.g.: the energy difference between site 1 

and site 2), kb is the Boltzmann constant, and T is temperature. This relation suggests that 

electrons are more likely to hop between two sites that have a lower hopping energy. Altogether, 

they give the following relation:  
/ )( 2 /~ bW k TRe �[�Q ����                                                   (Eq. 2.1) 

However, the R and W are inter-related. Assuming the density of states per unit energy 

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

1
( )

dn
N E

dE V
�                                                     (Eq. 2.2) 

the total number of states (n) in the range dE over the hopping distance R is given by 

( )n VN E dE�                                                     (Eq. 2.3) 

where the volume (V) in 3 dimension is 34
3

R�S . The average spacing between energies is 

therefore, 
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� 
                                                    (Eq. 2.4) 

This relation suggests that electrons either hop over short distances with large activation 

energies, or over long distances with small activation energies. The maximum hopping rate, �Qmax, 

can be found by substituting Eq. 2.4 into Eq. 2.1 and setting 

0
d
dR
�Q

�                                                         (Eq. 2.5) 

This condition is satisfied when 
1/4
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                                                (Eq. 2.6) 

Substituting Eq 2.4 and Eq. 2.6 into Eq. 2.1, and considering the case where R is large, the 

following relation is found 
1/4
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where 
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�                                                           (Eq. 2.8) 

Since, the hopping rate is proportional to the conductance, 
1/4
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TG e

� § � ·�� � ¨ � ¸
� © � ¹or  

1/4
0

~
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TR e

� § � ·
� ¨ � ¸
� © � ¹                               (Eq. 2.9a and 2.9b) 

This relation is the Mott Variable Range Hopping (VRH) law, which will be used to describe the 

temperature dependent resistance of pyrolized and carbon nanotube functionalized silk fibers 

discussed in Section 4.4.3 and Section 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 the semiconductor between the first two terminals 

(source and drain) is controlled by a voltage applied at the third terminal (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 thin film separated by an insulating dielectric 

layer. The source and drain electrode can be deposited below or on top 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 case, the semiconductor is considered an extrinsic 

semiconductor. In the energy band diagram, p-type semiconductor is defined by the position of 

the Fermi energy (EF) below the intrinsic energy (Ei) of the material. The intrinsic energy is 

positioned half way between the conduction (Ec) and valence (Ev) band. Therefore, for p-type 

semiconductor, the Fermi energy is positioned closer to the valence band. Application of 

voltages (VGS) between the gate and source electrode produces an electric field across the device 

and in some cases results in the formation of a conducting channel on the interface between the 

insulator and the semiconductor. The formation of the conducting channel and how it can be 

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

Several conditions for the channel formation in a p-type semiconductor device in the 

ideal case are summarized in Figure 2.1. The energy band diagram of the metal-insulator-

semiconductor, before the VGS is applied, is shown in Figure 2.1a. In this flat band configuration, 

the work function of the metal (q�) m), defined as the energy required to move an electron from 

the Fermi level to outside the metal, is aligned with the Fermi energy of the p-type 

semiconductor. In this state, applying the voltage (VDS) between the drain and source terminal 

would produce a very small current due to the high resistance of the semiconducting material. 

In the second case, a negative VGS is 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 with respect to the semiconductor. The increase of EM (Fermi energy of the 

metal) causes the insulator band to tilt and the Ei, Ec, and Ev bands of the semiconductor to bend. 

From the band bending and the carrier concentration relation [56], 
( )/i FE E kT

ip n e ���  

where p is the hole concentration, ni is the intrinsic carrier concentration, k is the Boltzmann 

constant, and T is the temperature, the concentration of hole carriers is expected to increase near 

the interface as the amount of (Ei – EF) increases. Therefore, holes are accumulated at the surface 

of the semiconductor, forming a conducting p-channel. 

 In contrast, when VGS is positive, EM decreases and causes the insulator and 

semiconducting bands to bend in the opposite direction (see Figure 2.1c). This effectively 

decreases the (Ei – EF) at the insulator-semiconductor interface, causing holes to be repelled from 

the semiconductor surface and producing a highly insulating depletion layer. 

 In some cases, however, if VGS is further increased, then formation of another type of 

channel is possible. Instead of a p-channel, an n-channel would be formed. As shown in Figure 

2.1d, at high enough VGS, the EF crosses the Ei at the insulator-semiconductor interface. This 

causes a crossover between the Ei and Ef and (Ei – EF) to be negative at the interface, indicating 

an accumulation of electrons at the surface of the semiconductor near the interface. Therefore, an 

inversion layer made of n-channel is formed, which is highly conducting. This is the basis of 

operation in a conventional Si-based FET. Because the n-channel is formed from minority 

electron carriers in the p-type semiconductor, the Si-based FET is also known as a minority 

carrier FET. 
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Figure 2.1. Summary of channel formation mechanisms in a p-type semiconductor device. (a) 
For flat band mode at VGS = 0 V. (b) For accumulation mode at VGS < 0 V. (c) For depletion 
mode at VGS > 0 V. (d) For inversion mode at VDS >> 0 V. Left: energy band diagram. Right: 
illustration showing the basic top contact FET structure and the carrier distributions. S: source, 
D: drain, G: gate. 
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2.2.2 Linear and Saturation Region 

Besides the VGS, the channel is also affected by an application of VDS. Here, we consider 

the case for a p-type device in the accumulation mode, for example, when VGS < 0 V. Initially, 

when a small negative VDS is applied, the channel provides a highly conducting path for the 

holes to flow and current (IDS) increases linearly with VDS (linear region, see Figure 2.2). As the 

VDS becomes more negative, the potential difference between the drain and gate electrodes 

becomes smaller. As a consequence, holes accumulation near the drain electrode is minimized, 

increasing the resistance of the channel. The resistance increase is observed in the current-

voltage (I-V) curve as the curve bends approaching a saturation value. If VDS is further lowered 

to a value close to VGS, some part of the channel becomes depleted (pinched-off). Further 

lowering of VDS, depletes more channel region. Consequently, the IDS is now limited to a 

saturated value as the hole carrier travels through the channel and is being swept through the 

pinched-off region by the high electric field in this region. In this state, the device called to be in 

the saturation region because a variation of VDS does not increase the value IDS significantly. 

 

 

Figure 2.2. Illustration showing the influence of VDS on the conducting channel when (left) VDS

= 0 V, (middle) VDS < 0 V, (right) VDS << 0 V.  
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2.2.3 Mobility Calculation 

One of the most important quantities in describing the performance of a FET is the 

mobility. When electric field is applied to a material, carriers do not accelerate, instead, they 

move with an average net drift velocity (vd) as they experience scatterings or collisions due to 

impurities and defects in the material. The mobility is a measure of how easy or difficult these 

carriers (holes or electrons) move through the material. Bulk mobility is described by [56] 

d
b

v
E

�P � ��  

where vd is called the drift velocity and E is the applied electric field. Alternatively, the drift 

velocity can be described by [56] 
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q
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m
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�  

where �W��represents the average time between scatterings and m* is the effective mass of the 

carriers. Using the relation, the bulk mobility can also be described as [56] 

*b

q
m
�W

�P �  

where �W represents the average time between scatterings and m* is the effective mass of the 

carriers. 

It is important to distinguish that in FETs, the mobility measured is not the same as the 

bulk mobility of the material. Instead, it is the channel mobility, or also known as the surface 

mobility. Therefore, defects, impurities, and roughness 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 data in the linear region (Figure 2.3a and Figure 2.3b) 

by using the following formula [56]: 
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where �P is the mobility, W/L is the ratio of channel’s width and length, Ci is the capacitance per 

unit area and VT is the threshold voltage. In the linear region, VD is much smaller than (VG – VT). 

Using this approximation, the following expression is obtained: 
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where m is the slope of the linear fit of the IDS vs IGS curve in the linear region (Figure 2.3b). The 

slope is related to the mobility by the following expression: 
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Alternatively, the mobility can be extracted from the data in the saturation region (Figure 

2.3c and Figure 2.3d) using the following formula: 
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where, m is the slope of the transfer characteristic plot IDS
1/2 vs VGS (inset of Figure 2.3d). The 

mobility is related to the slope by: 
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2.3 Organic Field Effect Transistor Operation 

In contrast to the conventional Si-based FETs, an organic field effect transistor usually 

utilizes an intrinsic semiconductor (undoped semiconductor). In an intrinsic semiconductor, the 

electron and hole carrier concentration are equal, therefore the Fermi level is positioned exactly 

at the center of the band gap. Unlike inorganic semiconductors, an organic semiconductor is 

usually composed of larger molecules that are arranged in various kinds of packing structure.  

Due to the molecular nature of the material, the energy band description is more 

complicated than in the case of an inorganic material. Therefore, the energy band is viewed from 

each molecule’s perspective, instead of from each atom in the molecules and is described based 

on orbital overlaps. The valence band is known as HOMO (highest occupied molecular orbital) 

and the conducting band is known as LUMO (lowest unoccupied molecular orbital).  

Figure 2.3. Example data for mobility extraction illustration. (a) IDS vs VDS in the linear region. 
(b) IDS vs VDS in the linear region. The mobility is extracted by performing a linear fit to this 
data. (c) IDS vs VDS in the saturation region. (d) IDS vs VGS in the saturation region. Inset: linear 
fit of the transfer characteristic plot for mobility extraction. 
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In contrast with the operation of conventional Si-based FET in inversion mode, an 

organic FET operates in accumulation mode (Figure 2.4). This is because usually the organic 

semiconductor is an intrinsic semiconductor, thus, no minority carriers are available for the 

inversion to occur. In general, however, there is a tendency for an organic FET to operate as a p-

channel device. This is because the metal work function (~ 5.1 eV for gold) is usually closer to 

the HOMO level of the organic semiconductor than the LUMO level [51]. For example, the 

HOMO and LUMO level of a pentacene is ~ 4.5 eV and ~ 2.5 eV, respectively [51,57]. 

Therefore, hole is easier to be injected than electron due to the large barrier for an electron 

injection. 

 

  

2.4 Fowler-Nordheim Tunneling 

In the above discussion, it was assumed that no charge can flow across the insulator 

layer. However, at high enough electric field, charges can tunnel across the insulating barrier. 

One of the mechanisms of charge transport in insulator is by Fowler-Nordheim tunneling [58]. 

Unlike thermionic emission mechanisms which are temperature dependent, the Fowler-

Nordheim tunneling is temperature independent. The energy band diagram is useful to provide a 

qualitative understanding of the Fowler-Nordheim tunneling mechanism [59]. The band diagram 

of metal-insulator-metal interface is illustrated in Figure 2.5. If a negative VLR (voltage between 

the left and right metal contact) is applied, negative charges are deposited on the left metal 

contact. Therefore, the Fermi energy of the left metal contact is increased relative to the right 

metal contact, and as a result, the insulator band is bent (Figure 2.5b). At a very high electric 

Figure 2.4. Band diagram of p-channel formation in an organic FET. (a) Band diagram at VGS = 
0 V. (b) Band diagram at VGS < 0 V.  
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field, the insulator band bend significantly until a triangular barrier is formed, increasing the 

probability of electron to quantum mechanically tunnel from the left to the right metal contact 

(Figure 2.5c). 

 

 

The Fowler-Nordheim tunneling is described by the following expression [58]: 
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where J is the current density, E is the electric field, m* is the effective mass, and �) B is the 

barrier height. In terms of the current (I) and voltage (V), it can be expressed as [58]: 
2~ exp( / )I V b V��  

where b is a constant. 

If the charge transport through the insulator is following the Fowler-Nordheim tunneling 

mechanism, then the plot of ln(I/V2) vs -1/V should be linear. On a more general term, an 

empirical cold field emission (CFE) relation can be expressed as [60]: 

exp( / )I cV b V�N�  � � 

where c and b are constants, and �N is determined from [60]: 

Figure 2.5. Band diagram illustration of electron tunneling at high electric field. Band diagram at 
(a) VLR = 0 V, (b) VLR < 0 V, and (c) VLR << 0V. VLR corresponds to voltage between left and 
right metal contats. �) B corresponds to the barrier height. 



25 
 

ln( ) ln( ) ln( ) /

ln( )
(1/ )

I c V B V

d I
V B

d V

�N

�N

� � � � �

� � �  � �

 

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 harvested from their natural habitat and used without 

washing or special treatment. Strands of silk fibers were separated with tweezers on glass slides 

under a microscope. 

3.2 Electrical Conductivity Measurement 

Silk fibers were connected in either four-terminal or two-terminal conductivity 

configuration using carbon paste. Whenever possible, such as in the case of samples having 

lower resistance (R < 107 W), electrical conductivity measurements were performed in four-

terminal configurations with lock-in amplifiers (SRS 830) or a combination of DC/AC current 

source (Keithley 6221) and nanovoltmeter (Keithley 2182A). Four-terminal configuration is 

ideal because it eliminates contact resistance contribution in the measurement. 

