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Abstract 
With the advent of the internet-of-things (IoT) and a more connected digital 

ecosystem, new electronic sensors and systems are needed. Printing has been identified 

as a means of fabricating low-cost electronics on non-rigid, large-area substrates.  

Printed electronics have been demonstrated to have the required electrical and 

mechanical properties to facilitate new and unique flexible electronic sensors for the IoT. 

One printable material that has demonstrated significant promise, specifically when 

compared to more traditional printed semiconductors, is solution-processed carbon 

nanotubes (CNTs).  While some work has been done to facilitate the fabrication of CNT 

thin-film transistors (TFTs), little work has been done to assess the viability and 

potential of CNT-TFTs and other CNT thin films for real-world sensing applications.  

The work contained in this dissertation describes the use of aerosol jet printing to 

fabricate CNT-TFTs, and the resulting study of their capability for various sensing 

applications. Aerosol jet printing allows for printing all the materials necessary for a 

fully-functional CNT-TFT, including the semiconducting thin film, conducting contacts 

and gate, and insulating gate dielectric.  Using this system, flexible and fully printed 

CNT-TFTs were developed and characterized.  Fully printed transistors were fabricated 

with field-effect mobilities as a high as 16 cm2/(V⋅s). The transistors were also resilient to 

substantial bending/strain, showing no measurable performance degradation after 1000 

bending cycles at a radius of curvature of 1 mm.  
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The printed CNT-TFTs were evaluated for several sensing applications, 

including environmental pressure sensing and point-of-care biological sensing. The 

biological sensors, which were electronically transduced immunoassays, consisted of an 

antifouling polymer brush layer to enhance the CNT-TFT sensitivity and printed 

antibodies for detection of target analytes.  Unparalleled sensitivity in unfiltered 

biological milieus was realized with these printed biosensors, detecting protein 

concentrations as low as 10 pg/ml in whole blood. In addition to demonstrating an 

electronically transduced TFT-based biosensor, work was done to develop a stable 

platform with high yield that will provide the means for a deeper understanding of the 

biosensing mechanisms of transistor-based sensors. As part of this biosensor platform 

development, novel solution-gated CNT-TFTs were demonstrated, with stable operation 

in ionic solutions for periods as long as 5 hours.   

Another important electronic sensing technique is capacitive-based sensing. 

Using aerosol jet printed carbon nanotubes, a capacitive sensor has been developed and 

demonstrated for measuring insulating material thickness. The sensors rely on the 

fringing field between two adjacent electrodes interacting with the material out-of-plane, 

and that interaction being perturbed differently based on the thickness of the overlaid 

material. This sensor was also demonstrated in a one-dimensional array, which can be 

used to map tire tread thickness from the outside of the tire. 
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Overall, this dissertation explores the use of printed carbon nanotubes for 

diverse sensing applications. While this work provides real-world demonstrations that 

have potential impact for the IoT, there are also substantial scientific advancements 

made. Namely, insight into biosensing mechanisms, operation of solution-gated 

nanomaterial-based transistors, and demonstration of porosity and thickness effects on 

printed capacitive sensor electrodes.  
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1. Introduction and Overview  

1.1 Motivation 

One trend that has recently become popular in both academic research and 

industry is the Internet-of-Things (IoT).1 Our digital world is continuously becoming 

smarter. Within the next 10 years, it is expected that over 100 billion devices will be 

connected to the internet.2 This includes a wide variety of objects comprising 

automobiles, consumer goods, wearable sensors, and many more. The IoT will facilitate 

trends such as smarter cities, autonomous manufacturing, self-driving cars, and more 

personalized healthcare. Overall, the IoT is expected to allow for increased safety, 

broader access to technology, and a higher quality of life.3,4 While the promises are 

captivating, many obstacles regarding the electronic systems and associated sensors still 

remain. In order for electronics to facilitate the ubiquity promised by the IoT, they must 

be extremely low-cost, and, in many cases, have a flexible or large-area footprint. 

Printed electronics are perfectly suited to facilitate the expansive IoT 

undertaking. For one, printed electronics are inherently low cost as they can typically be 

manufactured in an additive process that is done without the need for high 

temperatures or vacuum systems.5,6  Additionally, printed electronics are compatible 

with a wide variety of substrates, which can enable both flexible and large-area 

electronic systems.7 Printed electronic sensors have proven to be functional for a diverse 

range of applications comprising pressure sensing,8,9 biosensing,10 temperature sensing,11 
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and others.12–15 One drawback to printed electronics is their relatively low performance 

when compared to vacuum-processed electronics. In spite of this, the performance can 

be deemed sufficient in many applications such as low-cost sensing networks. 

Ultimately, printed electronics allow for electronic sensors and systems to be compatible 

with the high-throughput, low-cost manufacturing necessitated by the IoT, while also 

allowing for additional functionalities, such as compatibility with flexible and large-area 

substrates. 

A material that exhibits noteworthy promise for printable electronic inks is 

single-walled carbon nanotubes (CNTs). CNTs are cylinders of sp2-hybridized carbon, 

with diameters as small as 0.7 nm. While exhibiting many exciting electrical and 

mechanical properties, including ballistic transport and a high Young’s modulus,16,17 

they have yet to find a niche commercial application to thrive in. One way to harness 

their properties for electronic applications is through networked CNT thin films, where 

many nanotubes are deposited in a connected randomized network.18 A depiction of the 

differences between single CNTs and networked CNTs is outlined in Figure 1.  With 

recent advancements in CNT solution processing,19,20 carbon nanotube inks have become 

a viable option for printed electronics.21,22 Carbon nanotube thin films can either be 

conducting or semiconducting,23 depending on the synthesis and sorting methods, and 

can therefore be used to fabricate fully functional thin-film transistors or flexible 

conductors.24,25 This diverse utility, combined with inherent flexibility and capabilities 
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for solution processing, motivate the continued exploration of CNT thin films for many 

printed electronic applications. 

 

Figure 1: Comparative properties of an individual CNT (shown as a model) 
 v. networked CNT thin films (shown in a scanning electron microscope 

image). 

1.2 Objectives 

The research discussed in this dissertation involves the investigation of carbon 

nanotube thin films as a means to enable innovative printed electronics applications. To 

this end, both semiconducting and metallic CNTs are explored. A greater emphasis is 

placed on semiconducting CNTs, specifically in fabricating and utilizing CNT thin-film 

transistors (CNT-TFTs) for various applications. The overall goals of this work are to 

advance the performance of printed transistors while also expanding the breadth of 

application spaces for CNT thin-film electronics. In pursuit of these goals, other 

peripheral advancements have been made that are beneficial to the broader field of 

printed electronics. The stated motivation of this work will be addressed in this 

dissertation by meeting the following objectives: 
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• Describe the theoretical operation of CNT-TFTs and benchmark device 

performance against other peer technologies (Chapter 2). 

• Outline various techniques for printing electronics and illuminate their 

respective advantages and challenges, with specific attention paid to 

aerosol jet printing (Chapter 3).  

• Describe methods for fabricating flexible, fully-printed CNT-TFTs and 

discuss their accompanying performance (Chapter 4). 

• Demonstrate the applicability of a fully-printed CNT-TFT as a pressure 

sensing platform (Chapter 4).  

• Develop and demonstrate printed immunoassays capable of sensitive 

analyte detection in whole blood (Chapter 5). 

• Explore the operation of solution-gated CNT-TFTs and methods of 

stabilizing such devices for biosensing applications (Chapter 6.) 

• Demonstrate the use of unpurified CNT thin films in enhancing capacitive 

sensors capable of non-invasively measuring material thickness (Chapter 

7). 

• Demonstrate the ability for an array of the material thickness sensors to 

provide a one-dimensional map of tire tread (Chapter 7).  

• Provide a perspective on the outlook and challenges for printed electronics 

going forward, with an emphasis on printed CNT thin films (Chapter 8). 
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2. CNT-TFT Background and Operation 

2.1 Thin-Film Transistor Background 

The design of thin-film transistors originates as far back as 1930 with a patent by 

James Lilienfeld. The patent describes a majority carrier electrical device in which the 

current is controlled through an externally applied electric field.26 However, significant 

challenges in developing capable materials delayed researchers from producing its first 

embodiment. While bipolar junction transistors took off, other types of transistors, 

including metal-oxide-semiconductor field-effect transistors (MOSFETs) and thin-film 

transistors (TFTs), remained simply a theoretical idea. The field then took a large step 

forward in the 1960s, with the advent of metal-chalcogenide thin films. Paul Wiemer, in 

his seminal paper titled “The TFT – A New Thin-Film Transistor” experimentally 

demonstrated the viability of a thin film of cadmium sulfide to act as the channel in a 

transistor in which the current is controlled by an externally applied gate field.27 What 

differentiates Wiemer’s devices from other contemporary field-effect transistors of his 

time (primarily silicon-based MOSFETs) are their thin channel thickness, in which 

current has no bulk material contribution and instead is primarily driven by majority 

carrier injection into the channel and relatively large overall size/area. These initial 

experiments ignited the TFT field that is still in active development today. 

Since the 1960s, the field of TFTs has continued to grow. With that growth, there 

has been exploration of a large variety of materials that can act as majority carrier 
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semiconducting thin films. Apart from traditional silicon and other bulk 

semiconductors, most common thin-film semiconductors can be placed into three 

categories – organics, metal-oxides, and nanomaterials. All three have shown to be 

viable in TFTs and other thin-film based devices, while each provide many respective 

advantages and challenges.  

Along with the noteworthy materials research and advancements, there has been 

an evolving landscape of applications benefitting from TFTs. Throughout the decades 

since Weimer’s work, TFTs have thrived in niche application spaces, specifically low-

cost, large-area electronics. For example, metal-oxide TFTs drive many of today’s 

display applications.28  

The materials used to fabricate TFTs are rather diverse, but the structure remains 

relatively consistent. An example of a TFT structure can be seen in Figure 2. The thin-

film device relies on a semiconductor, which can be electrostatically controlled by a gate 

electrode, placed in close proximity but separated by an insulating dielectric. 

Conducting contacts must also be made to the semiconducting material to provide 

carrier injection. The geometric arrangement (fabrication order) of the materials (e.g., top 

or bottom contacts, top or bottom gates) can be modified to suit specific properties and 

applications.  
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Figure 2: Generic flexible TFT schematic to illustrate a typical geometry (in 
this case, bottom gate and top contact). The semiconductor can be one of a variety of 

materials, but the three most prevalent are displayed: metal oxides (adapted from 
[29]), carbon nanotube networks (adapted from [30]), or organic semiconductors 

(adapted from [31]).   

The three primary materials used in thin-film transistors include organic-based 

semiconductors, such as pentacene or poly(3-hexylthiophene) (P3HT),32–35 metal-

oxides,36,37 and nanomaterials.38–41 The three most common materials, situated in a typical 

TFT architecture, are shown in Figure 2. As mentioned above, metal chalcogens were the 

first to jump start the field as early as the 1960s;27 however, excitement accelerated with 

the advent of organic semiconductor TFTs in the 1990s. Most recently, nanomaterials 

have generated considerable attention due to their low-cost deposition,42 environmental 

stability,43 and performance.  

2.2 Carbon Nanotube Thin-Film Transistors  

The primary focus of the work presented in this dissertation will be based on 

CNT-TFTs. To this end, an understanding of carbon nanotubes is necessary prior to the 
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discussion of the presented results. This section will begin with the electronic structure 

of single carbon nanotubes, and work towards an understanding of semiconducting 

thin-film CNT devices. 

2.2.1 Carbon Nanotube Electronic Structure 

CNTs obtain their unique electronic properties from their carbon lattice 

structure. A CNT is a cylindrical shell of carbon atoms bonded together in a sp2 

configuration. One way to visualize a CNT is to first consider a 2D carbon honeycomb 

lattice (graphene) rolled into a seamless cylinder, as in Figure 3A. The diameter and 

electronic properties of a CNT are dependent upon its chiral vector, which is a 

circumferential vector associated with the angle in which the tube is “rolled up”.  

Effectively, by rolling the sp2 hybridized graphene, the electronic states of the graphene 

band structure are quantized into 1D subbands that can lead to a CNT exhibiting either 

semiconducting (if the quantized subband does not pass through one of the corners or 

“K-points” of the Brillouin zone) or metallic properties (if the subband does pass 

through a corner of the Brillouin zone).44  
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Figure 3: Structure and electrical properties of carbon nanotubes. (A) 
Visualization of 2D carbon lattice with a vector illustrating chirality (adapted from 

[44]). (B) Single-walled carbon nanotubes of varying chirality, and thus varying 
diameters (adapted from [45]). (C) Electrical properties at CNT junctions. The data is 
displayed for junctions between two metallic tubes, two semiconducting tubes, and 

one metallic tube with one semiconducting tube (adapted from [46]). 

The chirality is defined by a wrapping vector (vector c in Figure 3A). The 

wrapping vector can be broken down into two unit vectors, a1 and a2, where c = na1 + 

ma2 and can be denoted using its two indices (n, m). A tube is considered “armchair” if 

n = m and “zigzag” if m = 0, with all other cases being of the “chiral” type. Armchair, 

zigzag, and chiral CNTs are all illustrated in Figure 3B. “Armchair” tubes exhibit only 

metallic properties.47 Apart from “armchair” tubes, the electronic nature of CNTs 

follows this rule: tubes are metallic if (n-m) is equal to a factor of 3, otherwise, the tubes 

are semiconducting.23 Along with varying electronic properties, the chiral vector will 

also determine the CNT diameter. It has been shown that the band gap associated with 

semiconducting CNTs is directly related to the diameter of the CNT and can be 

approximated by the following equation:44  

𝐸𝐸𝐺𝐺(𝑒𝑒𝑒𝑒) ≈ 0.7
𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶(𝑛𝑛𝑛𝑛)

 (1) 
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While the electronic structure of a CNT is crucial when understanding the 

operation of TFTs fabricated from a networked CNT film, another aspect that must be 

considered is what happens at tube-to-tube junctions. For many thin-film devices, the 

channel length is greater than any individual CNT’s length. Therefore, carriers must 

percolate through multiple CNT junctions to perpetuate current flow. Initial 

experiments that analyzed CNT-to-CNT junctions indicated that the junction resistance 

stems from a tunnel barrier between the two CNTs; however, the tunneling probability 

is quite high. Metallic-metallic as well as semiconducting-semiconducting CNT 

junctions exhibit “Ohmic” behavior with resistance values of 200 kΩ and 500 kΩ, 

respectively. Metallic-semiconducting junctions are more complex – in addition to the 

tunnel barrier, there exists a Schottky barrier with a height related to the bandgap of the 

semiconducting CNT. Fortunately, in CNT-TFTs, the majority of the junctions exist 

between two semiconducting CNTs as sorting methods are used to eliminate the 

incorporation of metallic CNTs in the film. Results from these initial CNT junction 

experiments can be found in Figure 3C.46  

2.2.2 Theoretical Device Operation 

The operating principal of a CNT-TFT is very similar to the operating principals 

that govern single CNT transistors. While commonly referred to as “p-type” transistors, 

CNTs are intrinsic semiconductors with the Fermi level lying in the middle of their 

bandgap.44 This means that carriers in the channel are not induced by the gate field 
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manipulating charge from dopants in the semiconductor but must instead be injected at 

the contacts. Schematic diagrams of CNT-TFTs with applied voltages and their 

associated band diagrams are displayed in Figure 4A and B, respectively. The operating 

mechanism relies on the gate field lowering the energy barrier in the channel to allow 

for both thermionic emission and tunneling current at the metal-CNT contact interface. 

Essentially, as the energy band of the CNT network is modulated, the energy barrier at 

both the source and drain contacts becomes steeper and thinner. As the gradient 

steepens, the probability for carriers to tunnel through that energy barrier increases, 

eventually leading to an “on-state” current.48 Thus, a CNT-TFT relies on carriers 

tunneling through a Schottky barrier at the contacts, and the operation and polarity (n-

type,  p-type, or ambipolar) relies heavily on the contact material (e.g., work function) 

and applied voltages.49 

 

Figure 4: Theoretical operation of CNT-TFTs depicted with energy band 
diagrams. (A) Two substrate-gated CNT-TFTs with indicated applied voltages. (B) 
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Corresponding band diagrams to illustrate the Schottky barrier tunneling operation 
of CNT-TFTs. 

While the operating mechanisms of CNT-TFTs can be described similarly to 

single/parallel nanotube devices, the performance is quite different. This is due to the 

CNT-CNT junction resistance throughout CNT networks and the large channel 

dimensions frequently used for TFTs. While many single/parallel tube devices rely on 

sub-micron channel lengths,16,50,51 even below 10 nm,52,53 many flexible CNT-TFTs have 

channel lengths and widths in the 100s of µm or even few mm.54–57 While carbon 

nanotubes themselves present highly conductive pathways, the resistive junctions lead 

to high sheet resistance values within networked CNT channels. A scanning electron 

microscopy (SEM) image in Figure 5A exemplifies a typical CNT density within a 

semiconducting CNT (s-CNT) film. Additionally, Figure 5B shows how CNTs and 

junctions will ultimately form a pathway for carriers to percolate. Experimental 

measurements have also been done to analyze the percolation effects.25,58,59 A plot 

displaying an experimental measurement of the effective mobility of a CNT network in a 

CNT-TFT, with respect to both tube density and channel length, is shown in Figure 5C. 

Denser networks allow for more junctions to exist in parallel, thus decreasing the sheet 

resistance, while longer channel lengths are more significantly affected by the tube 

density.   

 



 

13 

 

Figure 5: Electron percolation through CNT networks. (A) SEM of a CNT thin 
film. (B) Diagram to illustrate the influence of tube-to-tube junctions in s-CNT 

networks (adapted from [60]). (C) Mobility v. tube density within a s-CNT network 
(adapted from [59]).  

2.2.3 CNT Processing 

One of the most significant challenges in the early stages of developing CNT-

based TFTs was isolating the semiconducting carbon nanotubes for deposition. For 

transistors, one crucial attribute for many applications is the on/off current ratio, which 

is central for many digital and analog applications. Semiconducting tubes offer the 

ability to modulate current flow, but the conductivity of metallic tubes will stay 

relatively constant regardless of any applied field. Therefore, the presence of metallic 

tubes will negatively influence the off-current and lead to a transistor, if the description 

is even still applicable, with little to no on/off ratio. This can be mediated by fabricating 

TFTs with long channel lengths and low tube density, leading to decent on/off ratios.61 

Increasing the CNT purity, however, is the best way to fabricate high performing 

devices with substantial on/off ratios. 

CNTs used for thin-film transistors can be synthesized in many ways: chemical 

vapor deposition (CVD) growth,62,63 arc-discharge (AD),64–66 and laser ablation (LA)67,68 
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are among the most common. CVD offers controlled placement and even a high degree 

of diameter/chirality control based upon the catalysts and substrates that are used, but 

often leads to tubes with high defect densities. AD is the most economical option but 

offers little control over CNT alignment and chirality. Lastly, LA is not economically 

favorable, but does allow for control of the CNTs’ diameter and electronic type to some 

extent.69 Both LA and AD methods produce CNTs without a substrate and therefore 

they must be deposited in some other manner.  AD synthesized tubes are the most 

commonly used in the CNT-TFT space due to overall low-cost production and the recent 

development of large-scale CNT sorting methods. 

Much work was done in the mid-2000s to identify solution-based methods to sort 

CNTs by their electronic type (semiconducting and metallic). The two primary methods 

developed, and still used today, include density gradient ultracentrifugation19,70,71 and 

selective dispersion using aromatic polymers.20,72,73 Density gradient ultracentrifugation 

works by engineering specific surfactants to attach to CNTs of varying type. The 

attached surfactants will alter the buoyancy of CNTs and, using a centrifuge, the 

differential densities cause the varying types of CNTs to separate in solution. One may 

then use a pipette to selectively separate the desired type of CNTs from the whole 

solution. Surfactants attaching to differing tubes and the resulting solution after 

centrifugation can be seen in Figure 6A and B, respectively. The selective dispersion 

through aromatic polymers works in a similar manner, but without the need for 
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centrifugation. Specific polymers produce excellent dispersions of tubes with highly 

specific chiral species. Therefore, when these polymers are introduced into an unfiltered 

solution of nanotubes, only the select chirality will be solubilized in the solution. The 

unwanted types will then aggregate and can be removed from the solution. One of the 

first polymers used in a demonstration of this method was poly(9,9-dioctylfluorenyl-2,7-

diyl) or PFO. PFO can be modified to attach to different chiral species as shown in 

Figure 6C.  Both methods lead to nanotubes of sufficient purity stabilized in solution 

and are therefore advantageous in that solution-based deposition techniques are now 

scalable and compatible with fabrication on flexible substrates.  

 

Figure 6: Methods for sorting CNTs. (A) Illustration of how different amounts 
of polymer surfactant will attach to tubes of varying chirality, after which, 

ultracentrifugation is used to separate CNTs based on their density, ultimately sorting 
out the different chiralities, as shown in (B) (adapted from [19]).  (C) Nanotube 
chiralities separated using the PFO dispersion technique (adapted from [20]).  

2.3.4 CNT Deposition 

Once high purity s-CNTs have been properly separated and dispersed in 

solution, there are many ways to deposit the semiconducting solution onto a flexible 

substrate. Methods as simple as substrate incubation in s-CNT solution have been 
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shown to produce semiconducting thin films of sufficient electronic properties to enable 

transistor behavior.74–76 Additionally, solutions of CNTs have been deposited using 

methods such as spray coating 77 or spin coating.78,79 While all these methods can 

produce s-CNT networks on flexible substrates, they offer no dimensionality control 

(leading to high material waste) and little compatibility with low-cost, scalable 

production. 

A subset of solution deposition techniques that has received significant research 

attention lately is electronics printing. First developed for organic-based TFTs, many of 

the same printing methods can now be used to deposit s-CNT films with high degrees of 

control. Two of the most common types of printing for depositing CNT solutions are 

inkjet and aerosol jet. These printing methods are low-cost, and have varying advantage 

levels for large-scale manufacturing, with specific pros and cons that deserve attention. 

Chapter 3 of this dissertation will present a more detailed discussion of the above-

mentioned printing techniques, detailing the advantages and challenges for each.  

2.2.5 Contact Materials for Printed CNT-TFTs 

For CNT-TFTs, many viable contact materials have been identified. The most 

common of these are metallic nanoparticles, which are used prolifically due to their high 

conductivity, long-term performance stability, and high compatibility with many of the 

above-mentioned printing processes.40,54,80,81 To illustrate the morphology of printed 

metallic nanoparticles, an optical image and scanning electron microscopy (SEM) image 
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of Ag nanoparticles are displayed in Figure 7A and B, respectively. Along with metallic 

nanoparticles, metallic CNTs are also favorable due to their compatibility with print 

processes and inherent flexibility/stretchability. Cao et al. provided a direct comparison 

between silver and gold nanoparticles, and metallic CNTs in terms of the contact 

resistance and device on-current. Metallic CNTs provided the lowest contact resistance, 

presumably due to the more conformal contact with the thin film of s-CNTs. Gold 

nanoparticles provided the next lowest, with silver exhibiting the highest contact 

resistance. A bar graph of the contact resistance results from the work can be seen in 

Figure 7C. The three materials are compared, as well as the contact geometry. Top 

contact refers to the source and drain being printed on top of the CNT channel, bottom 

refers to the contacts printed below the channel, and double contact refers to a 

combination of the two.82 While metallic CNTs may form a good contact to s-CNT 

channels, they possess the disadvantage of having high sheet resistance when compared 

to bulk metals and even metallic nanoparticles. Therefore, metallic CNTs would not be 

favorable interconnects and another material would be needed to interface the contacts 

with other components within a circuit. 