For high resistance samples (R > 107 �: ), electrical conductivity measurements were 

performed with an electrometer (Keithley 6517A) in two-terminal configuration inside a shielded 

box whenever possible. Electrometer was chosen due to its very high internal resistance (R > 200 

T�: ) relative to the sample under test. In this case, it is very important to perform background 

leakage current check before characterizing the sample. 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 Conductivity Measurement 

For humidity dependent conductivity measurement (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 pressure-independent humidity sensor (HIH-5030-001 

from Newark). The sample and humidity sensor were mounted side-by-side in the middle 

chamber. The left chamber was connected to the water reservoir, and the right chamber was 

connected to a vacuum pump. By turning the regulators in each chamber, it was possible to 

control the relative humidity (RH) level at a desired rate; for example, closing the left valve and 
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opening the right valve would decrease the RH. Alternatively, an environmental chamber (Micro 

Climate from Cincinnati Sub-Zero) capable of temperature and humidity control was used. 

 

 

3.4 Solvent Exposure Method 

To study the influence of various solvents on the electronic properties of neat spider silk 

fibers described in Chapter 4, several solvents were chosen and prepared. Solvents with different 

polarities were prepared in separate clean bottles, including an empty control bottle. The solvents 

(polarity index, % solubility in water) were as follows: Hexane (0, 0.001), Toluene (2.4, 0.051), 

Dichloromethane (3.1, 1.6), Isopropanol (3.9, 100), Methanol (5.1, 100), Ethanol (5.2, 100), 

DMSO (7.2, 100), H2O (9, 100). For the sample holder, two holes were drilled into a bottle cap 

made of polytetrafluoroethylene (PTFE) for inserting two platinum wires. The sample was then 

mounted on to the platinum wires in a two-contact configuration using a carbon paste and its 

resistance was monitored using an electrometer (Keithley 6517A). Each solvent exposure 

measurement was performed by monitoring the sample resistance while alternating the sample 

between the empty control bottle and a specific solvent bottle (with cap sealed) and backs to the 

control bottle every 150 s. These measurements were carried out at ambient pressure at 22 °C. 

Figure 3.1. Schematic of the setup used for conductivity vs. RH measurements. Sample and 
humidity sensor (model HIH-5030-001 from Newark) were mounted side by side in the vacuum 
chamber through the middle opening. The left chamber was connected to the water reservoir. 
The right chamber was connected to a vacuum pump. RH was controlled by regulating the left 
and right valves. [23] 
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3.5 Iodine Doping Procedures 

To study the effects of I2 doping on silk fiber bundles (described in Chapter 4), two 

iodine doping conditions were used, namely light and heavy I2 doping. Before the iodine doping, 

individual silk bundles were first prepared by attaching gold wire contacts to a neat spider silk 

fiber bundle with carbon paste. It was very important to use gold wires and a carbon paste 

because they did not interact with I2. Light I2-doping was done by placing the neat silk fibers 

together with solid I2 chunks inside a sealed vial at 25 °C for 24 hour. Before electronic 

characterization, the I2-doped silk fiber (dark in color) was placed in a vacuum for 12 h before 

being measured, and the evacuation restored the original silk color. For heavy I2 doping, the silk 

fiber was further exposed to I2 vapor at 70 °C for 3 h. The resulting 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 mostly performed in the secondary electron 

imaging (SEI) mode at 10 keV. In some cases, it was necessary to use the lower secondary 

electron imaging (LEI) mode to improve the image quality and to use a lower voltage between 5 

to 7 keV to reduce the risk of destroying the sample. The SEM imaging was also used in the 

study of gold and carbon nanotube functionalized silk fibers in Chapter 5 and 7, respectively. 

3.7 Raman Spectroscopy  

Raman spectroscopy was carried out with a 785 nm excitation wavelength and 10 

seconds exposure on both the pyrolized neat and the pyrolized I2-doped silk fiber (Chapter 4) 

using a Renishaw Invia micro-Raman spectroscope. 

3.8 Thermoelectric Setup 

Room temperature thermoelectric measurement was done by monitoring the resistance of 

the pyrolized silk fibers (Chapter 4) with respect to thermal gradient. The sample was mounted to 

the terminals of a standard integrated circuit 8-pin socket and connected to a nanovoltmeter 

(Keithley 1282) in a two-terminal configuration (Figure 3.2). The thermal gradient was generated 

by introducing a laser pulse (He-Ne laser, 35 mW, 633 nm) to one of the terminal connections. 
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3.9 Cryogenic measurements 

To characterize the electrical resistance 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 liquid N2 or liquid He4 

bath down to ~78 K or 4.3 K, respectively. For characterization at lower temperatures, 

measurement was done in a dilution refrigerator down to 25 mK. Cryogenic measurements were 

done in various experiments described in Chapters 4, 5, 6, and 7. 

3.10 1H – 13C CP-MAS-NMR  

The solid-state nuclear magnetic resonance (NMR) in neat, wet, and iodine-doped N. 

clavipes dragline silk fibers, described in Chapter 4, were measured with a Bruker Avance III 

11.75 Tesla (500 MHz 1H NMR frequency) wide-bore solid-state NMR system with a 2.5 mm 

triple-resonance (1H-X-Y) NMR probe in the double resonance mode. 1H–13C cross polarization 

(CP) magic angle spinning (MAS) spectra were obtained at 25 kHz MAS using 2.27 µs 1H NMR 

pulse, 2 ms of CP contact, 110 kHz two-pulse phase-modulated (TPPM) decoupling and a 2 s 

recycle delay. 1H–13C CP MAS spectra were obtained for the neat silk fiber (both dry and 

hydrated), gold-sputtered silk fiber and I2-doped silk fiber. The amino acid assignment was done 

following the work of Creager et al. [26]. All spectra were normalized to the alanine C�D peak. 

 

Figure 3.2 Room temperature thermoelectric measurement setup. The fiber sample was mounted 
in two-terminal configuration using carbon paste (the background image has been removed to 
show only the fiber). The voltage produced by the heat from the laser pulse was monitored with a 
nanovoltmeter. [23] 
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3.11 FTIR spectroscopy 

Fourier transform infrared (FTIR) spectroscopy measurements of neat, wet, and iodine-

doped N. clavipes silk fibers, described in Chapter 4, were carried out at room temperature under 

attenuated total reflectance (ATR)-FTIR mode using the Smart Orbit diamond ATR accessory of 

the Thermo Scientific Nicolet 6700 spectrometer equipped with a thermoelectrically cooled 

deuterated triglycine sulfate (DTGS) detector. The spectra were recorded in absorption mode at 2 

cm-1 resolution in the 4000–400 cm-1 region. The content of ��-sheet was estimated by peak 

deconvolution in the amide II region (1480–1585 cm-1). 

3.12 Microtome and TEM 

To obtain the cross-sectional TEM image of carbon nanotube functionalized spider silk 

fibers (CNT-SS), described in Chapter 7, thin sections of the CNT-SS were first obtained. 

Bundles of the CNT-SS fibers were first fixed with 3% glutaraldehyde in water solution (diluted 

from 50% glutaraldehyde in water solution purchased from Electron Microscopy Sciences) for 

two hours at room temperature. The purpose of the fixation was to preserve the internal structure 

of the silk fiber. The fibers were then dehydrated in ethanol, followed by embedding in Epo-fix 

(5:25 hardener/resin weight ratio, Electron Microscopy Sciences) at 50 oC for 4 hours. Then, the 

epoxy with the sample inside was mounted on a Leica Ultracut E microtome and 90 nm thick 

sections of the embedded CNT-SS were obtained. They were then transferred onto TEM copper 

grids (100 mesh) and stored in a desiccator. 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 I took in the exploration of utilizing spider silk in electronics was to 

understand the electrical properties of spider silk. In this chapter, the electronic properties of 

spider silk with respect to varying humidity, iodine doping, pyrolization, and polar solvent 

conditions are discussed. This work provides the basis and foundation for the functionalization 

strategies to be described in the next chapters.  

4.1 Humidity Dependent Conductivity 

The electronic transport properties of the Pholcus phalangioides neat silk fiber bundle is 

shown in Figure 4.1. A background leakage current check (before the sample was mounted) was 

first performed under evacuated and humidified conditions as a baseline (Figure 4.1a) for the 

conductivity measurements. The increase of the background current from ~3% to ~65% RH was 

very small (~1 pA) compared to the signal produced by the sample (for example, neat spider 

silk). This background check was important because of the highly insulating 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 time for the stray capacitance to discharge before 

recording the current values (Figure 4.1b).  

As expected, the spider silk fiber is highly insulating. The conductivity value (�V) of the 

spider silk fiber at ambient condition (50% RH, 22 oC) was extracted from the current-voltage (I-

V) curve (Figure 4.1c) by taking into account the geometrical factors (�V��= G*l/A where G is the 

conductance, l is the length = 0.14 cm and A is the estimated cross-section area of the sample = 

1.09*10-4 cm2) to be ~ 44 nS/cm. The effective cross-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 comparing the experimental value of a model system, a 

32 �Pm sized bundle of N. clavipes fiber consisting of 38 fibers, with the ideal case of a perfectly 

hexagonally packed silk fiber bundle. A slight non-linearity in the lower voltage region ~ 0 to 4 

V of the I-V curves was observed. 

Furthermore, the conductivity was exponentially activated with respect to RH changes 

(below 70%). In Figure 4.1d, the semi-log plot of the conductivity with respect to RH for neat 
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silk fibers at different bias voltages is shown. The conductivity scales closely to �V = �V0 e
(0.23*RH), 

which indicates that the conductivity increase is not due to simple (linear) geometrical addition 

of water molecules to the silk fiber, nor to percolation effects [61]. For percolation effects, G 

would have a power law dependence to (RH-RHc)
�J. Based on observations from MAS-NMR in 

Section 4.3, we propose a qualitative water absorption model involving sequential absorption 

mechanism by different amino acid sites which is discussed in Section 4.3.1. 

 

 

4.2 Iodine Doping 

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

explore effects of iodine doping to the electrical conductivity as done in conjugated polymer 

Figure 4.1. Electronic properties of neat P. phalangioides spider silk. (a) Background current 
check (before the sample was mounted) at different RH (~65% and ~3%) level at an applied 
voltage of 20 V. (b) Current vs. time measurement at constant voltages between -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 state. (c) I-V curve of neat silk fiber at RH ~ 50 %. (d) Humidity 
dependent conductivity at different applied voltages. [23] 
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systems. We found, however, unlike conjugated polymers, it is very difficult to achieve 

intrinsically highly conducting silk fiber by conventional charge doping methods. The iodine 

doping was done following the procedure described in Section 3.5. As shown in Figure 4.2, we 

found that for “lightly I2 doped” silk fiber, unlike in the case of conjugated polymer system, the 

conductivity increased only slightly by ~ 600% at 50% RH. Further doping with I2 (“heavily I2 

doped” silk fibers) did not increase the conductivity. The response of the neat silk fibers to RH 

was nearly reversible. On the contrary, hysteretic behavior of the conductivity with RH was 

observed for I2 doped silk fibers which was largest for the heavily I2 doped silk fibers, indicating 

an increase in water retention as the I2 content was increased. As discussed in Section 4.3.5, the 

slight improvement in the conductivity may be due to inhomogeneous doping of the silk fibers or 

to additional ionic transport caused by dissociations of water-iodine compound. 

 

 

Figure 4.2. Humidity dependent conductivity of neat (top), lightly (middle), and heavily (bottom) 
I2 doped N. clavipes dragline silk fiber. [23] 
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4.3 MAS-NMR and FTIR Spectroscopy 

To gain insights of how the water and iodine interact with the spider silk, we performed 
1H-13C CP MAS-NMR and FTIR spectroscopy on neat, hydrated, lightly, and heavily I2 doped N. 

clavipes silk fibers. As described in Section 1.1, spider silk protein is composed mainly of 

Alanine-rich crystal forming �E-sheet blocks connected by Glycine-rich amorphous chains 

(sometimes 31 helix) with GXG or GPGXX amino acid patterns (where X is a variation of amino 

acids). From MAS-NMR and FTIR spectroscopy we were able to probe the individual amino 

sites on the protein backbone and the conformational structural (such as the �E-sheet and 

amorphous chains, sometimes 31 helix) changes, respectively. As a control, the MAS-NMR 

spectra for neat silk fiber under ambient conditions was obtained and labeled according to the 

literature. The amino acid assignment on MAS-NRM spectrum was done following the work of 

Creager et al. [26]. 

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

As a control, the MAS-NMR spectrum for neat silk fibers under ambient conditions was 

first obtained. The silk fibers were then hydrated and the resulting spectra was compared with the 

neat dry silk fibers spectrum as shown in Figure 4.3a. The hydration decreases the intensity of 

most of the peaks except for the two Ala peaks, Ala C�D and Ala C�E��(�E-sheet), which are generally 

attributed to the poly-Ala located in the �E-sheet crystal forming blocks. The overall decrease in 

intensity of the spectrum of the hydrated sample is thought to result from the increasing mobility 

of the protein backbone and side-chain mobility with hydration [50,62]. Of the affected peaks, 

the largest drops in intensity are observed for the Glycine (Gly) C�D, and Glutamate or Glutamine 

(both labeled as Glx), Serine (Ser) and Proline (Pro) peaks. This indicates that at lower humidity, 

most of the water only enters the Gly site. As the humidity increases, more sites are filled by 

water, first, going into the Glx sites, then the Ser and Pro sites. It is possible that this sequential 

water absorbance causes the exponential increase in conductivity as the humidity is increased 

(see Section 4.1). 