 

18 

 

Figure 7: Printed contacts for CNT-TFTs. (A) Optical and (B) SEM images of 
aerosol jet printed silver nanoparticle contacts often used in CNT-TFTs. (C) 

Comparison of CNT-TFT contact resistance among various printed electrode materials 
and configurations (images and graph adapted from [82]). (D) Optical and (E) SEM 
images of stretchable, screen printed silver nanowire electrodes. (F) Conductivity 

versus strain plot of printed silver nanowire films (images and graph adapted from  
[83]). (G) Schematic diagram and band diagram of a long-channel transistor 

illustrating the dominant role that the channel plays in overall device performance 
(adapted from [30]).  

For flexible/stretchable applications, metallic nanoparticles are not favorable due 

to a predisposition to delaminate and/or crack after repeated strain cycles. Many 

stretchable contact materials, including silver nanowires84 and metallic carbon 

nanotubes,35,56,85 rely on geometrically enabled flexibility. This occurs when high-aspect 

ratio nanostructures are deposited in a dense enough network in such a manner that 

significant strain will not preclude an electrical connection due to large overlap between 

the nanostructures. This enables the contacts to remain conductive throughout film 

elongation and allows for a constant supply of carriers to be injected into the s-CNT 

channel with no discontinuity due to strain. An example of a geometrically enabled 

flexible film consisting of silver nanowires can be seen in the SEM images in Figure 7D 
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and E. Additionally, the relationship between conductivity and strain in this silver 

nanowire film is displayed in Figure 7F.  

In addition to the abovementioned printed nanomaterials, thin layers of 

evaporated metals have also been demonstrated as high-performance contacts to CNT-

TFTs.22,86 However, vacuum processing and high temperature evaporation are not 

favorable for most flexible substrates or high-throughput production environments.  

While the contact material for CNT-TFTs does play a role in the device 

performance, the overall device resistance is dominated by the highly resistive CNT 

channel. A schematic illustration of the resistance network can be seen in Figure 7G. 

Overall, the contact material must provide a conducting platform to inject carriers into 

the CNT film while being compatible with the desired fabrication process and end 

application.  

2.2.6 Dielectric Materials for Printed CNT-TFTs 

Dielectric materials have proven to be one of the weaker points for printed 

electronics. Currently, there exists two primary options for printing an insulating, low-

leakage dielectric: polymer-based dielectrics and ion-gel dielectrics.  

One of the most common polymer-based dielectrics used for flexible TFTs is a 

barium titanate/poly(methyl methacrylate) (BaTiO3/PMMA) composite.80,85 

BaTiO3/PMMA has many advantages for printed flexible devices, including a high 

permittivity of 17, compatibility with roll-to-roll printing techniques and long-term film 
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stability, with demonstrations of performance stability over 1000 bending cycles.  Some 

of its primary disadvantages include lack of thickness control and reproducibility,87 and 

the toxicity of barium compounds in consumer devices.  

The other prevalent candidate for electrostatically isolating CNTs in TFTs is by 

using an ion gel-based dielectric.22,88,89 Ion gels create highly capacitive networks through 

the utilization of a nanometer-thick electrical double layer existing at the interface 

between the semiconducting channel  and the electrolyte.90 However, due to the fact that 

the double layer relies on the mobility of ions within the gel, the capacitance degrades 

rather quickly at higher frequencies.57 Ion gels that have been integrated with s-CNTs 

show robust performance up to 22 kHz in a 5-stage ring oscillator. However, 

disadvantages associated with ion-gel dielectrics in CNT-based devices include 

excessive ambipolar behavior, which can lead to high leakage currents and superfluous 

power consumption.91  

Apart from printed dielectrics, vacuum processing techniques, such as atomic 

layer deposition (ALD), have been used to develop ultra-thin dielectrics for CNT-

TFTs.86,92,93 The resulting devices exhibit excellent electrostatic control, due to both the 

thinness of the dielectric and its low-level of defects associated with the deposition 

processes. The thinness of the dielectrics allows for operation under flexing, but overall, 

the vacuum processing and cost of deposition would preclude CVD/ALD-grown 

dielectrics for low-cost, large-area applications.  
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2.2.7 Performance Review and Benchmarking 

An overview of device structures, performance, and related cost estimates is 

given in Figure 8, highlighting three distinct TFT variations: metal-oxide TFTs, CNT-

TFTs, and printed CNT-TFTs. Figure 8 A-C presents a metal-oxide transistor, consisting 

of ZnO, that is largely representative of typical metal-oxide TFT performance and cost. 

The structure is flexible, but the deposition of ZnO is completed using a cathodic arc 

deposition, a form of vacuum deposition, which precludes many low-cost applications. 

However, the deposition is completed at low temperature, which allows for a wider 

variety of flexible substrates. The performance is typical and representative for low-

temperature metal-oxide TFTs, with on/off ratios exceeding 104 and an effective electron 

mobility of 4.8 cm2/(V⋅s).36 
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Figure 8: Overview of exemplary flexible, thin-film devices – design, images, 
and performance. (A) Optical image of an array of metal-oxide transistors fabricated 
on a flexible polyimide substrate. (B) Schematic diagram of an i-ZnO TFT and (C) its 

subthreshold characteristics (adapted from [36]) . (D) Optical image of a CNT-TFT 
integrated circuit fabricated on polyimide. (E) Schematic diagram of a CNT-TFT and 
(F) its subthreshold characteristics (adapted from [86]) . (G) Optical image of an array 
of roll-to-roll printed CNT-TFTs fabricated on a flexible PET substrate. (H) Up-close 
optical image of an individual printed CNT-TFT and (I) a series of printed CNT-TFT 

subthreshold characteristics (adapted from [94]).  

Another, more common, metal-oxide used for TFTs is InGaZnO4 or IGZO. 

Similar to ZnO mentioned above, many IGZO-based devices are fabricated using 

vacuum deposition techniques (typically DC sputtering), which limit the substrate size 

and fabrication throughput. However, vacuum-processed IGZO films provide the 

highest performing option for TFTs with typical on/off ratios ranging from 105-109, 

mobilities ranging from 10-90 cm2/(V⋅s), and subthreshold swings as low as 100-300 
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mV/dec, depending on the quality of the dielectric.95–98 Additionally, many metal-oxide 

films can be deposited from solution through spin-casting, which typically results in 

lower performing films, though this can be somewhat alleviated by sintering at high 

temperatures (> 300°C), which in turn prevents fabrication on most flexible substrates. 

There are many emerging low-temperature processing methods with the potential to 

recover this compromise in performance through combustion synthesis or 

photochemical activation methods.36,99 

The next set of devices presented in Figure 8 D-F are representative of CNT-TFTs 

produced using traditional cleanroom processing methods. In these cases, where 

cleanroom fabrication is utilized, the CNT thin film is either deposited from solution or 

transferred to the substrate directly after CVD growth. The source and drain contacts 

typically consist of lithographically patterned and evaporated palladium or gold. 

Finally, the gate dielectric consists of a sub-100nm layer of either Al2O3, HfO2, ZrO2, or 

SiO2 grown using either CVD or ALD. CNT-TFTs are compatible with a wide range of 

flexible substrates due to low-temperature solution deposition or transfer; however, the 

most common substrates include polymers such as polyethylene naphthalate (PEN), 

polyethylene terephthalate (PET), and polyimide (PI). Device performance is often 

slightly lower than that of metal-oxide based devices, with on/off ratios ranging from 

104-106, hole mobilities ranging from 5-50 cm2/(V⋅s), and subthreshold swings ranging 

from 100-300 mV/dec. High device mobilities can be attributed to the high CNT channel 
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densities, evaporated contacts, and high gate voltage,86 while low subthreshold slopes 

can be attributed to thin and high quality gate dielectrics. 

Presented in Figure 8 G-I is a set of devices representative of CNT-TFTs 

fabricated using roll-to-roll printing techniques. This class of flexible TFTs have, by far, 

the lowest fabrication costs when compared against the previous two classes presented 

in Figure 8; however, there is a compromise in performance. All components of these 

devices, including the s-CNT channel, gate dielectric, gate electrode, and source/drain 

electrodes are deposited from solution or printed. Common devices exhibit decent 

performance, with on/off ratios ranging from 104-106, carrier mobilities ranging from 1-

30 cm2/(V⋅s),80 and very large subthreshold swings due to thick polymer-based 

dielectrics. 

2.3 Conclusion 

Overall, much progress has been made over the past few decades, from the 

discovery of CNTs, to their incorporation into a variety of electric structures. One of the 

more promising structures for future commercial adoption is the CNT-TFT. CNT-TFTs 

offer a low-cost transistor option with field-effect mobilities as high as 16 cm2/(V⋅s), on-

off ratios as high as 106, and compatibility with flexible substrates and printing 

processes. Having achieved noteworthy performance metrics comparable with 

competing TFT technologies, the next logical step is to develop applications that 

necessitate the CNT-TFT’s beneficial properties. Many applications have been 
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demonstrated in the literature, including CNT-TFT-based circuits,75,80,86 display back 

planes,100,101 and biological sensors.14,102 In this dissertation, developments that have been 

made to improve the performance and fabrication of CNT-TFTs will be discussed. 

Additionally, the use of CNT-TFTs for sensing applications will be described, ranging 

from environmental pressure sensing to immunological biosensing.  
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3. Aerosol Jet Printing for Fabricating Electronics 

3.1 Introduction to Printed Electronics 

Printed electronics – the concept of on-demand, additive, placement of electrical 

components on a wide variety of substrates – was first introduced by Thomas Edison in 

the early 1900s when he described a method for placing conductors on linen paper.103 

The primary goal of printed electronics is to develop fabrication processes that facilitate 

applications not well suited for traditional, vacuum-deposited electronic materials. This 

primarily includes applications that necessitate low cost5 or a large-area and flexible 

footprint.6 The field as we know it began emerging shortly after the development of the 

first printable semiconductors – solution-processed organic materials.104,105   One specific 

application that motivated the field was the driving circuitry for radio frequency 

identification (RFID) tags,106 a technology that began replacing bar codes for many 

applications in the early 2000s.  

The fabrication methods utilized in printed electronic research largely stem from 

traditional print media. These methods include roll-to-roll printing,107 inkjet printing, 108 

and stamping.109  Another method that has been developed primarily for electronics 

printing is aerosol jet printing. Aerosol jet printing was designed and optimized to allow 

for printing of a wide variety of electronic inks, comprising conductors, semiconductors, 

and insulators.110 This materials versatility ultimately opened the field to innovative 
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nanomaterial-based inks that exhibit relatively high performance, while producing 

robust electronic devices at a reasonably low-cost.  

3.2 Printing Operation and Overview 

Today, the field of printed electronics is dominated by three distinct techniques: 

inkjet printing, roll-to-roll printing, and aerosol jet printing. While all of the above 

methods are low cost when compared to traditional vacuum-processed electronics and 

allow for large-area or flexible substrates, each technique has individual advantages and 

challenges worthy of discussion.  Furthermore, each printing technique is advantageous 

for a certain subset of electronic inks. For example, both inkjet and aerosol jet printing 

have been demonstrated as methods to deposit semiconducting carbon nanotubes, while 

roll-to-roll printing has not.  