 

4.3.2 MAS-NMR Spectra of Lightly I2-doped silk.  

In regard to the iodine-silk interaction, we first obtained the MAS-NMR spectrum for 

lightly I2 doped silk (the case when the silk fiber is exposed to I2 at 25 oC for 24 hours) as shown 
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in Figure 4.3b. The overall structure of the spectrum was not strongly affected. However, there 

was a loss of intensity for the Glx C�J and slight intensity drop for Gly C�D. We note that in this 

lightly I2 doped sample, the color of the sample changed back to original color after vacuum 

treatment for 12 hours. Therefore, in the MAS-NMR experiment, where the sample was under 

ambient conditions, there was only a minimal amount of I2 present, probably around the Gly C�D 

and Glx C�J site. 

 

4.3.3 MAS-NMR Spectra of Heavily I2-doped silk.  

We further investigated the iodine-silk interaction by obtaining the MAS-NMR spectrum 

for the heavily I2 doped silk fiber (the case when the silk fiber is exposed to I2 at 70 oC for 3 

hours) as shown in Figure 4.3c. In contrast to the lightly I2 doped sample, the MAS-NMR 

spectrum showed intensity reduction in the peaks that corresponds to both the amorphous and 

crystalline regions. We also noted that the intensity reduction of Gly C�D and Glx C�J were 

systematic (more intensity reduction as I2 doping is increased). The overall peak intensity 

reduction indicated that heavy I2 doping introduces chemi-sorbed I2 into the amorphous, and to a 

certain degree, the crystalline regions. 
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Figure 4.3. 1H – 13C CP-MAS spectra of N. clavipesdragline silk fibers. (a) Neat silk fibers in 
dry (red) and hydrated (blue) state. Except for the Ala C�D and Ala C�E (�E-sheet) peaks, the 
hydrated spectra are lower in intensity. (b) Neat (red) and lightly I2 doped (black) silk fibers. 
Inset: Detail of decrease in Gly C�D and Glx C�J, Tyr C�E peaks after I2 doping. (c) Neat (red) and 
heavily I2 doped (orange) silk fibers. Intensity reduction in most peaks as indicated by the 
arrow.[23] 
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4.3.4 FTIR Spectra of neat, lightly, and heavily I2-doped silk. 

To confirm and understand the conformational changes caused by the I2 doping, we 

obtained the FTIR spectra of neat, lightly, and heavily I2-doped silk (see Figure 4.4). For 

conformational study, amide I region (arises from C=O stretching vibrations, 1600-1700 cm-1) 

and amide II region (arises from N-H in-plane bend and C-N stretching vibrations, 1500-1600 

cm-1) are the focus of study [63]. This is because variations of side chains do not affect the 

vibrations in amide I and amide II regions [64]. Instead, they depend on the arrangement of the 

protein backbone and the strength of the hydrogen bonding in a particular conformation [64]. For 

example, multiple bands occur in the amide I region with different frequencies that increase [64] 

with the strength of hydrogen bonding in each type of conformations: intermolecular �E-strands or 

�E-sheets (1629-1635 cm-1), �D-helices (1649-1658 cm-1), and turns (1665-1690 cm-1) [64]. 

Similarly, amide II region envelopes �E-sheets and �D-helices bands at ~1515 and ~1550 cm-1 [65]. 

Several observations were made. First, we observed that there is no carbon-iodine (C-I) 

chemical reaction as indicated by the lack of C-I stretching band between 500 to 600 cm-1 region. 

Second, doping at 70 oC (heavy I2 doping) caused a major decrease in the content of �E-sheets 

from ~ 54% to 42% as indicated by the intensity decrease of the ~1515 (in amide II)and ~1625 

cm-1 (in amide I) bands. The intensity decrease in the �E-sheet bands and the increase in the �D-

helix bands indicated that some of the �E-sheets were destabilized and transformed into �D-helices 

or amorphous coils. 
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4.3.5 Qualitative Silk-I2 Interaction Model 

Based on the MAS-NMR and the FTIR spectra of iodine doped samples, we propose the 

following qualitative model for the silk-I2 interaction (Figure 4.5). At 70 oC, it is likely that there 

is a water-induced thermal glass-transition that allows chains to become mobile as in the case of 

Bombyx mori silk fibers [66]. In contrast to doping at room temperature, where the iodide ions 

were mainly located at the outer surface of the silk fibers, doping at 70 oC allows diffusion into 

both the �E-sheet layers and intermolecular chains of the amorphous regions. The diffused iodine, 

trapped within the �E-sheets, partially suppressed the hydrogen bonding probably around the N-

H…O=C region, causing some part of the �E-sheets to become unstable. This partial suppression 

is consistent with the reduction in the �E-sheet peaks in both the FTIR and MAS-NMR spectra. In 

effect, some of the �E-sheets were converted into amorphous phases. 

Figure 4.4. FTIR spectra of neat (red), lightly I2 doped (blue), heavily I2 doped (green) of N. 
clavipes spider silk fiber showing main conformational changes in Amide I and II regions. Inset: 
reduction of �E-sheet band relative intensity in Amide I and II at ~1625 and ~1515 respectively; 
and increase of �D-helix band relative intensity in Amide I and II at ~1655 and ~1550 
respectively. No C-I bond is observed within the expected region (gray area) in any case. The 
curves have been shifted for clarity.[23] 
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The model above assumes that I2 mostly remains in the amorphous regions of the silk 

fiber structure after partial destabilization of �E-sheet regions. Therefore, only the resulting 

amorphous region remains doped. This is in contrast to other systems such as Nylon-6, where the 

I2 doping is homogeneous throughout the backbone chain [67], therefore improving the 

conductivity up to ~ 10-3 S/cm [68]. The limited conductivity improvement in spider silk may 

therefore be qualitatively understood by considering a random resistor network that consists of 

the tunable resistivity R1 of the amorphous part and non-tunable resistivity R2 of the �E-sheet 

crystals. Even though R1 can be tuned to be conducting, if R2 remains highly insulating, then the 

overall conductivity is limited by R2. 

 

 

4.4 Pyrolization of Spider Silk 

Due to the difficulties of making intrinsically highly conducting spider silk fibers via 

conventional charge doping method (for example, by iodine doping), we explored another 

strategy which is to pyrolize the silk fibers into highly conducting carbon fibers. By heating the 

sample up to temperatures approaching 1000 oC in an inert argon or nitrogen environment, non-

Figure 4.5. Schematic of neat, I2 doped spider silk, and proposed I2-silk interaction mechanisms. 
Left: general spider silk structure before I2 doping showing �E-sheet crystals (green rectangles) 
connected by amorphous coils (blue coils). Right: spider silk structure after I2 doping showing 
(a) iodine (red dots) complexes between the amorphous coils, and (b) conversion of some part of 
�E-sheet into additional amorphous coils (yellow coils).[23] 
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carbon components are preferentially driven off, leaving only the carbon elements in the system. 

Pyrolization study on Bombyx mori silk fibers has been performed by Khan et al. [69], where 

they found that, similar to the case of pyrolization of coal tar pitch (CTP) [70], iodine doping the 

fibers prior to pyrolization improves the carbon yield and the morphology of the resulting carbon 

fibers. These works were used to guide the investigation of pyrolization of spider silk fibers 

below (Figure 4.6). Thermogravimetric (TGA), SEM and Raman analysis were performed for 

pyrolized Pholcus phalangioides neat and heavily I2 doped silk fibers. Several improvements 

were observed. First, the carbon yield of I2 doped silk fibers was increased by ~ 7%. 

Furthermore, the resulting carbon fibers are more flexible. The pyrolization was done in Ar gas 

environment up to 800 oC at a 5 oC/min rate. 

 

 

4.4.1 Thermogravimetric Analysis of Pyrolized Spider Silk 

As shown in Figure 4.7, by heavily I2 doping the silk fibers prior to pyrolization, a higher 

carbon yield of ~ 7% was achieved. Several features in the TGA curves are important in 

understanding the role of I2 in improving the carbon yield. First, as is evident in Figure 4.7, after 

I2 doping at 70 oC for 3 hours, the weight of the silk fibers is increased by ~10% as a result of I2 

being trapped in the silk structure (see Section 4.3.5). Second, most of the I2 evaporates below 

200 oC, as seen from the intersection temperature (Ti) between the heavily I2 doped and neat silk 

fiber TGA curves. Third, the accelerated weight reduction occurs earlier by 25 oC (as indicated 

Figure 4.6. Photographs of P. phalangioides neat (a), heavily I2 doped (b), and pyrolized (c) silk 
fiber bundle.[23] 
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by the shift in the weight reduction temperature TC), at a slower rate, and finishes earlier than the 

neat silk fibers.  

The accelerated weight loss profile in the I2 doped spider silk is similar to that of CTP 

[70]. In CTP, the main weight reduction process in the I2 doped silk fiber also starts and finishes 

at lower temperatures. In CTP, these characteristics are attributed to the dehydrogenation process 

which occurs in the temperature range 200 to 450 oC. From mass spectroscopy, a significant 

amount of hydrogen iodide (HI) is generated in this temperature range [70]. The increase in 

carbon yield is understood as a result of the hydrogen removal from the CTP components, which 

produces radicals that accelerate the polymerization process. In effect, the molecular weight of 

the components increase, and a higher amount of carbon yield is obtained. 

Similar TGA behavior of spider silk and CTP leads to the following interpretation of 

iodine doping in silk. First, the heavily I2 doped spider silk fibers physisorb and chemisorb I2 into 

both the amorphous and �E-sheet regions of the spider silk fibers (see Section 4.3.5). Upon 

heating to 200 oC, most of the physisorbed I2 evaporates. Above 200 oC, the chemisorbed I2 is 

removed by HI formation, turning the dehydrogenated components into radicals. This allows an 

accelerated polymerization as in the case of CTP, resulting in a higher carbon yield.  

 

 

Figure 4.7. TGA thermogram of P. phalangioides silk fibers. For heavily I2 doped silk fibers, TC
was reduced from ~3190 to 2940 and the carbon yield was increased by ~7% yield after heating 
up to 700 oC. For the heavily I2 doped silk fibers, the weight residue was normalized with respect 
to the initial weight of silk fibers before I2 doping. Ti indicates the temperature at which the 
physisorbed I2 has evaporated, and above Ti, the chemisorbed I2 starts to be removed.[23] 



42 
 

4.4.2 SEM and Raman Spectroscopy Study of Pyrolized Spider Silk 

The added flexibility of the pyrolized iodine doped silk fibers was also evident from the 

SEM images. The comparison of the bulk structure of the neat silk fiber with the heavily I2-

doped silk fiber before and after pyrolization is shown in Figure 4.8. For neat silk fibers (0.5-1 

�Pm in diameter individually), considerable disintegration of the fiber structure was observed 

after pyrolization (Figure 4.8a and Figure 4.8b). This resulted in very brittle carbon fibers.  

 

 

Figure 4.8. Comparison between neat and heavily I2 doped P. phalangoides silk fibers before and 
after pyrolization. Left: Neat silk fibers before (a) and after (b) pyrolization. Before pyrolization, 
individual silk fibers of diameter ~ 0.5 �Pm were separated. After pyrolization, fiber 
disintegration was apparent. Right: Heavily I2 doped silk fibers before (c) and after (d) 
pyrolization. Before pyrolization, I2 doping formed silk fiber bundles with an average diameter of 
~ 10 �Pm. After pyrolization, only small amount of disintegration was observed, leaving the 
bundles intact. The inset of (c) emphasizes the difference between the neat (a) and heavily I2

doped silk fibers on the same scale.[23] 
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In contrast, the I2-doped silk fibers formed large bundles and/or ribbon-like structures 

comprising of ~ 5-10 silk fibers per bundle. After pyrolization, the bundle structure of I2-doped 

silk fibers remained intact and considerably less disintegrated, which resulted in a more flexible 

carbon fibers. The qualitative I2-silk interaction model (described in Section 4.3.5) is helpful to 

understand the possible underlying mechanism of such improvements. The iodine complex that 

forms in the amorphous chains serves as the intermediaries between fibers, producing a larger 

bundle and/or ribbon-like structure. The trapped iodine can effectively change the interchain 

hydrogen bonding into iodine complexes that favor interchain van der Waals C-C interactions 

upon pyrolization, therefore, leading to more flexible carbon fibers. 