Inkjet printing is the most well-known direct (or additive) deposition technique, 

as well as the method which has reached prolific application in print media and 

consumer printing products. The operation of inkjet printing may vary slightly from 

printer to printer, but the primary principals remain the same. In essence, ink is first 

loaded into a syringe. Next, the syringe is actuated using either a piezoelectric 

transducer or a resistive thermal heater which forms a droplet that is expelled from the 

syringe.111 The nozzle of the syringe can be moved using directional motors to effectively 

write on nearly any substrate. The advantages to inkjet printing include high control 

over droplet volume and density, accurate spatial positioning, and reasonably high-
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resolution line widths (typically 50-100 µm at best). Some disadvantages include high 

propensity for nozzle clogging,112 limited number of printable inks due to viscosity 

constraints and other material limitations, detrimental drying effects,113 and relatively 

low-throughput (when compared to template-based printing). A depiction of the inkjet 

operation is displayed in Figure 9A. 

 

Figure 9: Depictions of the three most common printing techniques. (A) Inkjet 
printing of an arbitrary ink. (B) Aerosol jet printing of semiconducting CNTs. (C) A 

printed CNT-TFT fabricated using traditional roll-to-roll printing techniques 
(adapted from [94]).  

Aerosol jet printing, developed by Optomec Inc.,110 has also proven to be a viable 

deposition technique that facilitates the use of a larger array of materials for direct 

deposition.22,82,88 The resulting printed film is similar in look and performance to an 

inkjet printed film, but the printing mechanism is quite different. First, a functional 

electronic ink is excited into an aerosol state through ultra-sonication or pneumatic 

atomization. The aerosol is then carried by an inert carrier gas stream through tubing to 

a deposition head. At the deposition head, a secondary inert gas stream flows annularly 

around the nozzle, acting to guide the ink down to the substrate and prevent nozzle 

clogging. The advantages for aerosol jet printing include high-resolution prints, similar 
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to inkjet printing, in addition to a wider compatibility with various inks, and a lower 

predisposition for nozzle clogging. The primary drawback to aerosol jet printing is 

relatively low throughput and ink overspray. With respect to CNT printing, the use of a 

sheath gas at the nozzle is uniquely critical. The sheath gas will preclude the nozzle from 

clogging by preventing CNT agglomeration on the nozzle sidewalls. Additionally, the 

atomization process of CNT ink provides control over CNT density in the printed film, 

which can be tuned to fit desired film properties. A figure depicting the operation of the 

deposition head in a typical aerosol jet printer is shown in Figure 9B.  

Lastly, template-based roll-to-roll printing techniques have been shown to 

produce electronic thin-film devices at extremely high throughput.80 The method is 

similar to traditional newspaper printing, in which rolls are used to pick up patterned 

materials (through metal/hard material stencils) and in turn deposit the materials on the 

desired substrate. The main methods include knife-over-edge coating, slot-die coating, 

gravure printing, and screen printing.114 The primary disadvantage to this technique is 

the low degree of control. Apart from the pattern designs and ink selection, the only 

print parameter capable of being adjusted is the roll speed. For research, roll-to-roll 

printing is especially unfavorable as a new, expensive mask must be manufactured each 

time a new design is to be printed.  Additionally, there is a tight window of ink 

viscosities (generally quite high) compatible with these techniques, which can restrict 

material selection and ink formulation, and ultimately is why s-CNT inks have not been 
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printed using roll-to-roll techniques. The primary advantage that stems from roll-to-roll 

printing is throughput, and, therefore, the capacity for low-cost, large-area 

manufacturing. A device printed using roll-to-roll techniques is illustrated in Figure 9C.  

3.3 Analysis of Aerosol Jet Printing 

As the entirety of the experimental fabrication discussed in this dissertation was 

done using aerosol jet printing, a more extensive overview of the operation will be now 

be covered.  

3.3.1 Atomization Techniques 

One key feature enabled by the aerosol jet printing that allows for a diversity of 

printable inks is the aerosolization or “atomization” of the inks. In this process, the 

liquid ink is excited into small droplets (≈ 1-5 µm in diameter) that form an aerosol. The 

ink can be atomized in one of two ways: pneumatically or through ultrasonication. A 

diagram comparing these two atomization techniques is shown in Figure 10.  
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Figure 10: Schematics depicting the two types of ink atomization used in the 
aerosol jet printing process. (A) Pneumatic atomization relies on pressurizing the ink 

vessel to promote droplet formation, while (B) ultrasonic atomization utilizes 
ultrasonic vibration to excite the liquid ink into small droplets. 

In the pneumatic atomization process, an inert input gas with a controllable flow 

rate is introduced into a Teflon vial containing the ink. As the container is pressurized, 

the liquid ink is aerosolized into small droplets. The ink is then carried towards the 

deposition head via the pressure differentials between the vial body and the vial exit. To 

ensure that the deposition head does not experience critically high pressures, an exhaust 

flow will remove excess gas from the system. To maintain a stable aerosol and flow to 

the deposition head, the flow rate values for the input carrier gas and the exhaust flow 

must be carefully chosen. The pneumatic atomization is compatible with inks of varying 

viscosities from < 1 cP (similar to water) up to 300 cP (similar to honey).110 While offering 

compatibility with such a wide range of inks, the pneumatic atomization often does not 

provide a stable printing volumetric flowrate and requires a large volume of initial ink 

(≈ 15 ml). 
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Ultrasonic atomization, on the other hand, offers a much more stable system that 

is capable of working with low ink volumes (≈ 1 ml). The system involves placing the 

ink in a thin glass vial and submerging the vial in a DI water bath. An ultrasonic 

transducer provides vibrational energy to the system which in turn excites the liquid ink 

into an aerosol. A carrier gas is introduced at the top of the glass vial which puts the 

system into a state of positive pressure. A metal straw that is connected to the deposition 

head extends into the vial, and, through the pressure differential, is used to carry the 

aerosolized ink to the deposition head. The two main parameters that one can control 

using the ultrasonic atomizer include the input carrier gas flow-rate and the power of 

the ultrasonic transducer.   

3.3.2 Deposition Head Capabilities 

Along with the various atomization techniques, the deposition head of the 

aerosol jet system allows for additional functionality due to its operation. A schematic of 

the deposition head, along with photographs of its components can be seen in Figure 11. 

Essentially, the carrier gas containing the aerosolized ink flows through the middle of 

the deposition head. A sheath gas is inputted along the outer edge, which serves two 

important functions: (i) it guides the aerosolized ink to the substrate, which increases 

resolution and (ii) it protects the ink from touching the interior walls of the nozzle. 

Essentially, this allows for the printing of assorted nanomaterials that have the 

propensity to agglomerate or stick to nearby surfaces. A key example of why this 
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distinct nozzle operation is advantageous can be illustrated by carbon nanotube 

printing. Various nanomaterials, including carbon nanotubes, have been deposited 

using inkjet printing, but the nozzle has a high tendency to clog, severely limiting print 

time and throughput. Through aerosol jet printing, one is able to continuously print 

carbon nanotubes without agglomeration at the nozzle. 

 

Figure 11: Schematic diagram of the aerosol jet printer deposition head 
coupled with photographs of the component stack.  

3.3.3 Control Parameters 

Given the unique atomization structure, combined with the complex deposition 

head, there are many parameters that can be modified to alter the deposition processes 

and resulting deposited line qualities. A compilation of these parameters, along with 

typical values and a correlation between higher and lower values is given in Table 1. 

This table focuses only on the ultrasonic atomizer as ultrasonication is the method used 

in the experimental work presented in subsequent chapters. 
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Table 1:  An overview of the controllable parameters associated with aerosol 
jet printing.  

Parameter Function Value Range Increased  Decreased 
Sheath Flow 
(SCCM) 

- guide the ink to the 
substrate 
- prevent clogging 

15 - 30 
SCCM 

- smaller line width 
- increased overspray 

- larger line width 
- decreased overspray 

Atomizer 
Flow 
(SCCM) 

- carry the ink from the 
atomizer to the nozzle 

15 - 35 
SCCM 

- more continuous 
films 
- higher propensity for 
nozzle clogging 

- more fragmented films 
- capability for longer print 
times 

Atomizer 
Current 
(mA) 

- aerosolize the ink  300 – 400 mA - larger aerosolized 
droplets 
- increased atomization 

- smaller aerosolized droplets 
- decreased atomization rate 
 

Bath 
Temperature 
(°C) 

- ensure that the ink stays 
a continuous suspension 
- allow for easier 
atomization 

15 – 30 °C - higher atomization 
rates  

- increased ink stability 

Platen 
Temperature 
(°C) 

- facilitate solvent 
evaporation 
- step-up heat on the 
substrate  

50 – 60 °C - increased solvent 
evaporation 
- increased coffee ring 
effect 

- increased liquid within 
films 

 

3.3.4 Aerosol Jet Printed Devices 

Aerosol jet printing has been used to fabricate numerous electronic devices, 

including transistors, interconnects, displays, and solar cells. To highlight the 

capabilities, a few examples, namely a printed organic transistor and a printed quantum 

dot display, are exhibited in Figure 12. Due to numerous examples of nanomaterial-

based devices being presented in subsequent chapters, these examples were chosen to 

exhibit the diverse utility of aerosol jet printing.  
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Figure 12: Examples of aerosol jet printed devices. (A-C) Organic (p-type) and 
metal-oxide (n-type) transistors fabricated solely through aerosol jet printing. (D-F) 

Schematic (D), the print profile (E), and the final product (F) of a printed quantum dot 
display. The figures were adapted from [115] (A-C) and [116] (D-F). 

The first example demonstrates printing both n- and p-type transistors solely 

using aerosol jet printing.115 The authors utilized an organic material (P3HT) and a 

solution processed metal-oxide (ZnO) for the p- and n-type semiconductors, 

respectively.  Additionally, they printed an ion gel which functions as the gate dielectric. 

Ion gels are advantageous in that they are solution processable and offer extremely high 

capacitance (> 1 µF/cm2), but they lead to highly constrained switching times and 

decreased device stability. For the conducting contacts and gate, the authors used a 

variety of materials including silver nanoparticles, reduced graphene oxide, and a 

conducting organic material (PEDOT:PSS). An optical image of the device, and the 

corresponding device characteristics can be seen in Figure 12A-C. Overall, their work 
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speaks to the tremendous diversity in printable inks and demonstrates viable printed 

transistors with electron and hole field effect mobilities of 0.2 cm2/(V⋅s)and 1.5 cm2/(V⋅s), 

respectively.  

The second example to highlight, is the printing of quantum dots for display 

applications.116 In their work, Han et al demonstrate aerosol jet printed quantum dots to 

provide a full-color display technology. They print solution processed quantum dots, 

developed using commercially available cadmium selenide (CdS) and cadmium 

selenide/zinc sulfide (CdSe/ZnS) particles, onto fabricated micro LED arrays. Ultimately, 

they achieve significant color resolution and aerosol jet printed line resolutions of < 40 

µm. Their results can be seen in Figure 12D-F. 

3.4 Conclusion 

Overall, printed electronics offers fabrication capabilities and unique 

architectures that are not possible through traditional vacuum deposition processing. 