The Raman spectra of pyrolized neat and heavilty I2-doped silk fibers are shown in 

Figure 4.9. Both samples exhibit D-band (~1300 cm-1) and G-band (~1600 cm-1) peaks, which 

are associated with disordered and graphitized carbon, respectively. Besides the relative increase 

in the intensity for the I2-doped silk fiber, the spectra are very similar. The IG/ID intensity ratio, 

which is related to the degree of crystallinity, does not change significantly with I2 doping. This 

is similar to the pyrolized I2-doped fibers from Bombyx mori [69], except for the higher 

percentage of amorphous carbon for P. phalangioides silk fibers indicated by the lower IG/ID 

ratio. 

 

 

Figure 4.9. Raman spectra of pyrolized neat and heavily I2 doped P. phalangioidessilk 
fibers.[23] 
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4.4.3 Electrical, Thermoelectric, and Incandescent Properties of Pyrolized Silk 

The pyrolized silk fiber is a p-type semiconductor as revealed by the temperature 

dependent resistance (Figure 4.10) and thermoelectric (Figure 4.11) measurements. The 

temperature dependent resistance of the pyrolized neat and iodized silk fibers was investigated in 

the range of 77 -300 K, and found to follow a variable range hopping (VRH, see Section 2.1) 

behavior R = R0exp([T0/T]1/4) with a barrier energy T0 of ~ 343598 K (Figure 4.10). 

 

 

 The semiconducting behavior was further investigated by a thermoelectric measurement. 

The measurement was done in a very simple 2-contact configuration at room temperature as 

described in Section 3.8. We observed that by heating the fiber at the positive electrode junction, 

a negative voltage was produced (Figure 4.11a). This indicates that the pyrolized silk fiber is a 

semiconductor with predominantly hole carriers. Upon heating the positive electrode junction, 

the hole carrier density at the positive electrode became lower than the density at the negative 

electrode, inducing a negative voltage. In contrast, under the same conditions, a carbon fiber 

made from polyacrylonitrile (PAN) produced a positive voltage, a characteristic of an n-type 

semiconductor (Figure 4.11b). These characteristics were further confirmed by performing a 

more systematic temperature dependent thermopower (Seebeck) measurement as shown in 

Figure 4.11c. 

Figure 4.10. Temperature dependent electronic transport of pyrolized neat (solid line) and I2

doped (dash line) P. phalangioides silk fibers. Inset: Ln(R) vs. (1/T)(1/4) fit, showing that the 
pyrolized silk fiber follows a variable range hopping (VRH) mechanism.[23] 
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 Using the pyrolized silk fibers, we demonstrated that it was possible to use them as 

lighting elements for an incandescent bulb (Figure 4.12). To do so, the pyrolized silk bundle was 

connected to copper wires with carbon paste and placed inside a vacuum chamber. A variable ac 

(60 Hz) transformer was used to apply the currents to the bundle. Although not confirmed in 

detail, the light spectrum appeared to be conventional blackbody radiation.   

 

 

 

Figure 4.11. Thermoelectric properties of pyrolized silk fibers. (a) Voltage vs. time graph of a P. 
phalangioides carbon fiber exposed sequentially to heat pulses at each end of a two-terminal 
configuration. A heat pulse at the positive (negative) voltmeter terminal produces a negative 
(positive) voltage spike. (b) Voltage vs. time of polyacrylonitrile (PAN)-type carbon fiber 
showing an opposite thermoelectric response to a heat pulse. (c) Comparison of the temperature 
dependent thermopower for pyrolized silk and PAN fibers indicating hole-like and electron-like 
carriers (respectively) at room temperature.[23] 
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4.5 Polar Solvent Dependent Conductivity 

The activated humidity dependent conductivity, discussed previously in Section 4.1, led 

us to explore the sensing properties of neat spider silk fibers. The investigation was done by 

comparing the resistance measurements of neat P. phalangioides silk fibers that have been 

exposed to the saturated vapors of a variety of polar solvents under ambient conditions (see 

Section 3.4). We observed a characteristic drop in resistance during the exposure, which 

recovered after exposing the sample to air (Figure 4.13a). Similar measurements were done for 

immersion of the bare electrodes into the liquid as 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 polarity, which indicates that simple absorption of the vapor by the 

porous fiber may be responsible for the characteristic resistance drops. Assuming a linear 

response of ln(G) to Polarity Index (PI), the resistance drops follow a G = G0exp(C*PI) 

relationship (where C ~ 1 for vapor, and ~ 2 for liquid case), indicating an activated dependence 

on solvent polarity. We also note that there is no clear correlation between the solubility of the 

solvents in water with the conductivity change, suggesting that the observed effects are not due 

to residual water in the starting solvents. Since pure non-ionic solvents are electrically insulating, 

the conductivity increase should be caused by the mobile ionic carriers that are produced from 

the dissolved impurities by the solvent. Therefore, the amount of the conductivity change should 

increase with polarity index. Although this is consistent with the overall features, some 

deviations are evident, such as in the case of the response toward dimethylsulfoxide (DMSO) 

exposures. This anomalous response may be due to the hygroscopic nature of DMSO, absorbing 

additional water from the air. 

Figure 4.12. Photographs of P. phalangioides pyrolized silk fibers as incandescent light emitters.
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Figure 4.13. Polar solvent dependent transport properties of P. phalangioides silk fibers. (a) 
Time dependence of resistance as the silk fiber was exposed to solvent vapor followed by 
exposure to ambient air. Solvents (polarity index, % solubility in water) used: hexane (0, 0.001), 
toluene (2.4, 0.051), dichloromethane (3.1, 1.6), isopropanol (3.9, 100), methanol (5.1, 100), 
ethanol (5.2, 100), DMSO (7.2, 100) and H2O (9, 100). The DMSO response is anomalous. (b) 
Conductance change vs. solvent polarity index for 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 4, even though the conductivity has activated 

dependence with both humidity and polar solvent exposure, the neat spider silk fibers are still too 

insulating as for sensing applications. Furthermore, the conductivity increase of the iodine-doped 

silk fibers is not significant enough for using the spider silk fibers as electrical wires. Although 

the pyrolized silk fibers are electrically conducting, they have very limited use because the 

mechanical and biochemical advantages of the silk fibers are lost after the pyrolization process. 

These observations led us to explore gold functionalization of spider silk fibers, which is 

described in this chapter. Surprisingly, the gold functionalization can be done with ease, 

producing a very robust semi-flexible micro-wire useful for electrical measurements of small 

organic crytals. 

5.1 Gold Functionalization Method 

The gold functionalization was performed using a sputtering machine (Denton Vacuum 

Desk II). First the silk fibers were aligned and secured between two raised toothpick stages. 

Then, the fibers were placed inside the evacuated sputtering chamber, followed by gold 

sputtering under Ar gas environment. The silk fibers were sputtered for 30 s at a 40 mA current, 

followed by a 15 s break, and then by a second 30 s deposition. The 15 s break was done to 

minimize the risk of excessive heating during the sputtering. From the SEM images (Figure 5.1), 

it was evident that the gold formed small round domains with an average diameter equal to the 

film thickness of ~ 20 nm. The gold sputtering was done on silk fibers from various species, such 

as Kukulcania hibernalis and Nephila clavipes dragline silk fibers, and we confirmed that the 

gold sputtering was effective independent of the type of spider silk fibers. 
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5.2 Electrical, magnetic, and elastic properties of gold functionzalized spider silk 

fibers 

The gold sputtered silk fiber is electrically robust down to the lowest temperature studied 

of ~ 260 mK (Figure 5.2a). The temperature dependent resistance shows metallic conductivity 

over the full temperature range. At low temperature range, the resistance has very small 

temperature dependence. Likewise, at T ~ 260 mK, the resistance was magnetic field 

independent (Figure 5.2b). This is in contrast with the case of high purity polycrystalline gold, 

where the resistance increased with respect to increasing magnetic fields [71]. This indicates that 

the lack of both temperature and field dependence in the gold functionalized silk fiber may be 

due to the presence of defects in the sample. The lack of temperature and magnetic field 

dependence, however, may be advantageous for fabrication of coils for cryogenic RF 

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

 

 

Figure 5.1. SEM images of gold sputtered K. hibernalis silk fibers. (a) Lower magnification 
image showing the uniform gold coating. (b) Higher magnification image showing the formation 
of gold domains.[23] 

Figure 5.2. Temperature (a) and magnetic (b) field dependent resistance of gold sputtered silk 
fibers.  
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 We also found that the gold sputtered silk fibers possessed elasticity, allowing the 

formation of electrical cross-junctions under tension. The cross-junctions were formed by first 

attaching the gold-sputtered silk fibers on the bottom and top substrates, shown in Figure 5.3, 

using silver paste. The two substrates were then pressed together and secured using GE varnish 

to maintain the tension between the two fibers. The junction was metallic down to at least ~ 80 K 

as shown in Figure 5.4. Based on this observation, in principle, for junctions involving p- and n- 

type coatings, diode characteristics should be possible. We also noted that this kind of junction 

was not possible to fabricate using pure gold wire. 

 

 

 

Figure 5.3. Illustration of the cross-junction configuration. (a) Schematic of the assembly. Blue: 
substrate, brown: GE varnish, yellow: gold sputtered silk fibers, white: silver paste, orange: gold 
wire. Photographs of the substrates (b) before and (c) after the assembly.[23]  

Figure 5.4. Gold sputtered N. clavipes silk fibers cross-junctions. (a) Photograph of the junction 
showing the tension maintained. (b) Temperature dependent 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 gold sputtered silk fibers led us to develop an electrical 

resistance test device using these fibers as the electrodes. The test device allows transport 

characterization of small organic samples involving cryogenic temperatures without the need of 

the conventional conducting paste. The fabrication of the test device, the “mandolin,” is outlined 

in Figure 5.5. First, the N. clavipes dragline silk fibers were aligned and secured across two 

toothpicks, after which they were gold sputtered (Figure 5.5b). Then the fibers were transferred 

to a substrate and secured using enamel and Stycast 2850 (Figure 5.5c). Next, the sample under 

test was placed on a small piece of glass slide and then pressed against the aligned fibers (Figure 

5.5d). The substrate and the glass slides are secured by GE varnish. Finally, the gold sputtered 

silk fibers were connected to the copper wires going into the measurement equipment (Figure 

5.5e). The gold sputtered silk fibers were still conducting even after considerable bending 

(Figure 5.5f). 

 

 

Figure 5.5. Illustration and photographs of the “mandolin” fabrication procedure. (a) The 
“mandolin” assembly. Blue: substrate, yellow: gold sputtered silk fibers, black: Stycast 2850, 
brown: GE varnish, black rectangle: sample. (b) Four aligned N. clavipes gold sputtered silk 
fibers. (c) The transferred fibers on a substrate. (d) �N-(BETD-TTF)2Cu[N(CN)2]Br Sample on 
glass slide in direct contact with the silk fibers. (e) Completed assembly on a sample holder, 
where the gold sputtered silk fibers were connected to the copper wires using silver paste. (f) The 
gold sputtered silk fibers remained conducting even after considerable bending.[23]  
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The performance of the mandolin was evaluated using a test sample, �N-(BEDT-

TTF)2Cu[N(CN)2]Br organic single crystal (Figure 5.6a), from 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 out to ensure 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 5.6b) and superconducting transition at ~12 K (Figure 

5.6c). Additionally, because no conducting paste was used to make contact to the sample, the 

sample was clean and can be saved for future other measurements. We also noted that, in 

general, the contact resistance of the sample diminished at lower temperatures except for a bump 

in between 250 K and 300 K, which affected the 4-point measurement in this temperature range. 

The initial increase in the contact resistance might be due to differential cooling rates in different 

components of the mandolin setup. 

 

 

Figure 5.6. Electronic transport measurement of �N-(BEDT-TTF)2Cu[N(CN)2]Br using the 
mandolin setup. (a) SEM of the gold sputtered N. clavipesdragline silk fibers pressed against the 
sample. The gold sputtered silk fibers at the edges of the sample was broadened by ~ 10% due to 
the tension. (b) Temperature dependent 4-point resistance of the sample from 300 K to 4.3 K. (c) 
Low temperature transport characterization showing the superconducting 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 direct electrical contact to samples using water to 

render the silk fibers sticky. Unlike the mandolin, in this case, it is not necessary to maintain the 

tension on the fibers. To make the contact, first the gold coated fibers were placed on top of the 

target sample, for example the (TMTSF)2PF6 organic single crystal Figure 5.7a). Next, a water 

droplet was introduced on top of the sample, wetting both the sample and some part of the silk 

fibers (Figure 5.7b). During the initial water contact, the silk fibers became soft and increased in 

diameter due to supercontraction (described previously in Section 1.1). As the water evaporated, 

the silk fibers became compliant to the surface profile of the 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 sample. In the preliminary stage, we have confirmed 

that at room temperature, good electrical contacts between the gold sputtered silk fibers and the 

sample are established. The stickiness of the gold sputtered silk fibers may be due to an 

enhanced the van der Waals interaction. The increasing diameter and compliance of the silk 

fibers during the wetting process may contribute to an enhanced van der Waals interaction. 

Furthermore, the surface tension of water may also contribute to help press the silk fibers down 

to the sample. 