This includes applications that must be very low cost or electronics that require large-

area, flexible substrates. To this end, many techniques for electronic printing are being 

investigated, including inkjet, roll-to-roll, and aerosol jet printing. While inkjet printing 

is the most well-developed technology due to its prominence in print media, and roll-to-

roll is the most economically favorable due to its high-throughput, aerosol jet printing 

offers unique capabilities for printing nanomaterials that are advantageous for printing 

electronic devices. The advantages of aerosol jet printing are specifically seen in research 
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as it allows for rapid turn-around time between conception and implementation. The 

advantages largely stem from the operation, which involves the liquid ink being 

transformed into an aerosol and carried to a complex deposition head that 

simultaneously works to focus the ink stream and prevent nozzle clogging. An extensive 

and diverse set of electronic devices have been demonstrated using aerosol jet printing 

and the fabrication technique is promising for developing cheaper and more ubiquitous 

electronic sensors.  
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4. Fully Printed CNT-TFTs and Application to Pressure 
Sensing 

In this chapter, the development of completely printed and flexible CNT-TFTs, 

their performance, and their applicability as environmental pressure sensors is 

presented. Through the development of a new printable dielectric (PVP-pMSSQ), the 

ability to fabricate the first fully aerosol jet printed transistors that do not utilize an ion 

gel dielectric was realized. The transistors were also extremely flexible and maintained 

their performance after numerous bending cycles with only slight attenuation when 

tested in the flexed state. Furthermore, it was determined that the transistor’s 

transconductance is linearly correlated with ambient, environmental pressure. Lastly, a 

fully printed CNT-TFT as a low-cost, environmental pressure sensor, where the 

measurement acquisition and data transmission are carried out solely using low-cost, 

off-the-shelf components is demonstrated.  

4.1 Introduction and Motivation 

One architecture that has already shown significant promise for various 

applications such as biosensing,102 flexible circuitry,80 and flexible display 

backplanes100,101 are carbon nanotube thin-film transistors (CNT-TFTs). Additionally, it 

has been shown that CNT-TFTs can be fabricated on flexible substrates for fully flexible, 

low-cost sensor systems.117,118  One of the major obstacles in completely printed devices 

(where every component of the device is printed) is a reliable, printable dielectric. Most 

of the work currently containing printed dielectrics rely either on ion gel-based 
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dielectrics or barium titanate containing composites. Ion gels possess many drawbacks 

including thermal instability and limited switching speed. These dielectrics rely on ion 

diffusion through a gel, and thus, transistor switching times are severely limited by ion 

diffusion times. Barium-titanate polymer composites are also not favorable due to the 

significant dependence on the size, shape, and spatial distribution of the barium-titanate 

nanoparticles within the polymer matrix, which remains largely uncontrollable. Barium-

titanate is also toxic, limiting its use in flexible electronics designed for wearable 

applications.  

Recently, Xerox has developed a commercially available polymer dielectric (xdi-

dcs) consisting of poly(vinylphenol) (PVP) and pMSSQ. In this chapter, the parameters 

that allow for the deposition of this dielectric ink using the aerosol jet printing technique 

are investigated. Furthermore, the dielectric is used to fabricate fully-printed devices 

that utilize semiconducting carbon nanotubes as the semiconducting material and silver 

nanoparticles as the source and drain contacts as well as the gate electrode. The device 

performance is then analyzed, both with and without applied strain.  

Along with the investigation into fully printed transistors utilizing the PVP-

pMSSQ dielectric, the use of printed CNT-TFTs as a platform for environmental 

pressure sensing is explored. Pressure sensing is a prevalent and active research 

area.8,9,119,120 Typically, sensors rely on an induced tactile pressure, as opposed to an 

ambient, environmental pressure. While these are related, the sensitivity required, as 
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well as the lack of physical touch, keep these two mechanisms from being used 

interchangeably. The applications for tactile versus environmental pressure sensors are 

also dissimilar and important to distinguish. Whereas tactile pressure sensors are 

primarily used in robotics and AI interfacing, environmental pressure of a system is of 

importance for automobile tires,121,122 embedded blood pressure sensors,123 

manufacturing facility monitoring, and weather stations. A low-cost method of 

monitoring pressure differentials in ambient environment would be valuable and is of 

notable interest for IoT applications.  

Many types of sensors are capable of monitoring environmental pressure, 

including sensors that utilize surface acoustic waves (SAW),124 piezoelectrics,121  

resistivity changes,125 and transistors.126–128 Transistor-based sensors are a promising 

approach to pressure sensing due to their electrical output, inherent amplification 

properties, and well understood electronic behavior. While there are many developed 

sensors capable of quantifying environmental pressure, they are either rigid or costly, 

limiting their potential use for large-area applications where many low-cost, flexible 

sensors are required.  

CNT-TFTs offer a unique platform that combines the fabrication advantages of 

low-cost, and flexible printed electronics with the sensing advantages of CNTs and 

transistors. Additionally, CNTs have been demonstrated to be resilient to mechanical 

strain and harsh environments.43 Unlike peer technologies, such as organic TFTs, CNT-
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based devices can operate at higher temperatures and thus in a greater variety of 

environments. This is critical for some applications, specifically automobile tire pressure 

sensors.  

4.2 Device Fabrication 

All devices were fabricated solely through the use of an aerosol jet printer, the 

operation of which was explained in detail in Chapter 3. The substrates (either glass or 

Kapton) were prepared by first ultrasonicating in acetone and isopropyl alcohol for 5 

minutes each followed by a rinse in DI water. Lastly, substrates were subjected to an O2 

plasma at 100 W for 4 minutes at 0.9 mBar to remove any organic contamination from 

the surface and to promote ink adhesion.  

Next, a silver nanoparticle (Ag NP) back-gate was printed onto the substrate 

using a commercial silver nanoparticle ink consisting of silver NPs (20 wt %) dissolved 

in xylene (procured from UT Dots Inc.). Prior to printing, the ink was mixed with 

terpineol at a ratio of 9:1 to prevent ink overspray and reduce printed linewidths. The 

back-gate was printed using a 25 and 15 SCCM sheath and atomizer flow, respectively. 

The ultrasonic transducer current used to excite the ink into an aerosol was held at 420 

mA and the speed of the print head was set at 3 mm/s. The temperature of the chilling 

water bath was kept at either 15 °C or room temperature and platen temperature was set 

to 60 °C. To form a continuous and conductive film, the back-gate was sintered in an 

oven at 150 °C in air for one hour.  
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Following the Ag back-gate printing, a commercial polymer-based dielectric xdi-

dcs (procured from Xerox) consisting of PVP and a pMSSQ additive was printed using 

the same aerosol jet printer. The sheath and atomizer flow were kept at 20 and 35 SCCM, 

respectively, with an ultrasonic atomizer current of 480 mA. The speed of the printing 

was found to be optimum at 6 mm/s. After printing, the polymer dielectric was cured on 

a hotplate at 80 °C for 30 minutes and then in an oven at 140 °C for 1 hour.  

Next, the semiconducting channel was printed using a semiconducting, single-

walled CNT ink (IsoSol-S100 CNT ink procured from NanoIntegris). The CNTs are 

dispersed in toluene using a proprietary polymer. The concentration of the CNTs within 

the toluene was diluted to 0.01 mg/ml. This ink was printed using a sheath flow of 40 

SCCM, an atomizer flow of 23 SCCM, and an ultrasonic atomization current of 470 mA. 

The speed of the print head was set at 2 mm/s and two layers were printed in 

succession. The water bath for ink vials was kept at 20 °C and the platen temperature 

was 60 °C.  After printing, the CNTs were rinsed with toluene to remove excess 

surfactant and placed in an oven at 150 °C to drive off excess solvent.  

Finally, source and drain contacts were printed to complete the bottom-gated, 

top-contacted transistors using the same ink and printing parameters for the Ag printed 

back-gate. The final product was a fully printed transistor with a dielectric thickness of 

approximately 1 µm and a channel length and width of 120 and 200 µm, respectively.  
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While the method described above was used to experimentally fabricate a 

bottom-gate CNT-TFT, the printing steps can be interchanged to fabricate other device 

structures. For example, the device used in the flexing tests is a top-gated device. For 

this type of device, the silver nanoparticle contacts are printed first, followed by the 

CNTs, dielectric, and a silver nanoparticle top-gate. Another structure variable that 

could be modified in the fabrication is the location of the contacts, either on top or below 

the CNT network. A schematic, along with an optical image and SEM images of the 

silver nanoparticles and CNTs are displayed in Figure 13. 

 

Figure 13: Fully printed CNT-TFT structure and morphology. (A) Schematic of 
the fully printed, bottom-gate, top-contact CNT-TFT. (B) Photograph of the sensor on 
a Kapton substrate being flexed, with the active device area circled. (C) Optical image 
of the complete device. (D) SEM image of the CNT thin-film channel and (E) SEM of 

the printed Ag NPs used for the source, drain, and back-gate. 
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4.3 Device Performance  

4.3.1 Transistor Characteristics with No Strain 

Transistor characteristics were obtained using a B1500 device analyzer. 

Hysteresis curves, along with subthreshold curves at various values of drain to source 

voltages (VDS), and the device output curves are shown in Figure 14. 

 

Figure 14: Device characteristics for a fully aerosol jet printed CNT-TFT. (A) 
Hysteretic subthreshold curves. (B) Subthreshold curves at various VDS values. (C) 

Output curves at various VGS values.  

Some key statistics exhibited by the fully-printed CNT-TFTs include a threshold 

voltage of 2.3 V, a width normalized on-current of 21 µA/mm at a VDS of -5 V, and an 

on/off ratio of > 104. Another thing to note is the minimal hysteresis exhibited in the 

device. This is due to the lack of mobile charges at the interface of the dielectric and the 

carbon nanotubes, and is incredibly rare, albeit favorable, for carbon nanotube 

transistors. CNT-TFTs generally exhibit significant hysteresis due to interfacial charges 

and adsorbed charges on the CNTs. The resulting characteristics from the fully-printed 
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device are ultimately on par with other printed CNT-TFTs and represent a noteworthy 

breakthrough in the printed dielectric space.  

4.3.2 Transistor Characteristics Under Applied Strain 

One of the primary advantages to using a networked semiconducting CNT thin-

film, is its inherent, geometrically induced flexibility. To assess the flexibility of the full 

CNT-TFTs, transistor measurements were taken while the device was flexed. For these 

experiments, a top-gated structure was used, as described at the end of the experimental 

section prior. Representative transistor characteristics of the fully printed CNT-TFTs 

under strain can be seen in Figure 15. 

 

Figure 15: Transistor characteristics of a fully printed CNT-TFT while flexed. 
(A) The characteristics after a repeated number of bending cycles and (B) 

characteristics during bending. 

The devices exhibit minimal change in ID-VGS characteristics before and after 

bending, even at up to 1000 cycles at a radius of curvature of 1 mm. It was found 

through elemental simulation, that this radius of curvature would induce a maximum 

strain value of approximately 1.5 %. The transistor characteristics observed during the 
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bending of the printed CNT-TFT (at radii of both 1 and 2 mm) lead to a change in 

threshold voltage as well as a reduced current level in the on-state. The on-current 

fluctuation is due to the strain in both the CNT channel and at the contact interfaces. 

Ultimately, this leads to a less dense CNT channel (reducing the number of parallel CNT 

junctions) and a less conformal contact, increasing the device’s total resistance. The 

threshold voltage shift extends from the strain at the channel perturbing the trapped and 

interface charge states. Despite this, the device’s durable performance after numerous 

bending cycles and stability under a small radius of curvature is ultimately promising 

for future flexible electronic applications.  

4.4 Pressure Sensing  

After fabricating the fully printed CNT-TFTs, the devices were tested in a 

custom-built pressure chamber to assess their capability of monitoring environmental 

pressure. Transistor characteristics were measured at various environmental pressures 

and the electrical components of the transfer curves were then correlated with the 

environmental pressure changes. Additionally, a low-cost data acquisition and 

transmission method was introduced using an off-the-shelf microcontroller and a 

Bluetooth communication chip for a low-cost sensing demonstration.  

4.4.1 Experimental Design and Procedure 

The CNT-TFT was placed in a custom-built pressure chamber. The custom-built 

chamber is equipped with four triaxial electrical throughputs for low-noise electrical 



 

47 

measurements, a digital pressure gauge for environmental pressure monitoring, and an 

N2 gas input to pressurize the chamber. ID-VGS sweeps were performed on the CNT-TFTs 

within the pressure chamber at various pressures to experimentally measure electrical 

modulation in the transistor due to changes in environmental pressure. Once the sensor 

was placed in the chamber, the pressure was ramped up to 42 PSIg by directly pumping 

N2 gas into the chamber. After a 3-minute stabilization time, 5 serial electrical 

measurements were then taken and averaged to take into consideration sweep-to-sweep 

variation. Next, gas was released from the chamber to reduce the barometric pressure by 

3 PSI, to 39 PSIg, and 5 more serial electrical measurements were taken. This process was 

repeated until the pressure in the chamber had reached equilibrium with atmospheric 

pressure (14.7 PSIa or 0 PSIg). A figure displaying the environmental pressure chamber 

can be seen in Figure 16. 

 

Figure 16: Custom-built pressure chamber to electrically characterize a fully 
printed CNT-TFT under various environmental pressures.  
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For the low-cost measurement technique, a voltage divider circuit was fabricated 

with the transistor being placed in series with a 1 MOhm resistor. The voltage across the 

resistor was measured, and the conductance of the transistor was calculated from the 

measured voltage. The conductance was then transmitted to a mobile phone using an 

off-the-shelf Bluetooth communication module. Similar tests to the ones described above 

were completed, along with a time-based test in which the sensor’s response to various 

pressures over time was analyzed.  

4.4.2 Results and Analysis 

Representative transfer curves for each of the experimentally measured pressures 

are shown in Figure 17A. The first notable observation was a significant change in the 

on-current (current at VGS = -40 V and VDS = -5 V) in the device. Normalized on-current 

with respect to pressure can be seen in Figure 17B. This trend occurs as an exponential 

drift upward in the on-current as the pressure increases. Additionally, the on-current 

was found to be extremely stable, with the 5 serial measurements exhibiting an average 

standard deviation of 1.41 nA (or 0.4 %) for all applied pressures.  
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Figure 17: Modulation of electrical parameters of the CNT-TFT corresponding 
with environmental pressure changes. (A) Representative transfer curves for each 

pressure value measured at a drain to source voltage (VDS) of -5V. (B) On-current, (C) 
threshold voltage, and (D) transconductance compared to the environmental 

pressure.  

To ascertain which electrical performance metric was exhibiting the greatest and 

most consistent sensitivity to pressure changes, the threshold voltage and 

transconductance were extracted from the transfer curves at each pressure value. These 

metrics are plotted with respect to pressure in Figure 17C and D. Both proved to be 

positively correlated with the environmental pressure, with transconductance yielding 

the most linear dependence. The threshold voltage had an increasing exponential trend, 

which is primarily attributed to the repeated tests. For some printed TFTs, the 
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equilibrium threshold voltage will drift towards 0 V as the device is continuously swept. 

By sweeping the device, mobile and trapped charges are being redistributed throughout 

the dielectric layer and interface, and over time this will bring the equilibrium threshold 

voltage closer to 0 V. Hence, this parameter change may be less induced by pressure, 

and more so induced by repeated I-V measurements. Therefore, the transconductance is 

found to be a more reliable choice to use when extracting pressure data. 

The transconductance shift occurred linearly with the pressure changes at a slope 

of 48.1 pS/PSIg and an R2 value of 0.98 from 0 to 42 PSIg—a pressure range similar to 

that of an automobile tire. The sensing mechanism is postulated to be that larger 

environmental pressures exert a downward force on the sensor, reducing the CNT-to-

CNT junction resistance within the thin-film channel, as well as the contact resistance. 

This would account for a lower channel resistance and therefore a higher 

transconductance. Another contributing factor is likely that the pressure is modulating 

the thickness/defects within the printed dielectric, resulting in greater electrostatic 

control, and thus greater transconductance at higher pressures. Overall, this linearity 

over a large sensing range extends the potential use of this sensor to many desirable 

applications.  

A simpler measurement to make, as opposed to the transconductance which 

requires sweeping a gate voltage, is a two-terminal conductance measurement, where 

the gate voltage is held constant. The relationship between the transistor’s conductance 
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(measured using a low-cost microcontroller and wirelessly transmitted from a Bluetooth 

communication chip to a mobile phone) and environmental pressure can be seen in 

Figure 18A. 

Additionally, conductance changes in the CNT-TFT was monitored over time. A 

measurement was transmitted every 30 s from the microcontroller measurement system. 

The pressure was manually changed every 3 minutes. The time-based response of the 

conductance is displayed in Figure 18B. 

 

Figure 18: Microcontroller-measured response of a CNT-TFT to environmental 
pressure. All measurements were communicated from an isolated pressure chamber 

to a mobile phone. (A) Conductance of a CNT-TFT at various environmental 
pressures. (B) The conductance response to various pressures over time of a fully 

printed CNT-TFT. 

There is an obvious and marked shift in just the 1st measurement after a change 

in pressure, which is taken 30 seconds after the pressure in the chamber is changed. It is 

also notable that the sensor conductance steadies and remains constant until the next 

change in pressure after the first 2 measurements. This indicates that the change occurs 

in a time as short or shorter than 30 seconds and stabilizes within 60-90 seconds.  
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4.5 Conclusion 

Overall, the work of developing a flexible, and fully printed CNT-TFT that does 

not utilize an ion gel dielectric is a crucial step for the printed electronics field. CNT-

TFTs that embody the advantages of printed electronics (i.e., low-cost, flexible) were 

fabricated. They were shown to be fully printed, using the same printer for every 

component. Additionally, their performance was analyzed under flexion, and exhibited 

electrical performance that proved to be consistent after many bending cycles, and even 

during bending.  

Furthermore, the operation of a fully printed CNT-TFT-based pressure sensor 

was demonstrated. The electrical properties of the transistor were measured in situ using 

a custom-built pressure chamber. The pressure sensor exhibited a linear change in 

transconductance over a pressure range that directly corresponds with common tire 

pressure values. The IoT capabilities of these printed sensors and their use in smart tire 

applications using simple circuitry and Bluetooth communication was also presented. 

The conductance of the CNT-TFTs was shown to be directly correlated to the 

environmental pressure and this data was communicated wirelessly from the inside of 

the pressure chamber using a simple Bluetooth module. Overall, this work identifies and 

evaluates a specific sensing application for fully-printed and flexible CNT-TFTs and 

presents a unique low-cost method for pressure sensing on non-conformal surfaces. 
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5. Electronically Transduced Immunoassays from 
Printed CNT-TFTs 

Up to this point, printed CNT-TFTs have been discussed and evaluated as 

pressure sensors. Additionally, methods that could be used to fabricate transistors that 

are robust to various magnitudes of strain have been examined. Another key 

application, presented in this chapter, is the use of a CNT-TFT as the transduction 

platform for an immunoassay. The devices show sustained electrical performance in 

whole blood and electrically transduce the presence of an analyte down to 10 pg/ml. The 

printed transistor platform utilizes a polymer brush layer to extend local charge 

sensitivity beyond the Debye length limitations and to prevent non-specific binding in 

complex biological milieu. Ultimately, the application of this low-cost device 

demonstrates the potential to have a beneficial impact on diagnostic capabilities in lower 

resource settings.  

5.1 Introduction and Motivation 

A current and motivating trend in today’s medical environment is a push 

towards preventative, personalized medicine.129,130 The idea behind both preventative 

and personalized medicine is to use patient information, such as blood biomarkers or 

DNA, to predict, and therefore better mediate, adverse health effects. This method of 

more personalized medicine has shown significant promise to reduce medical costs and 

improve patient care. However, there remain many challenges to the ubiquity of such 

advancements. For one, determining blood biomarkers is expensive. It requires trained 
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personnel, significant amounts of time, and a costly laboratory environment.  Overall, to 

democratize preventative care, low-cost point-of-care diagnostics must take a substantial 

step forward. 

This motivation is not new, nor is it unique. Many research groups have 

attempted to develop portable diagnostics, or labs-on-a-chip. These devices face many 

challenges, including reliability, true portability, and reaching the needed sensitivity. 

While many devices have claimed to solve this noteworthy research problem, few 

devices have become commercially viable for point-of-care blood diagnostics.131 

Biosensors are defined as a device consisting of two components: a transduction 

platform and a bio-recognition element.132 Typically, the transduction element requires 

some sort of optical signal, such as fluorescence,133 absorbance,134 or Raman scattering.135 

A promising approach to improve cost and reliability, is to move towards an electrically 

transduced platform. One common architecture for such a platform is a transistor.136–139 

Transistors are inherently sensitive to disruption in electrical charge in their vicinity due 

to their field-effect operation. A small charge at the gate of the transistor can induce a 

large change in the current of the device. While fantastic results have been demonstrated 

when analytes are screened for in buffer solutions, transistor-based devices have 

difficulty overcoming the Debye screening length when interrogating real physiological 

samples.140,141  
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The Debye screening length can be defined as the maximal physical distance a 

charge must be within in order to induce an electrostatic effect on the gate of the 

transistor. This distance is greatly reduced in physiological solutions, where numerous 

charge species effectively screen a charge of interest. There have been various methods 

to mediate this Debye screening length limitation, comprising modification of the 

biorecognition element to have a smaller footprint (decreasing the distance when bound 

to the gate of the transistor)142 or using a polymer brush layer to prevent biofouling.143,144 

The polymer brush layer is a promising approach in that the continued use of many of 

the antibodies currently used in more traditional immunoassays will remain feasible. 

In this chapter, a CNT-TFT biosensing platform is presented, which, when 

coupled with a polymer brush layer, is capable of sensing specific analytes in both whole 

blood and serum. A fully printed CNT-TFT offers a truly low-cost transduction platform 

with a desired electrical output. Additionally, it has recently been shown that a specific 

polymer brush layer (POEGMA) is compatible with various electronic fabrication 

techniques.145  

The target analyte presented in the following study is leptin – a hormone that has 

recently been found to be predictive of adverse effects stemming from severe acute 

malnutrition (SAM).146 SAM disproportionately affects children from low-resource 

settings. An accurate quantification of this biomarker would help doctors identify those 

in need of intense and immediate care, ultimately saving both lives and resources. While 
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important, this is just one example of how low-cost and portable immunoassays could 

be used to affect the health outcomes of individuals through personalized health care, 

and one can extrapolate that the presented biosensor could be used for many other 

applications.  

5.2 Printed CNT-TFT Transduction Platform 

5.2.1 Device Fabrication 

To study the viability of a printed CNT-TFT transduction platform for whole 

blood immunoassays, a substrate-gated, aerosol jet printed CNT-TFT is used. A silicon 

substrate with a 300 nm thermally grown SiO2 dielectric was first cleaned using similar 

methods described in the previous chapter: ultrasonication in acetone and IPA, followed 

by a DI water rinse, an N2 blow dry, and, ultimately, a 4-minute plasma ashing step. 

Next, carbon nanotubes were printed on the device using the aerosol jet printer. 