 

 

 

Figure 5.7. Water-assisted sticky N. clavipesgold sputtered dragline silk fibers. Photographs of 
the gold sputtered silk fibers in contact with a (TMTSF)2PF6 sample (a) before, (b) during, (c) 
after the wetting process. Before wetting, the silk fibers were straight, stiff, and non-sticky. After 
drying, the silk fibers were compliant to the samples 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 wire contacts made with conducting paste, the gold 

sputtered spider silk fibers are useful to make clean and flexible electrical contacts to small bulk 

organic samples as described in the previous chapter. However, even though individual gold 

sputtered silk fibers are very thin (diameter of ~ 4 �Pm), it is still difficult to make 4-point 

contacts using the mandolin method to samples with sizes less than 100 �Pm. In order to achieve 

this resolution, it is necessary to setup a micro-mechanical manipulator system to align the fibers 

very closely and to position these fibers directly on top of the sample. Usually, to make contacts 

to a sample of this size, lithographic techniques are employed. The lithographic techniques, 

however, require the sample to be very thin (thickness < 1 �Pm). 

 

 

In many cases, new materials involve single crystals in the supra-micron size range (< 

100 �Pm, thickness > 1 �Pm). For samples of this size, lithographic techniques are problematic due 

to large vertical distances involved in the transition from a flat substrate to the bulk sample 

surface. To address this limitation, using spider silk fibers as masks for micro-patterning, we 

have developed a simple adhesive stamp electrode for supra-micron samples, useful for transport 

characterization down to cryogenic temperatures and high magnetic fields. In Figure 6.1a, we 

show an example of the 4-terminal adhesive electrode with a supra-micron sized single crystal 

Figure 6.1. Adhesive electrode and sample configurations. (a) Photograph of a sample 
(TMTSF)2PF6 mounted at the crossing gaps between the 4-terminal electrodes. (b) Cross-
sectional schematic of the adhesive electrode and sample configurations.[20] 
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attached. The cross-section of the setup is illustrated in Figure 6.1b. This setup provides an 

adhesive, but conducting and compliant patterned electrode to which the sample can be attached. 

6.1 Adhesive Electrodes Fabrication Procedures 

In Figure 6.2, we outline the fabrication procedure of the adhesive electrode. First, a 

double-sided adhesive 3M Scotch Mounting Tape (Cat# 110 or 114) was cut into a 25 mm2 

square and attached to a G10 support substrate with the non-adhesive backing sheet removed 

(Figure 6.2a). Next, a crossed-line mask was made by laying two Nephila clavipes dragline silk 

fibers (diameter ~ 3�Pm) on the tape adhesive surface. The silk fiber mask was then secured by 

re-applying the non-adhesive backing with 250 mg of weight (Figure 6.2b). Then, an additional 

boundary frame mask made from the non-adhesive backing was fixed to the surface, and gold 

was either sputtered or thermally evaporated onto the surface (Figure 6.2c). Following the gold 

deposition, the frame and silk fiber masks were lifted-off, producing four individual contact pads 

separated by ~ 4 �Pm gaps (Figure 6.2d). Finally, the sample can be placed at the center of the 

electrode gap crossing, and electrical continuity was checked using standard gold wires attached 

to the electrode pads with conducting paste. The sample was further pressed gently against the 

adhesive surface using a thin applicator with a flattened tip made from the non-adhesive backing 

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

 

 

Figure 6.2. Adhesive stamp electrode fabrication procedure. (a) Mounting tape (white), G10 
substrate (blue), and spider silk fiber (yellow) cross-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-off. (e) Sample mounting and external electrode 
arrangement. [20] 
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For room temperature measurements, we note that this structure can be achieved using 

various adhesive tapes. However, for cryogenic measurements, it is very important to use the 3M 

Scotch Mounting Tape. The spongy internal structure of this tape is compliant to irregular 

pressure or sample features, therefore, enhances the effective surface contact area with the 

sample. Furthermore, compared with other adhesive tapes, the thermal contraction mismatch at 

low temperatures between the sample and the tape are 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, it was necessary to deposit at least 50 nm of 

gold film to obtain good electrical continuity by thermal evaporation. Alternately, by using 

diffusive sputtering process, a thickness of ~20 nm was sufficient. For sputtering deposition, 

however, it was very important to ensure that the silk fibers and the frame mask were firmly 

affixed to the tape surface prior to the deposition to avoid electrical shortage between the contact 

pads. The gold sputtering was done using Denton Vacuum Desk II system for 45 s at 45 mA in 

two stages, with a 15 s break for cooling. The 15 s break was introduced to reduce the risk of 

overheating the tape. 

6.2 Surface Profile 

The surface profile of the deposited gold film is shown in Figure 6.3. The gold film has 

surface roughness of hrms ~ 300 nm and R ~ 2 �Pm, where hrms is the rms vertical displacement 

about the mean surface height, and R is the average lateral size of the distance between two 

peaks in h. We also performed a control study to understand the possible mechanisms that make 

the design work effectively, where we laminated a glass slide. As shown in Figure 6.3a and 

Figure 6.3b, we found that majority of the gold film simply flattens. We also note that the gold 

film returns to its original shape after removing the glass slide.  
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Based on these observations, we propose the following mechanism. Initially, the ~ 20 – 

50 nm thick gold film covers the entire tape surface, except in the masked area. When a flat 

sample is pressed onto the tape, the high points of the gold film interact with the sample surface. 

Because of the granular/domain nature of the thin gold films, gold at these high points are 

displaced and adhesive contacts are made between the tape and the sample. However, the 

remaining un-displaced gold film, which is also in contact with the sample, remains well above 

percolation threshold. In effect, many good electrical contacts remain between the sample and 

the continuous gold film in parallel with the adhesive contacts. Furthermore, the sample is in 

direct contact with the tape adhesive in the masked region, producing additional attractive force 

to the electrode. 

6.3 Breakdown Voltage 

We found that the 4 mm gap between the electrodes channel can sustain an electric field 

up to ~ 60 kV/cm before breaking down, as observed from the I-V characteristic shown in Figure 

6.4. The I-V characteristic shows a typical metal-insulator-metal Fowler-Nordheim tunneling 

behavior. Above 15 V, it follows the empirical cold field electron (CFE) emission relation 

(discussed in section 2.4),  

e
B

VI CV �N
��

�  

where C and B are fitting constants, and �N is determined from the fitting analysis of the I-V curve 

in figure 6.4 using the expression below, 
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Figure 6.3. Surface profile of the silk patterned adhesive electrode area (a) before and (b) after 
lamination with a transparent glass slide. Flattening of the gold coated surface is evident.  
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and is found to be ~ 1.48. Unlike thermionic emission, this charge transport mechanism is 

essentially temperature independent. Therefore, we can expect the electrodes to be stable and 

robust over a wide range of temperatures. 

 

 

6.4 Performance Evaluation at Cryogenic Temperatures 

To evaluate the performance of the electrode at cryogenic temperatures, a tiny single 

crystal of the quasi-one-dimensional organic conductor (TMTSF)2PF6 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 rigorously. Furthermore, the conductivity of the sample is 

anisotropic, least along the c-axis and highest along the a-axis [73]. At ~12 K, the sample 

undergoes a spin density wave (SDW) metal-to-insulator transition [73]. In our evaluation, we 

found that the electrode was stable down to at 4.3 K. Furthermore, the sharply defined electrode 

pads were suitable for anisotropic transport study. The transport characterization was done in a 

standard cryogenic probe containing a small amount of helium exchange gas. Lock-in amplifier 

with a constant current of 0.1 �PA was used to measure the resistance of the sample in 4-point 

configuration.  

In Figure 6.5, we show the temperature dependent resistance for current perpendicular to 

the a-axis (I�� a) down to 4.3 K. For sample #1 (16 �Pm x 40 �Pm), we observed metallic 

conductivity down to ~ 12 K, where it undergoes the SDW metallic-insulator transition (Figure 

Figure 6.4. Current-voltage characteristic of electrode-channel-electrode structure at room 
temperature. Above 25 V, a rapidly growing leakage current is observed. (Inset) Empirical CFE 
I-V characteristic showing the fitting analysis (solid line) for extracting the �N value.[20] 
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6.5a). From the high temperature metallic conductivity, we deduced that the transport is along 

the b-axis [73]. Furthermore, by comparing the resistance value parallel to the a-axis (I//a) at ~ 

20 K, we estimated the resistance anisotropy for I�� a and I//a to be ~ 73, consistent with the 

literature [74,75]. In contrast, for sample #2 (36 �Pm x 112 �Pm), 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 literature [73] (Figure 6.5b). At ~ 12 K, the SDW transition was also 

observed. The resistance anisotropy for I�� a and I//a was found to be ~ 26000, consistent with 

the literature [74,75]. 

 

��

6.5 Performance Evaluation at High Magnetic Fields 

For evaluating the performance at high magnetic fields, a small piece of kish graphite (25 

�Pm x 30 �Pm) was chosen as the test sample. This material is well known for its quantum 

oscillation (Shubnikov de Haas) effects and Hall plateau features in high magnetic fields [76,77]. 

In our evaluation, we found that in addition to stability at cryogenic temperatures, the adhesive 

electrode was also stable at high magnetic fields. The transport measurement was done inside a 

dilution refrigerator and a superconducting magnet. The 4-point resistance was measured at a 

constant 1 mA current using a lock-in amplifier. The magnetic field was applied perpendicular to 

Figure 6.5. Temperature dependent resistance for I�� a of (TMTSF)2PF6. (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 behavior above 80 K., metallic behavior below 80 K, 
and SDW metal-insulator transition at ~ 12 K, indicating transport along c-axis. Insets: Semi-log 
plot of the temperature dependent resistance at low temperatures.[20] 
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the conducting plane for both the positive and negative field directions at ~ 25 mK. By averaging 

the difference and addition of the positive and negative signals, the Hall (Rxy) and 

magnetoresistance (Rxx) data were extracted, respectively (Figure 6.6). We found features similar 

to those reported in the literature such as the integer Hall effect [76] and Shubnikov de Haas 

oscillations [77]. Because of the thickness of the sample (~ 2.5 �Pm), however, the features 

observed were weaker compared to those reported in the literature. From the Rxy data in Figure 

6.6a, the bulk sample was estimated to have ~ 2294 graphene layers. We were also able to 

extract the �D (hole) and �E (electron) Fermi pocket frequencies [77] of ~ 4.6 T and ~ 6.4 T, 

respectively, from fast Fourier transform (FFT) analysis of the Rxx signal between 0.25 T -  9 T 

(Figure 6.6b). 

 

 

 

6.6 Various electrode designs 

If desired, more than four electrode pads can be fabricated to allow multiple samples to 

be characterized on the same adhesive substrate. For example, 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 electrode, it is also possible to use the silk fiber mask fabricate 

electrodes on other substrates and/or with different configurations and electrode materials. 

Figure 6.6. Magnetic field dependent resistance of kish graphite at ~ 25 mK. (a) Rxy vs. field 
showing a weak feature of the integer Hall effect (Rxy = h/ne2, where n = integer). Right axis 
represents a normalized Rxy with respect to ~ 2294 graphene layers. R’ represents the first 
derivative of Rxy with respect to the field. Inset: Quantum number n vs. inverse field. (b) Rxx 
vs. field showing Shubnikov de Haas oscillations. Inset: FFT analysis showing a (hole) and b 
(electron) pocket at ~ 4.6 T and ~ 6.4 T, respectively.[20] 
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Several examples are given in Figure 6.7. The silk mask is very versatile and mechanically 

robust. In principle, various electronic devices can be fabricated using this micro-patterning 

principle. 

 

 

Figure 6.7. Electrode designs using spider silk mask. (a) Cross-lined gold electrode on PDMS 
substrate. (b) Eight-sided cross-lined gold electrode on tape adhesive. (c) Aligned carbon 
nanotube fibers on tape adhesive. (d) Carbon powder on tape adhesive. The carbon nanotube 
fibers and carbon powder were deposited by directly stamping the masked tape adhesive, 
followed by lifting-off the silk mask. 
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CHAPTER 7 

PHYSICAL, ELECTRICAL, A ND ACTUATING PROPERTIES 

OF CARBON NANOTUBE FUNCTIONALIZED SPIDER SILK  

As discussed previously in Chapters 5 and 6, both gold functionalized or neat spider silk 

fibers have an important role in electrical measurements. By harnessing the geometrically thin 

nature of the neat silk fiber and its mechanical robustness, we were able to devise a simple way 

of fabricating micro-patterned electrodes on adhesive substrates for transport characterization of 

supra-micron sized samples. Furthermore, by harnessing the elastic nature of spider silk fibers, 

we were able to fabricate semi-elastic micro-wires via gold functionalization useful for 

developing a clean electrical transport test device. 

However, the gold functionalized silk fiber is too rigid for other applications such as the 

development of sensing and actuating devices. Besides the rigidity, the gold coating also isolates 

the silk fiber from external stimulus, such as humidity changes, diminishing the silk fiber’s 

sensing properties. These observations led us to perform spider silk functionalization with carbon 

nanotubes. We found that the thin carbon nanotubes network on the spider silk fiber is flexible 

and porous, which allows external stimulus to still affect the silk fibers. This allows us to harness 

the elastic and humidity sensitive nature of spider silk fibers to its full extent. 

7.1 Carbon Nanotube Functionalization Method 

Two methods of carbon nanotube (CNT) functionalization have been developed. The 

first, namely the water-based method, produces a uniform and thin (thickness ~ 80 nm) carbon 

nanotube network on a supercontracted spider silk fiber. Due to the thin, flexible, and porous 

nature of the CNT network, this functionalized fiber (CNT-SS) is flexible and responsive to 

external stimulus. In contrast, the second, namely the benzoquinone-based method, produces 

thicker (thickness ~ 1 �Pm – 5 �Pm) carbon nanotube network on a non-supercontracted spider silk 

fiber. The thick CNT coating makes this fiber highly conducting but stiffer than the water-based 

CNT-SS fiber and non-responsive to external stimulus. Therefore, water-based CNT-SS fibers 

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

We found that by taking advantage of the supercontraction phenomenon that occurs in 

silk fibers, it is possible to functionalize the silk fibers with aminated MWCNT (Nanocyl part#: 

NC3152) in a simple and effective way. The method is outlined in Figure 7.1. We discovered 

that by coating the spider silk fibers with a dry powder of aminated MWCNT (submicron in 

length, functionalized with NH2 group), applying a few drops of water, and then pressing and 

shearing the mixture between two Teflon (PTFE) sheets, the silk fibers became very black. After 

drying, the silk fibers further contracted, producing a uniformly MWCNT coated silk fibers. The 

CNT-SS bundle can then be separated using tweezers to obtain individual CNT-SS fiber.  

SEM images show uniform MWCNT coating along 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 (Figure 7.2). We note that only dry powder of functionalized MWCNT 

dispersed and adhere well to the silk fiber during the initial mixing process. This indicates that 

the polar nature of the aminated MWNCT and spider silk plays an important role to achieve 

effective functionalization. Furthermore, we found that only spider silk fibers exhibit effective 

MWCNT coating compared with nylon, polyester, cotton, and acrylic 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 conductivity was observed even in the bundle form. These observations suggest that 

spider silk, nylon, and polyester are all capable of trapping carbon nanotubes between the fibers 

in the bundle, but only spider silk has the mechanism that allows the MWCNT to adhere 

uniformly. Furthermore, we observed that, unlike water, other solvents such as hexane, toluene, 

Figure 7.1. Water-based CNT coating procedure. (a) Spider silk and aminated MWCNT are 
mixed. (b) Few drops of water are applied onto the mixed fibers, followed by (c) pressing 
and shearing between two PTFE substrates. (d) Coated fibers after drying. 
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methanol, ethanol, acetone, DCM, and DMF do not facilitate a uniform coating. Incidentally, 

supercontraction is a phenomenon unique to spider silk and most activated by water solvent (see 

Section 1.1). We also confirmed that the application of pressure and shear to the wetted 

silk/MWCNT mixture is necessary to obtain uniform CNT-SS fibers. Based on these 

observations, we propose a polar attraction and supercontraction assisted mechanism for the 

CNT functionalization of spider silk fibers. 

 

 

 The aminated nanotubes are polar, with positive charge at the proton sites, allowing 

homogeneous dipersion in water. The spider silk fiber is a protein-based polymer consisting of 

neutral and polar amino acid (see section 1.1). Neat silk fibers, when exposed to water, 

experience supercontraction (see Section 1.1) [36], where they experience hydrogen bond 

breaking, expand in diameter, contract in length to a significantly smaller size, and become 

softer. Exposure to water also induces closer silk fiber packing, forming a tighter bundle (see 

Figure 7.3). After drying, it further contracts in both length and diameter as new hydrogen bonds 

re-establish [36,40]. Initially, by mechanical mixing, the dry nanotube powder is partially 

Figure 7.2. SEM and TEM images of the water-based 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 CNT penetration into the silk structure. 
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dispersed and adheres to the silk fibers due to polar attraction. The combination of fibers 

softness, nanotube dispersion in water, tighter bundling, shear deformation and pressure exposes 

more silk fibers surface to the nanotubes. Upon drying, the silk fibers shrink further, which 

concentrates the MWCNT network, making them electrically conducting. In Figure 7.4, we 

simultaneously demonstrated the polar and conducting properties of the CNT-SS. 

 

 

Figure 7.3. Photographs of various fibers coated using water-assisted CNT functionalization 
method. Left: The original coated bundle. Right: Extracted individual coated fibers. Only spider 
silk showed uniform individual CNT coating and electrical conductivity. Tighter fiber packing in 
the spider silk bundle was observed. 
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Figure 7.4. Simultaneous demonstration of the polar and conducting properties of CNT-SS. 
Photographs of the setup (a) before and (b) electrostatic attraction. The (c) Four-point resistance 
of the CNT-SS vs time during the attraction and release cycles. The resistance increases 
(decreases) during the attraction (release).  

7.1.2 Benzoquinone-Based Functionalization 

The second method that we have developed, the benzoquinone-based method, involves 

the conventional dip-coating method. First, a carbon nanotube dispersion solution was prepared. 

The solution was first prepared by sonicating 25 mg of aminated MWCNTs (Nanocyl part#: 

NC3152) in 15 mL of DMF (acidified with a few drops of HCl). Separately, 125 mg 

benzoquinone was dissolved in 10 mL of DMF. Then, the two mixtures (5:1 wt% 

benzoquinone:NH2-MWCNT) were combined and sonicated until a good dispersion was 

achieved (~15 minutes) [78]. Then, the silk fiber was immersed into dispersion solution, 

followed by air drying at 50 oC. This process was repeated as many times as necessary with 15 

seconds drying time between each trial to get uniform coating. Typically, for 20 times repetition, 

~3 �Pm thick of CNT coating was achieved. The resulting silk fiber was uniformly coated as 

evident from the SEM image in Figure 7.5 and electrically conducting. As in the case of 

buckypaper [78], even though benzoquinone was present in the dispersion solution, there was no 

observable benzoquinone in the final product suggesting that the benzoquinone acted only as a 

cross-linker as opposed to a polymeric matrix. 
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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 shaped into various forms without significant influence 

to the conducting property as shown in Figure 7.6. To do so, the CNT-SS was first wetted using 

de-ionized water and bent into the desired shape. After drying, CNT-SS maintained the shape 

and remained conducting within 20% of its original resistance value. This process can be 

repeated to obtain other shapes with similar conducting properties. The softness of CNT-SS 

while in the wet state may mitigate the formation of CNT cracks during the bending process.  

Figure 7.5. SEM and TEM images of the benzoquinone-based CNT-SS. (a) SEM image of 
individual CNT-SS. (b) Enlarged view of the CNT-SS surface. (c) TEM cross section of CNT-
SS. (d) Enlarged view of the TEM cross-section. 
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7.3 Electrical Properties of CNT-SS 

The custom-shapeable property makes the CNT-SS versatile. For example, the CNT-SS 

can, in principle, act as a re-shapeable micro inductor in the coil shape. Using the shapeable 

property, it is also possible to use the CNT-SS to make clamping/weaving electrodes for 

electrical measurements. These electrodes were made by first wetting the CNT-SS fibers, and 

winding and weaving them onto a 4-terminal copper wires which were connected to a resistance 

measurement setup. After drying, the fibers contracted and squeezed the outer two copper wires 

(current leads) and increased the tension between the inner two copper wires (voltage leads), 

producing a good electrical contact between the CNT-SS and the copper wires as shown in 

Figure 7.7a. These clamping and weaving contacts were robust in ambient or vacuum 

environment down to cryogenic temperatures.  

As shown in Figure 7.7b, the resistance followed the 3-D variable range hopping (VRH) 

behavior (discussed in Section 2.1), e.g.: ln(R) ~ (1/T)1/4, down to ~ 4.3 K with T0 ~ 108 K. For 

comparison, we also characterized the NH2-MWNCT buckypaper (prepared from the same CNT 

Figure 7.6. Custom-shapebale CNT-SS fibers. Photographs of CNT-SS fiber shaped into (a) coil, 
(b) ring, (c) knotted, and (d) FSU letters form. 
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powder) and the benzoquinone based CNT-SS. At higher temperatures (above ~ 30 K), 3-D 

VRH behavior was observed with T0 ~ 53 K and 150 K, for the buckypaper and benzoquinone-

based CNT-SS, respectively. At lower temperature, however, the temperature dependence 

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

 

 

7.4 Strain dependent resistance of CNT-SS 

In addition to being electrically conducting, the CNT-SS is also flexible. Under a strain 

Dl/l of up to at least 50%, the CNT-SS fiber remains conducting, as shown in Figure 7.8a. The 

Figure 7.7. Custom shaped CNT-SS for clamped and woven electrodes and temperature 
dependent resistance of various samples. (a) Photograph of clamped (I±) and woven (V±) 
contacts used to characterize the temperature dependent resistance of CNT-SS. Temperature 
dependent resistance of (a) water-based CNT-SS (Inset shows the 3-D VRH nature), (b) NH2-
MWCNT buckypaper, and (c) benzoquinone-based CNT-SS. Both Buckypaper and 
benzoquinone based CNT-SS follow 1-D VRH behavior. 
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flexible and mat-like arrangement of the CNT coating can expand and contract together with the 

silk fiber, therefore, maintaining electrical continuity. In some cases, it is possible to obtain 

fibers that in the dry state can be extended up to ~ 200% of the initial length while remaining 

conducting. The breaking limit of the conducting fibers may depend on the amount of initial 

contraction length and other factors involved in the coating process. The typical gauge factor for 

the thin CNT coated fiber that is produced by the water-based method is ~ 1.22, as shown in 

Figure 7.8b. A variation of gauge factor (�' R/R0) / (�' l/l0) with respect to the initial resistance, R0, 

is observed (see Figure 7.8c). Although not confirmed in detail, it is likely that the variation of R0 

is linked to the thickness of the CNT coating of the silk fiber under test, for example, a thicker 

(thinner) CNT coating results in lower (higher) resistance. Therefore, for applications requiring 

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

Using the water-based CNT-SS with typical gauge 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 experimental setup. The CNT-SS bundle was mounted in a 4-point 

configuration using a carbon paste on a substrate with a gap between the voltage leads to allow 

the CNT-SS bundle to bend during the monitoring. The carbon paste contacts were protected by 

enamel coating. 

 

Figure 7.8. Strain dependent resistance of CNT-SS. (a) Strain dependent resistance of single 
CNT-SS fiber up to 50% strain. (b) Cyclic strain test revealing ~ 1.22 gauge factor (GF) for a 
single water-based CNT-SS fiber (solid line: Resistance, dotted line: Strain). (c) �' R/R0 vs �' l/l0
of various single CNT-SS fiber having different R0. (red: water-based CNT-SS, blue and green: 
benzoquinone-based CNT SS sample 1 and sample 2, respectively).  
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Besides for heart pulse monitoring, the CNT functionalization also provides electrical 

readout to monitor strain changes due to humidity variation, as shown in Figure 7.9b (for 

experimental setup, see Section 3.3). This approach may be useful to provide electrical readout 

for the spider silk-based humidity activated actuator reported in reference [18], therefore 

allowing precise feedback control. We note that for gold functionalized CNT-SS or CNT-SS 

with thicker CNT coating, no humidity response was observed, which emphasized the strategic 

value of the thin, flexible, and porous CNT coating for sensing devices. 

7.5 CNT-SS Annealing and Current-Driven Actuator 

We also found that by applying a 100 �PA annealing current for 40 seconds, the 

conductivity of the CNT-SS was improved by ~ 20% permanently as shown in Figure 7.10. 

Three separate samples were used to confirm this observation. Furthermore, by using the CNT 

coating as a local heating element, it was possible to utilize the CNT-SS as a current-driven 

actuator for lifting weights (Figure 7.11). Figure 7.11a shows the assembly of CNT-SS actuator. 

A single CNT-SS fiber was mounted between two G10 substrates in a 2-terminal electrical 

configuration using carbon paste. A piece of 35 mg solder wire with a 24 �Pm gold wire hook was 

used as a hanging weight. 

Figure 7.9. Proof-of-concept demonstrations using CNT-SS fibers. (a) Demonstration of strain 
sensitive resistance of CNT-SS to heart pulses, showing the monitoring of my 72 beat per minute 
(bpm) heart pulses. (b) Cyclic relative humidity (RH) response of the resistive CNT-SS bundle 
up to 70% RH (solid line: �' R, blue dotted line: RH). 
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The CNT-SS actuator can be operated in two modes, contraction or expansion mode. In 

the contraction mode, application of a 2-second 100 �PA current pulse generated a local heat (~ 5 

mW) that dehydrated the fiber. In effect, the fiber was contracted by ~ 1 % of its original length 

(1775 �Pm), lifting the weight (35 mg) by ~ 25 �Pm (Figure 7.11b). The lifting action occurred 

almost instantaneously within ~ 1 second. These observations were consistent with the reported 

values for the spider silk-based humidity activated behavior (~ 1.7% contraction and ~ 3 seconds 

response time for 9.5 mg mass, see reference [18]). As the current was turned off, the fiber 

started to rehydrate and relaxed. Under ambient conditions (55% RH, 23 oC), the fiber relaxed 

close to its original length within ~ 5 minutes. The slow relaxation rate may be due to the vapor 

absorption rate intrinsic to the SS. In principle, operation at lower temperature and/or higher RH 

may decrease the fiber relaxation time. Although thermal expansion of the CNT-SS was present, 

the amount of thermal expansion is relatively small compared to the shrinkage due to 

dehydration. 