The silicon substrate was first functionalized with a CNT adhesion promoting monomer, 

poly-L-lysine (PLL), through incubation. The CNT ink, IsoSol-100, was procured from 

Nanointegris Inc. Prior to printing, the concentration of semiconducting CNTs was 

diluted to 0.01 mg/ml in toluene. The CNTs were printed using sheath and atomizer 

flow rates of 40 and 23 SCCM respectively, with two print passes.  The current supplied 

to the ultrasonic atomizer to maintain an aerosol of the ink was 330 mA. The platen 

temperature was 50 °C and the bath temperature was 23 °C. The printed CNTs were 

then rinsed using toluene to remove excess polymer that was used in the CNT sorting 
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process. Finally, the substrate was then placed in an oven and annealed at 150 °C for 30 

minutes to remove excess solvent.  

Then, silver nanoparticle source and drain contacts were printed. A top-contact 

structure was chosen in order to isolate the contact interface between the silver 

nanoparticles and the CNTs from the functionalization steps that would be performed 

subsequently. The silver nanoparticle ink was procured from UT-DOTs and consisted of 

silver nanoparticles at a concentration of 40 wt %. The solvent containing the ink was a 

xylene and terpinol mixture (9:1 by volume). The ink was printed using sheath and 

atomizer flow rates of 25 and 20 SCCM, respectively. The ultrasonic transducer current 

was kept at 380 mA to maintain an aerosol of the ink. The platen temperature was 60 °C 

and the bath containing the ink vial was 23 °C. In order to sinter the silver nanoparticles 

into a continuous and conducting film, the device was finally placed in an oven at 200 °C 

for 1 hour. A schematic demonstrating the device fabrication can be seen in Figure 19. 

 

Figure 19: Printed CNT-TFT immunoassay platform. (A) Schematic displaying 
the aerosol jet printing of the CNT channel and silver nanoparticle source and drain. 
(B) Optical image of the printed device, coupled with (C) silver nanoparticle and (D) 

CNT SEM images. 
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5.2.2 Device Functionalization 

For the device to operate as a biosensor capable of detecting analytes in complex 

biological solutions, it is coupled with a polymer brush interface layer. Initially, CNT-

TFTs were directly functionalized (polymer brush grown directly on top of CNT-TFTs) 

with no protective passivating layer, but the yield and reliability of such devices was 

low. Therefore, for the majority of experiments, atomic layer deposition (ALD) of Al2O3 

was used. 185 cycles of thermal ALD were completed to yield a ~15 nm thick Al2O3 film 

on top of the CNT channel.  Next, the polymer brush layer, poly(oligoethylene glycol 

methyl ether methacrylate) (POEGMA), was deposited on top of the Al2O3 by surface 

initiated atom transfer radical polymerization—a process developed in detail 

elsewhere.147,148 The film growth is controlled by regulating the concentration of bromide 

initiator molecules and the solution phase growth time. The desired film thickness is 

between 70 and 100 nm, but the process can also yield films as thin as 30 nm. The lack of 

consistency in film thickness stems from the surface-initiated growth. Due to the 

presence of carbon nanotube networks on the surface, plasma ashing directly before 

polymerization (a typical procedure for POEGMA growth) is not possible. This is one 

factor contributing to unknown surface chemistries that ultimately result in variable 

polymer thicknesses. 

Finally, the biorecognition element, the final piece to fabricating a fully 

functional immunoassay platform, is printed onto the device, directly into the POEGMA 
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brush layer. Two types of antibodies are printed (in order to facilitate a sandwich assay) 

using a Scienion Micro Array Printer. Both antibodies are specific to human recombinant 

leptin protein but attach to different epitopes of the protein. Capture antibodies (cAbs) 

are printed directly on the CNT channel and embedded into the polymer brush. The 

second set of antibodies, detection antibodies (dAbs), are fluorescently tagged and 

printed in excess on the periphery of the device. The fluorescent tag adds a charged 

species to the antibody to facilitate detection, while also providing means to observe the 

binding event using an optical modality. The functionalized device coupled with before 

and after transistor characteristics can be seen in Figure 20. 

 

Figure 20: CNT-TFT device functionalization. (A) Schematic depiction of how 
the printed device is functionalized. (B) Device characteristics for a bare CNT-TFT as 

well as a fully functionalized CNT-TFT biosensor.  

5.3 Theoretical Analysis and Validation 

The mechanism on which the biosensor will operate has been demonstrated for 

various analytes and transistors, including carbon nanotube thin-film transistors, but 

never in whole blood. The underlying mechanism for this device is that a charged 
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species in proximity to the semiconducting channel will effectively gate the transistor. 

This, in turn, will lead to a change in threshold voltage. A schematic diagram that 

illustrates this phenomenon, with respective band diagrams can be seen in Figure 21. 

 

Figure 21: CNT-TFT biosensor theoretical operation. (A) Cartoon 
demonstrating the diffusion and binding mechanism of the sandwich assay. (B) 

Associated band diagrams caused by the proximate charged species.  

Based on the binding of the charged species (both the detection antibody and the 

fluorophore (Alexafluor 647)), the threshold voltage is expected to decrease. Therefore, if 

the gate voltage is held constant, as in Figure 21B, the current level will decrease with 

added analyte. Simple demonstration experiments were completed on both an 

unpassivated (no ALD layer) and a passivated device (15 nm Al2O3 between the device 

and the POEGMA layer). For these experiments, unfiltered bovine serum was placed on 

the device. A characteristic curve was then taken 90 minutes after the serum was placed 

on the device. The wait time was incorporated to allow for device stabilization. Next, the 
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serum was spiked with the analyte, leptin, to bring the total concentration to either 50 

ng/ml (unpassivated) or 100 ng/ml (passivated). The characteristics before and after 

spiking can be seen in Figure 22. 

 

Figure 22: Biosensing operation in transistor curves. The device characteristics 
before and after spiking unfiltered bovine serum with leptin are shown for both an 
unpassivated (red, 50 ng/ml leptin) and passivated (blue, 100 ng/ml leptin) device.  

The passivated device exhibits a significant threshold voltage shift, while the 

unpassivated device shows a large reduction in the transconductance. The passivated 

device behaves as expected, by displaying a noteworthy threshold voltage shift after the 

addition of the analyte, due to the Al2O3 protecting the device from uncontrollable 

infiltration from the biologicals. The unpassivated device ultimately experiences a 

capacitance effect, in which the gate control is significantly reduced due to complete 

biological coverage of the channel. For further experiments, the passivated devices are 
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used due to their higher degree of control, increased reliability, and well understood 

mechanism of detection.   

5.4 Concentration-Based Biosensing Demonstration 

The next step in the biosensing experiments was to observe the variation in 

transistor response based on leptin concentration. For these experiments, 45 µl of 

unfiltered bovine serum was added on top of the transistor. The serum is held in place 

using an adhesive rubber gasket. The device was first allowed to stabilize for 100 

minutes, afterwards, analyte was added by serially introducing spiked 2 µl volumes to 

bring the total solution to a desired analyte concentration. Transistor characteristics were 

observed 30 minutes after adding the spiked serum. The transistor characteristics for the 

device at various concentrations ranging from 1 pg/ml to 1 µg/ml can be seen in Figure 

23. 
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Figure 23: Transistor characteristics of a printed CNT-TFT biosensor at various 
concentrations of Leptin analyte.  

One thing to notice in the transistor curves is that there is pronounced threshold 

voltage shift beginning at 10 pg/ml and extending throughout the entire concentration 

range. Additionally, there is a transconductance degradation that becomes apparent at 

higher concentrations. The threshold voltage and transconductance with respect to 

concentration can be seen in Figure 24. 
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Figure 24: Electrical component response to varied leptin concentrations. (A) 
Normalized threshold voltage shifts and (B) normalized transconductance values at 

various leptin concentrations from 1 pg/ml to 1 µg/ml. 

Based on these two electrical components contributing to an increased detection 

range, it was decided that the figure of merit to determine analyte concentration would 

be the current at specific, predefined VGS and VDS values (nominally, the on-current 

without a threshold voltage adjustment). This on-current metric would inherently 

incorporate changes in both the transconductance and threshold voltage. The CNT-

TFT’s current with respect to leptin concentration in both unfiltered bovine serum and 

whole chicken blood can be seen in Figure 25. 
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Figure 25: On-current response to various concentration of human recombinant 
leptin. (A) Displays the CNT-TFT on-current response in unfiltered bovine serum and 

(B) displays the response in whole chicken blood. 

While the results are promising, the yield of the CNT-TFT devices was incredibly 

low. Typically, once the solution was placed on top of the device, one of two failure 

mechanisms would occur.  Either the device would not modulate, or the gate leakage 

current would overwhelm the device characteristics.  It was determined that these 

failure mechanisms stemmed from the gating of the carbon nanotube transistors. One 

hypothesis is that the CNT-TFTs were actually being gated by the solution, and the 

voltage difference was controlled through the back gate via defects within the oxide. 

This is evidenced by the extremely low voltage range for working devices ( VGS < 5 V). 

Therefore, with no defects, no modulation was obtained, but with too high of a defect 

density, the gate leakage current was too significant. Therefore, a more stable and robust 
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platform that relies directly on solution gating is required and will be explored directly 

in Chapter 6.  

5.5 Conclusion 

Overall, this work shows significant promise towards developing a low-cost, 

electrically transduced biosensor platform capable of quantified analyte detection in a 

complex, biological milieu. The fabrication of a low-cost CNT transistor, complete with a 

polymer brush layer and printed antibodies, which allow for fully-functional biosensor 

operation was demonstrated. Additionally, the viability of the system through analyzing 

the electrical response to various concentrations of a target analyte – leptin was 

observed. The electrical response was seen in two highly complex biological solutions 

which contain many non-target biological molecules – unfiltered bovine serum and 

whole chicken blood. The sensor demonstrated the ability to detect concentrations as 

low as 10 pg/ml and had a detection range that extended over 5 decades. While much 

work is needed to improve the reliability and yield of the device, this demonstration 

represents a significant step towards the development of a low-cost, printed biosensor 

that is capable of real-time blood interrogation in low-resource environments.  

  



 

67 

6. Improving Uniformity and Yield in CNT-TFT 
Immunoassay Platforms 

In the previous chapter, a demonstration of an electronically transduced 

immunoassay based on a fully printed CNT-TFT was presented. While the demonstration 

proves the concept viable, the architecture led to extremely low yield (< 5 %). When in 

solution, the transconductance values are so high that one can infer the method of gating 

was through the ionic solution, instead of through the SiO2 substrate gate. Thus, the 

modulation of the transistors relied on leakage current through the 300 nm SiO2 dielectric 

to charge the solution. Relying on leakage through defects within the SiO2 led to extremely 

low yield and high variability. To remedy these issues, a novel solution-gated CNT-TFT 

is needed. In this chapter, a study on solution-gated CNT-TFTs, including the operating 

mechanism, passivation techniques, and a biosensor demonstration is presented.  

6.1 Motivation for Solution Gated CNT-TFTs  

Solution or ionically gated transistors have been studied since the mid-1980s 

when Ion Selective Field-Effect Transistors (ISFETs) were first introduced.149,150 The 

operation relies on a potential difference within an ionic solution generating an electrical 

double layer directly at the interface of the semiconductor. This double layer modulates 

the surface potential of the semiconducting material, while preventing current loss 

through solution due to its insulating nature.151,152 It is similar to the mechanism used in 

super capacitors or batteries.  
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Because the capacitance and the translated semiconductor surface potential are 

directly related to the ionic concentration of the solution, ISFETs have proven viable 

electronic pH sensors.150,153 Additionally, through the use of a biorecognition element 

attached to the semiconductor surface, many biological sensing FETs have been 

designed using this same architecture.136,154,155 Even many CNT-based biosensors have 

utilized this solution-gating method, but none have been able to show viable operation 

in complex solutions due to issues with Debye length discussed above.106,141,156 The 

hypothesis, that will be tested in a biological sensing demonstration at the end of this 

chapter, is that when coupled with a non-fouling polymer brush layer, solution-gated 

CNT-TFTs can prove to be viable electronically transduced biosensors in ionic solutions.  