By turning on the current in the dry state, the CNT-SS was switched into the expansion 

mode. In this case, the thermal expansion of the CNT-SS was dominant. In this mode, applying 

the current after the initial dehydration extended the fiber by ~ 0.15 % of its dried length, 

lowering the mass by ~ 4 �Pm. The lifting action occurred almost instantaneously within ~ 1 

second. Likewise, the turn-off time (fiber contraction) was fast (within ~ 1 second). In principle, 

increasing the applied current would increase the extension length. In both contraction and 

Figure 7.10. Resistance of a single CNT-SS fiber before and after annealing. Inset: Resistance vs 
time during the annealing process using 100 �PA current. 
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expansion cases, we confirmed the repeatability of these behaviors for at least 3 different single 

CNT-SS fibers. 

 

The CNT coating provides additional functionality for the spider silk-based actuator 

reported in reference [18]. Depending on the desired application, 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 reference [18]), the work density (~ 500 kJ/m3) is superior to most 

biological muscle material (50 times higher), allowing a 1 mm thick spider silk fiber to lift ~ 5 

kg weight [18]. For applications requiring larger contraction/expansion, in principle, the CNT-SS 

can be coupled to a mechanical strain amplification setup to achieve larger amount of 

contraction/expansion. 

 

Figure 7.11. CNT-SS actuator. (a) Photograph of 35 mg weight hanging on a single CNT-SS 
fiber. (b) Cyclic CNT-SS contraction. The fiber was 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. 
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CHAPTER 8 

BOMBYX MORI SILK THIN FILM FOR BIOMIMETIC MUSCLE 

AND FIELD EFFECT TRANSISTOR 

As described in previous chapters, spider silk in the fibrous form has an important role in 

electrical measurements, sensing, and actuating applications. Neat spider silk fiber, due to its 

mechanical robustness and micro/nanometer-sized geometry, provides a simple route of micro-

patterning electrodes by acting as a mask during material deposition with thermal evaporator or 

sputtering machine. The gold functionalized silk fiber is useful for micro-wire or electrode 

applications. The gold functionalized silk fiber is highly conducting, and has temperature and 

magnetic field independent resistivity at low temperatures. Furthermore, it is not sensitive to 

external stimulus. In contrast, the carbon nanotube functionalized silk fiber is sensitive to 

external stimulus and custom-shapeable while maintaining some conductivity, allowing its use as 

a self-monitoring strain and humidity sensors, and current-driven actuator. 

Besides the fibrous form, silk materials can be processed into other 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-compatible and can be tuned to be water soluble or 

insoluble. Constituting the silk as thin film has several advantages. For example, it can be used 

as a substrate for implantable devices as demonstrated by Hwang and co-workers [14]. In our 

work, we found that the neat silk thin film has remarkable water-activated actuating properties, 

which are potentially useful for bio-mimetic muscle applications. Furthermore, the silk thin film 

is suitable as a dielectric layer for organic field-effect-transistors (FETs) [15]. Due to the large 

amount of silk materials needed to produce the silk thin films, Bombyx mori silk is used instead 

of spider silk as the material of focus. 

8.1 Spin-Castable Bombyx mori Solution Processing 

The processing of Bombyx mori silk fibers into a spin-castable solution is done by 

following the procedure developed by Rockwood et al. [12]. First, Bombyx mori cocoons were 

purchased from Aurora Silk (Figure 8.1a) and cut to small pieces (Figure 8.1b). Next, the cut 

cocoons were washed (degummed) in 1 L boiling 0.02M NaSO3 / deionized water solution for 30 

minutes, 2.5 mg cocoon at a time (Figure 8.1c). A low-speed stirring was used to ensure 
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homogenous degumming. After 30 minutes, 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, the fibers were squeezed and dried overnight. Figure 8.1e shows the 

dry degummed silk fibers. These fibers were then dissolved in 9.3 M LiBr / water solution with 1 

g : 4 mL (silk : LiBr solution) ratio at 60 oC for 4 hours. The dissolved silk fiber was viscous and 

orange colored as shown in Figure 8.1f. To remove the LiBr from this solution, the solution was 

transferred onto a dialysis cassette (Thermo Scientific Slide-a-lyzer G2 with 3500 molecular 

weight cut-off) and dialyzed against 1 L deinoized water for 4 days (Figure 8.1g). The water bath 

was changed 2 times for each day. The dialyzed silk solution was transferred into Eppendorf 

tubes and centrifuged at ~ 12,700 g at 4 oC for 20 minutes (Figure 8.1h). Then, the centrifuged 

solution was transferred into another set of Eppendorf 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 4 oC before usage. 

Typically, the procedure outlined above produced ~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 ~ 100 �Pm (Figure 8.2), 4 mL solution was drop-casted on a 

glass or polystyrene petri-dish with 6 cm diameter and left to dry for 24 hours. After drying, the 

silk film was peeled-off carefully with a tweezer. For fabrication of silk film with thickness of ~ 

2 �Pm, a few drops of silk solution was spin-casted on a 5 mm x 5 mm glass slide at 5000 RPM 

for 2 times. 

The neat silk film is water-soluble. By tuning the amount of �E-sheet in the silk film, the 

film can be made insoluble via various methods. The solubility can be tuned following the 

procedure described in [79]. If water-insoluble film is desired, the silk film can be treated by 

immersing the film in methanol for 1 hour or exposing the 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 the processing conditions, such as the silk degumming 

and water-annealing time, silk film with different �E-sheet content can be produced [39]. For 

consistency and reproducibility of the work presented in this chapter, we use 30 minute 

degumming time and 12 hour water-annealing time when insoluble silk film is desired. 
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8.2 Bombyx mori Silk Film for Biomimetic Muscle Applications 

We found that a ~ 50 �Pm thick insoluble silk film has 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 petri-dish and was water annealed for 12 hours before 

peeled-off. Then, a thin strip (~1 cm x 1 mm) of silk film was cut and mounted on a raised 

sample stage (Figure 8.3). We found that the silk thin strip bent considerably when water was 

Figure 8.1. Bombyx mori cocoon silk processing. Photographs of (a) raw Bombyx moricocoons, 
(b) cut cocoons, (c) degumming of the cocoon using 0.02M Na2SO3 solution, (d) rinsing of the 
silk fibers, (e) degummed dry silk fibers, (f) dissolved silk fibers in 9.3M LiBr solution, (g) 
dialysis of silk solution, and (h) centrifugation of silk solution. The final silk solution product 
was kept in 4 oC refrigerator. 

Figure 8.2. Drop-casted Bombyx mori silk film.
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applied to one side of the strip. The water was applied by touching a paper soaked in water on 

the surface of the silk strip. Application of water swelled one side of the silk strip, causing the 

silk strip to bend toward the dry side of the strip (Figure 8.3a) and return to its original position 

after drying. The degree of reversibility, however, depended on the amount of bending. We 

observed that introduction of water vapor near the surface of one side was enough to bend the 

silk strip by a small amount and in this case the bending was completely reversible. In the other 

case, applying a drop of water bent the strip significantly 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/expansion of the silk strip on the dry side as it bends. 

 

 

Surprisingly, however, we found that the silk strip can be reset to its original straight 

position by immersing both sides of the silk strip to a water bath for ~ 3 seconds. We observed 

that the silk strip bent up and down periodically while drying, and was straightened after it was 

completely dried. This suggests that the silk strip has a self-healing property, where the 

previously broken bonds in the film is revived and reorganized back into its original state. The 

actuating and self-healing properties of the silk strip are similar to a biological muscle, except 

that in biological muscle it is chemically activated instead of water activated. Nevertheless, the 

silk strip is valuable for biomimetic muscle application where, for example, an artifical finger 

made from the silk material can be used for lifting weights. 

Figure 8.3. Bombyx mori biomimetic muscle. (a) Composite photographs showing the path of 
path travelled by the tip of the silk strip. The water was applied to the bottom of the silk strip. (b) 
Photograph showing the extreme case of silk fiber bending. 
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Furthermore, the silk strip may act as a memory device. If the top (or bottom) side of silk 

strip is wetted, then the silk strip will bend irreversibly down-ward (or up-ward), producing a silk 

strip that bends down-ward (or upward) semi-permanently (Figure 8.4a and Figure 8.4c). If both 

sides are wetted, the system resets and the silk strip is straightened (Figure 8.4b). These 

operations are analogous to the operation of memory devices, where application of water to one 

of the sides can be understood as the “write” action, and application of water to both sides 

simultaneously can be understood as the “erase” action. If we name the down-ward bending as 

“write-1”, up-ward bending as “write-2”, and reset as “erase”, we have a three-state memory 

device that is operated by application of water. In principle, it should be possible to design 

micro-fluidic systems to facilitate two or more strips to interact, producing water-based logic 

circuits. 

 

 

8.3 Field Effect Transistor with Silk Dielectric Fabrication Procedures 

The silk solution can also be spin-casted to make thin dielectric layers for fabrication of 

an organic field-effect-transistor (see Section 2.2 and 2.3). The silk dielectric improves the 

mobility of the FET compared with the FET made on conventional SiO2 layer. 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 water, followed by rinsing in water, acetone, ethanol, 

Figure 8.4. Bombyx mori water-activated memory. Photographs of (a) irreversible down-ward 
bending after the top side is heavily wetted (write-1), (b) resetting of the silk strip by wetting 
both sides (erase), and (c) irreversible up-ward bending after the bottom side is heavily wetted 
(write-2).   
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and blow-drying. Then, 5 nm of Cr was thermally evaporated onto the glass slides followed by 

deposition of 20 nm of Au. This gold layer served as the gate electrode upon which the silk 

solution was spin-casted at 5000 RPM for 2 times. After the spin-casting, the silk solution was 

left to dry for 24 hours in ambient condition under the fume hood. This results in ~ 2 �Pm silk 

dielectric layer being deposited on top of the gate electrode. The thickness of the silk dielectric 

layer was checked using a confocal microscope. Next, we deposited ~ 50 nm of the active 

material (diF-TESADT organic semiconductor) on top of the silk dielectric layer using a thermal 

evaporator at 1 nm/sec rate. The pressure of the evaporator chamber was kept below 4 x 10-6 

Torr during the sample deposition. Then, a contact mask was made on the sample using a spider 

silk fiber or a 24 �Pm Pt wire and Teflon tape. Finally, gold was evaporated and the mask was 

lifted-off, producing the source and drain electrode with channel length of ~ 4 �Pm or ~24 �Pm for 

spider silk or Pt wire mask, respectively. The structure of the FET was illustrated in Figure 8.5. 

The FET characterization was done using a semiconductor parameter analyzer and a test fixture 

for shielding inside an environmental chamber. 

 

 

8.4 Dielectric Constant of Bombyx mori Silk Film 

The dielectric constant of the silk dielectric layer was estimated using a capacitance 

bridge (Andeen Hagerling). For mobility estimation, the capacitance value at 50 Hz was used. At 

50 Hz, the dielectric constant was extracted to be ~ 10 using the expression below, 

Figure 8.5. Illustration of the bottom-gate top-contact organic FET structure. 
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where C is the capacitance, �Ho is the vacuum electric permittivity, �Ho is the dielectric constant of 

the silk, A is the area of the contacts, and d is the thickness of the silk film. The dielectric value 

was checked on several devices to ensure repeatability. The frequency dependence of the 

capacitance and ac conductance is shown in Figure 8.6. The large frequency dependence at both 

ambient (~ 50% RH) and vacuum indicates the intrinsic ionic nature of the silk film. We also 

note that because the silk film naturally contains or absorbs certain amount of water from the 

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

 

 

The value of the dielectric constant also depends on the degree of crystallinity, for 

example, the larger the amount of �E-sheet in a given silk film, the lower the dielectric constant 

[80]. Figure 8.7 shows the three main conformations that can occur in the Bombyx mori silk film 

along with the corresponding dipole moments. For �D-helix, the net dipole moment is aligned 

along the helix axis direction. For the parallel �E-sheet, only a small net dipole exists. Lastly, for 

the anti-parallel �E-sheet, there is no net dipole moment. Therefore, for a silk film containing 

more �E-sheets, the dielectric constant will be smaller. Furthermore, the conductivity of such a 

film will also be smaller as the �E-sheet crystals block the movement of the ions. 

Figure 8.6. Frequency dependent (a) capacitance and (b) conductance of Bombyx morisilk film 
at ambient (~ 50% RH) and vacuum condition. The requency dependence are strong in both 
ambient and vacuum conditions. 



81 
 

 

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 drain electrode were deposited without the active material. 

As shown in Figure 8.8, the leakage current between the drain-source (Figure 8.8a) and gate-

source (Figure 8.8b) electrode up to VDS and VGS of ~ 40 V were on the order of 10-12 A, 

indicating the silk dielectric layer had very good insulating properties. 

Figure 8.7. Dipole moments configurations of the three main conformations available in Bombyx 
mori silk film. The figure is reproduced from reference [80]. The dipoles are indicated by the 
arrow. (a) In �D-helix, the dipole moment has net value along the helix axis. (b) In parallel �E-
sheet, there is a small net dipole moment along the strand direction due to a 20 oC tilt in the 
hydrogen bondings. (c) In anti-parallel �E-sheet, the dipole moments cancels each other, resulting 
no net dipole moments. 
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8.5.1 FET Characterisitcs of Thermal-Evaporated diF-TESADT on Various Dielectrics 

In this work, several kinds of diF-TESADT FET have been fabricated to study effects of 

the dielectric layer and material deposition method on the mobility of the device. First, we 

performed a systematic study on the device made from thermal evaporated diF-TESADT on 

SiO2, neat silk, and Ar plasma treated silk dielectric layer. Figure 8.9 shows the IDS vs VDS, IDS 

vs VG, and the transfer characteristic curves of the three devices. We found that compared to the 

device fabricated on SiO2 dielectric layer where the mobility is ~ 0.041 cm2/V.s, the device on 

neat silk dielectric layer provided a higher mobility of ~ 2.13 cm2/V.s, with the device on Ar 

plasma treated silk dielectric layer being the device with the highest mobility of ~ 11.53 cm2/V.s. 

The mobility was extracted following the procedure described in Section 2.2 using the saturation 

region approximation. The Ar plasma treatment was done using Plasma Preen for 10 seconds 

prior to the evaporation of the active materials. All characterization was done at 50% RH. A hold 

time of 1 minute between each VDS sweep was used. The VDS was varied at a rate of 0.25 

V/second at long integration time. Besides the higher mobility, the silk device also had a much 

lower turn-on voltage. For example, for the SiO2 device, VDS and VG of ~ -30 V were necessary 

to get an appreciable on and off ratio, while for the silk device,only VDS and VG of ~ -3 V were 

necessary. 

Figure 8.8. Silk dielectric layer leakage current check. (a) IDS vs VDS at VG of 0, -10, -20, -30, -
40 V. (b) IGS vs VDS at VG of 0, -10, -20, -30, -40 V. 
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8.5.2 Anomalous IDS vs VDS Curves of the Silk FET 

At higher voltages, for example, VDS and VG > 5 V, the IDS vs VDS curve of the silk FET 

exhibited an anomalous behavior, as shown in Figure 8.10. When the FET was entering the 

saturation region, there was a considerable drop of the drain-source current, before the true 

saturation was reached. We note that for the SiO2 device that was produced under the same 

condition using the same processing, no anomalous behavior was observed. This suggested that 

the anomalous behavior was caused by the silk dielectric 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 anomalous behavior. The origin of the anomalous behavior is 

not understood at the moment, but may be linked to either the slow formation of the conducting 

p-channel or to the diffusion of electron from the silk dielectric into the semiconductor when the 

drain potential is lower than the gate potential. This will be discussed in more detail in 8.5.4. 

Figure 8.9. FET characteristics of thermal evaporated diF-TESADT on various dielectric layers. 
IDS vs VDS curve of FET on (a) SiO2, (b) neat silk, and (c) Ar plasma treated silk dielectrics. IDS

vs VG curve of FET on (d) SiO2, (e) neat silk, and (f) Ar plasma treated silk dielectrics. Insets: 
Transfer characteristics. Black line: linear fitting used to extract the mobilities. 
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8.5.3 FET Characteristics of Solution-Based diF-TESADT on Silk Dielectrics 

Furthermore, we also fabricated the FET using the solution-based diF-TESADT on 

plasma treated silk dielectric layer. First, a 2 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 0.1 �PL solution was deposited without spinning. The FET 

characteristics of the spin-casted and drop-casted silk FET are shown in Figure 8.11. Compared 

with the thermally-evaporated device, both the spin-casted (Figure 8.11a) and drop-casted 

(Figure 8.11b) silk FET appeared to have a much lower mobility, ~0.208 cm2/V.s and 0.508 

cm2/V.s, respectively. Further study is needed to confirm this observation. For example, 

capacitance measurement on the silk dielectric treated with tolune is needed to extract the 

mobility more accurately. Despite the lower mobility, however, the silk layer is stable against the 

organic solvent. Therefore, in principle, the silk dielectric can be used for the solution-based Ink 

jet-type organic FET printing [81]. 

Figure 8.10. IDS vs VDS curves at higher operating voltages of thermal evaporated diF-TESADT 
FET with (a) SiO2, (b) neat silk, and (c) plasma treated silk dielectrics. IDS vs VDS of both neat 
and plasma treated silk devices show anomalous behavior.   
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8.5.4 Response Time and Humidity Treatment Effects 

The slow response of the silk device is evident in Figure 8.12. In Figure 8.12a, we show 

the IDS vs VDS when sweeping the VDS down (from 0 to -7 V) and up (from -7 V to 0) at 50% RH 

and 23 oC for the drop-casted silk FET. Pronounced hysteresis effect was observed, especially in 

the region where the drain potential was lower than the gate potential, for example, when VDS < 

VG. It is interesting to note that no hysteresis was observed if the VDS was kept much lower than 

the VG. These observations may indicate that electrons diffused from the silk to the 

semiconductor when the drain potential was lower than the gate potential (during the VDS down 

sweep). As the electrons diffused into the semiconductor, they recombined with the holes and 

therefore reduced the IDS. Because diffusion of electrons, in general, are a slow process, it took a 

Figure 8.11. FET characteristics of solution-based diF-TESADT on plasma treated silk dielectric 
layer. IDS vs VDS curve of (a) spin-casted and (b) drop-casted FET. IDS vs VG curve of (c) spin-
casted and (d) drop-casted FET. Insets: Transfer characteristics. Black line: linear fitting used to 
extract the mobilities. 
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long time for the electron to diffuse back to the silk layer when the drain potential was higher 

than the gate potential (during the VDS up sweep). Therefore a hysteresis effect was observed.   

We also observed that by incubating the device at 90% RH (annealing) at 23 oC for 12 

hours and then re-measuring the device at 50% RH, the hysteresis effect was significantly 

reduced as shown in Figure 8.12b. Furthermore, we observed that the switch-on time of the 

device at VDS = -5 V and VG = -5 V was reduced from few minutes down few seconds, as shown 

in the time dependent IDS curve (Figure 8.12c). Additionally, the dielectric 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 water treatment. The presence of the trapped water may be one 

reason why the response time is improved. As discussed in Section 8.3.4, most of the silk’s 

dielectrics are defined by the dipole moments in the �D-helix chains. When the silk is dry (without 

the additional trapped water), the �D-helix is not mobile. As a consequence, a long time is needed 

to align these dipoles when an electric field is applied. The presence of additional water into the 

silk dielectric causes the �D-helix chains to become more mobile. In effect, the dipole moments 

align faster, causing the formation of the conducting channel to be faster. 

 

 

However, the mobility was greatly reduced. After the humidity treatment, the mobility 

was reduced from 0.508 cm2/V.s to 0.240 cm2/V.s. It is highly likely that during the 12 hour 

humidity treatment some oxidation occurred in the diF-TESADT active material, suppressing the 

transport of carriers in the material. More study and experiment are needed to understand the 

Figure 8.12. FET characteristic of humidity treated drop-casted silk FET. IDS vs VDS of the FET 
(a) before and (b) after humidity treatment. Arrow indicates the VDS sweep direction. 
Pronounced hysteresis effect was observed before humidity annealing. (c) Time dependent IDS at 
VDS = -5 V and VG = -5 V. A faster saturation time was observed for humidity treated sample. 
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origin of the slow response time. It is also important to study the effect of different silk 

processing conditions on the device performance, for 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 investigated the electronic properties of silk materials leading to 

the silk functionalization for electrical measurements and device applications from an 

experimental physicist point of view. The inter-disciplinary nature of this research is very 

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

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

physics. A summary of the results is listed below. 

1. Neat spider silk fiber exhibits humidity and/or polar solvent activated conductivity. 

2. Iodine doping of neat spider silk fiber increases the conductivity only minimally but has 

significant effects on the pyrolization process by improving the yield and structural 

properties of the resulting carbon fibers. The pyrolized silk fibers are conducting and 

exhibit the 3-D variable range hopping behavior. These fibers can be used as a light 

emitting element of an incandescent light bulb. 

3. The gold functionalized spider silk fibers are electrically robust and semi-elastic, 

allowing their use as micro-wires for transport measurement of small organic crystals at 

cryogenic temperatures. At low temperatures, the resistance of these fibers is independent 

of both temperature and magnetic field. 

4. Neat spider silk fiber is versatile as a mask for micro-patterning of electrode. The 

adhesive electrode fabricated using the spider silk mask has a highly defined electrode 

pattern suitable for anisotropic transport studies of supra-micron sized samples at low 

temperatures and high magnetic fields. The adhesive electrode has a breakdown limit of ~ 

60 kV/cm. 

5. Supercontraction phenomenon and polar attraction provide a simple route of fabricating 

carbon nanotube functionalized spider silk fibers exhibiting custom-shapeable, flexible, 

and conducting properties. SEM and TEM analysis reveal a uniform carbon nanotube 

network formed on the silk fibers, including some evidence of carbon nanotubes 

penetrating into the silk fiber. Using these fibers, proof-of-concept heart-pulse and 

humidity resistive sensors, as well as current-driven actuators have been demonstrated. 
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6. Bombyx mori silk thin film has actuating and self-healing properties potentially useful for 

bio-mimetic muscle and water-based memory devices. 

7. Using the Bombyx mori silk thin film as the dielectric layer of organic FETs, high 

mobility FETs have been fabricated. The FETs possess anomalous current-voltage 

characteristic and long carrier lifetime that may be useful for specialized applications. 

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

based FET fabrication procedures.  

 

Several immediate extensions of the results are as follows: First, it will be interesting to 

use the adhesive electrode to perform transport characterization on new materials of supra-

micron sizes that cannot be characterized before using 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 dissertation seeks to further motivate studies on artificial spider silk with 

tunable properties. Recent advancements in mass production of artificial spider silk are 

promising. For example, researchers at University of Wyoming have produced spider silk from 

the milk of a genetically engineered goat [82]. In another case, the production of spider silk 

protein by transgenic silkworms has been demonstrated [83]. Using artificial spider silk, it may 

be possible to improve the performance of the devices presented in this dissertation. For 

example, by tuning the water absorbing and thermal properties of artificial spider silk, a CNT-SS 

actuator with stronger and larger contraction/extension may be possible. Likewise, by tuning the 

solubility, crystallinity, and dielectric properties of artificial spider silk, it may be possible to 

fabricate better performance FETs.  

It is also interesting to study functionalization of spider silk fibers with other materials, 

such as p- or n- type semiconductors, or superconductors. By using a layer by layer coating 

method and incorporating technologies from the textile industry, various woven electronics such 

as woven micro diodes, capacitors, transistors, resistors, batteries, etc. should be possible. In 

addition, it will also be interesting to explore ways of integrating these woven electronic 

components for specific electronic logic applications.  

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

properties will be valuable. For example, it is very important 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 the film may provide information on how to control the 

speed of the actuating motion. In addition, a systematic study of the influence of various solvents 

to the actuating properties will also be valuable. For proof-of-concept demonstration of using the 

thin film for artificial finger application, a micro-fluidic water delivery system may be 

incorporated.  

The treatment developed in this work can be applied to other natural materials, such as 

cellulose, plant tendrils, and others. Depending on the properties and functions of a particular 

natural material, unique additional functions may be added to existing technologies. The idea of 

incorporating natural materials in technology will be valuable in designing high performance 

next generation of devices that are bio-compatible, bio-degradable, and bio-renewable. 

Finally, the discoveries and technique developments presented in this dissertation have 

brought me closer to my original goal, which was to tune the properties of an organic conductor 

using an electric field. The high dielectric nature and the compatibility of silk thin films to an 

organic sample may now provide a more efficient electric field gating by reducing the amount of 

voltage bias needed to control the charge transfers in the (TMTSF)2PF6 organic conductor. For a 

bulk sample, the silk dielectric layer can be deposited via dip-coating methods at room 

temperature. The source and drain electrode channel can be defined by using a combination of 

gold evaporation and spider silk mask. Alternately, the sample can be cleaved and laminated on 

the adhesive stamp electrodes, which act as the source-drain electrodes, followed by spin-coating 

the silk solution and gold sputtering to define the insulator 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. I have performed initial trials in fabricating these 

structures and the preliminary results appear to be promising. 
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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 Transform 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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