6.2 Operation of Solution-Gated CNT-TFTs 

The operation of solution-gated CNT-TFTs is similar to the operation of solid-

state gate architecture devices in that an electrostatic potential modulates the 

characteristics of a Schottky barrier and channel of a CNT-TFT and allows for higher 

carrier injection.44 In this study, CNT-TFTs were fabricated on silicon wafers with a 2 µm 

SiO2 thermally grown insulating layer. Palladium contacts were first deposited using 

photolithography. Next the semiconducting CNT channel was printed. To facilitate 

faster printing for wafer-level throughput, the CNT printing parameters were modified 

from the previous chapter. The ink concentration was increased to 0.05 mg/ml of s-CNTs 

in toluene, and the atomization and sheath flow rates were increased to 38 and 30 



 

69 

SCCM, respectively. The print speed could then be increased to 8 mm/s, while providing 

an appropriately dense film after 2 print passes. The post processing steps were the 

same.  Finally, to prevent leakage current from the metal contacts through the solution, 

the contacts were passivated using SU8 to form the viable device. A profile of the device, 

along with a schematic of the chip design, which features a coplanar electrode and 10 

sets of CNT-TFTs with 2 iterations of 3 distinct channel lengths is shown Figure 26. 

 

Figure 26. Design of solution gated CNT-TFTs. (A) Schematic of solution-gated 
device and (B) photograph of the chip layout, which features 10 sets of 6 TFTs and a 

coplanar solution-gating electrode.  

To test the solution-gated CNT-TFT, a gasket was placed on the transistor and 1x 

phosphate buffered solution was added onto the device. The co-planar 0.0256 cm2 

palladium electrode was used to apply the solution gate voltage. The current v. voltage 

characteristics, along with a schematic depiction of the ion migration during operation is 

shown in Figure 27. At VGS = -1 V, hydrolyzed Cl- atoms absorb onto the CNT surface, 

exciting a positive surface potential within the CNT network leading to increased hole 

conduction. Because the source-drain voltage is -0.5 V, the lowest current does not occur 
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directly at VGS = 0 V but can be observed between VGS = 0 and 0.5 V, the associated 

diagram shows an equilibrium of Cl- and Na+ ions. Finally, the  VGS = -1 V scenario 

induces Na+ absorption at the interface, and a resulting increase in electron conduction 

though the channel. The on-current is sufficiently high at approximately 160 µA/mm, 

with an on/off ratio > 3 decades. The on/off ratio for solution gated transistors is limited 

by the current charging the double-layer capacitance and thus provides a lower value 

than traditionally gated devices.  

 

Figure 27. Operation of solution gated CNT-TFT. (A) Subthreshold 
characteristics for a solution-gated CNT-TFT. The TFT was gated with 1x PBS.  (B) 
Associated regime schematics for the corresponding gate voltages to indicate the 

adsorption of hydrolyzed ionic species based on voltage differences within solution.  
The schematics are associated as follows: green – VGS = -1 V, orange – VGS = 0.3 V, blue 

– VGS= 1 V. 
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6.2.1 Electrostatic Analysis and Theory 

The operation of solution-gated CNT-TFTs resembles the results discussed for 

the fully-printed CNT-TFTs in Chapter 4. The key observable difference lies in the 

voltage range necessary to modulate the device. This is due to the ultrathin double-layer 

that acts as the capacitor within the device. Much of the theory regarding the magnitude 

of this capacitance can be gleaned from models developed in the field of 

electrochemistry.157 

The simplest model was proposed by Helmholtz in 1879.158 He proposed that in 

an ionic solution, the ions will be hydrolyzed by polar water molecules. If there exists a 

potential difference between two surfaces in a conducting liquid, these ions will migrate 

and adsorb onto the surfaces until the potential is screened at each interface. The length 

of the region at which the charges are adsorbed is related to the physical size of the 

hydrolyzed atoms, and the capacitance associated is simply identical to a parallel plate 

capacitor in which the value can be achieved using the equation below: 

𝐶𝐶 =  𝜀𝜀𝑟𝑟𝜀𝜀0
𝑑𝑑

 (2) 

Where C is the capacitance per unit area, 𝜀𝜀𝑟𝑟 is the relative permittivity of the 

ionic solution, 𝜀𝜀0 is the permittivity of vacuum, and d is the distance from the electrode 

to the conducting solution (i.e. thickness of Helmholtz layer). While this model is a close 

approximation for many instances, it leaves out two key parameters that may have an 
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effect on the double-layer capacitance observed – the ionic concentration of the liquid 

and the applied potential difference between the electrodes. 

Both Gouy (1910) and Chapman (1913) developed relationships of the double-

layer region that rely on Boltzmann distributions of the ions in solution at the interface. 

This distribution does indeed take into account both the ionic concentration and the 

potential difference missing from the Helmholtz model.  The model of the ions at the 

interface using the equations derived from the non-linear Poisson-Boltzmann equation is 

called the diffuse layer. One key assumption within the equations developed by Gouy 

and Chapman is that the ions exist as point charges with no physical space limitations. 

Therefore, their model fits well with experiment for extremely low-concentrations and 

extremely low potentials, while failing otherwise.159 

The most robust model was derived by Stern in 1924 and exists as a combination 

of both the Helmholtz and the Gouy-Chapman models. In Stern’s model, there exists a 

Helmholtz plane that is governed by the radius of the hydrolyzed ions and has a linearly 

decreasing potential. Outside of the Helmholtz plane (also known as the Stern layer) 

there exists a diffuse region which is governed by Gouy-Chapman equations.157 A 

diagram illustrating the CNT-TFT in solution with a negative gate potential voltage is 

shown in Figure 28.  
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Figure 28. CNT-TFT in NaCl solution under a negative gate bias (VGS = -1 V). 
The green molecules represent hydrolyzed Cl- ions, while the blue represent 

hydrolyzed Na+ ions.  

For experimental purposes, 1x Phosphate Buffered Solution (PBS) was used to 

emulate the ionic concentration of biological fluids. The most prominent ionic species 

within 1x PBS is NaCl, which exists at a concentration of 0.137 M (similar to blood), 

while the other buffer elements exist at less than 0.02 M. To test whether the Helmholtz 

approximation is appropriate for the CNT-TFT devices, current v. voltage characteristics 

were extracted for a single transistor under two ionic concentrations – 1x PBS (0.137 M 

NaCl) and 10x PBS (1.37 M NaCl). From Figure 29, it is found that the transistor 

operation, and the transconductance specifically, is nearly identical regardless of ionic 

concentration, and therefore it may be assumed that the Helmholtz double-layer 

capacitance model is appropriate for this system.  
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Figure 29. Transfer characteristics of a solution-gated CNT-TFT gated by both 
1x (purple) and 10x (green) PBS. The transconductance value is displayed next to the 

respective sweep.  

 To further explore the double-layer capacitance associated with 1x PBS, 

capacitance studies were completed with a 0.0256 cm2 Palladium electrode. Palladium 

does not react with NaCl or any other constituents within PBS and therefore will 

provide a stable platform for analyzing the double-layer capacitance. Two methods of 

measuring capacitance in 1x PBS were completed. The first, used a Capacitance 

Measurement Unit on an Agilent B1500 Device Analyzer. For this measurement, a 

variable DC voltage was applied in addition to a small oscillating voltage. The 

capacitance is then measured based on the impedance associated with the 10 kHz 

oscillating voltage. The capacitance was found to be independent of the DC voltage and 

provided a value of 15.625 µF/cm2. A similar measurement was completed using a 
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PalmSense potentiostat. Nyquist plots were generated by measuring the real and 

imaginary impedance at frequencies ranging from 0.01 Hz to 1 kHz, and when fit with a 

circuit model provided a double layer capacitance of 16.395 µF/cm2. The slightly 

increased value is due to the slower frequency of the measurement allowing for a full 

steady state build-up of ions at the interface.  

A question that arises is if the capacitance associated with the semiconducting 

CNT channel in the on-state during a voltage sweep can be approximated by the 

capacitance of the palladium electrode. To address this question, two transistors were 

fabricated with identical parameters and CNT densities. One sample had a 30 nm Al2O3 

layer deposited through ALD. The capacitive structure would then include a series 

combination of the double-layer capacitance and the capacitance stemming from the thin 

alumina layer. The addition of capacitors is shown in the equation below, where Ceq is 

the equivalent capacitance and CDL and CAl2O3 are the capacitance values associated with 

the double layer and thin alumina layer respectively.  

𝐶𝐶𝑒𝑒𝑒𝑒 = ( 1
𝐶𝐶𝐷𝐷𝐷𝐷

+ 1
𝐶𝐶𝐴𝐴𝐴𝐴2𝑂𝑂3

)−1   (3) 

The capacitance of the alumina layer can be calculated using the parallel plate 

model and is found to equal 0.2645 µF/cm2. Because this is approximately 60x less than 

the expected double layer capacitance observed from the palladium electrode, the 

double layer capacitance is ignored in the calculation of the equivalent capacitance. 
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The transfer characteristics for both devices, one with the Al2O3 layer and one 

without are shown in Figure 30. 

 

Figure 30. Transfer characteristics of two solution-gated CNT-TFTs. One 
device consists of bare CNTs exposed directly to the gating solution (orange), while 

the other  consists of a CNT-TFT passivated with 30 nm of Al2O3 (red). The respective 
transconductance values are shown as insets within the plot.  

The field-effect mobility for the Al2O3 passivated device was calculated and 

found to equal 4.02 cm2/(V s) using the following equation, where 𝜇𝜇𝐹𝐹𝐹𝐹 is the field-effect 

mobility, 𝑔𝑔𝑛𝑛 is the transconductance (measured from the transfer curve), 𝐿𝐿𝐶𝐶ℎ and 𝑊𝑊𝐶𝐶ℎ 

are the device length and width, respectively, 𝐶𝐶𝑂𝑂𝑂𝑂 is the oxide capacitance, and 𝑒𝑒𝐷𝐷𝐷𝐷 is the 

drain to source voltage.  

𝜇𝜇𝐹𝐹𝐹𝐹 = 𝑔𝑔𝑚𝑚𝐿𝐿𝐶𝐶ℎ
𝑊𝑊𝐶𝐶ℎ𝐶𝐶𝑂𝑂𝑂𝑂𝑉𝑉𝐷𝐷𝐷𝐷

 (4) 
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 The mobility for both the bare transistor and the Al2O3 passivated transistor are 

assumed to be equal, due to the similar CNT density and identical transistor geometry. 

The associated capacitance for the bare CNT channel can then be calculated using a 

modified version of the above equation, and the value obtained is 11.4 µF/cm2. This 

value is slightly reduced when compared to the value found for the palladium electrode, 

15.625 µF/cm2. Reduction of electrostatic capacitance, when compared to the parallel 

plate model, which most closely resembles the experimental value observed from 

palladium, has been observed both through simulation and experiment. Specifically, 

work done by Cao and coworkers has demonstrated that when the separation distance is 

less than 10 nm, a reduction in the coupling efficiency is expected, as the true area of the 

CNT film reduces to a linear combination of the single nanotube area.160 The linear tube 

density found through AFM was found to be approximately 1 CNT per 15 nm – 

assuming a double layer separation distance of 4.12 nm (calculated using the Helmholtz 

model, from the Palladium electrode measurement), the simulation completed by Cao 

and coworkers would expect 30% decrease in coupling efficiency, which is close to the 

value observed.  In conclusion, the Helmholtz plane was found experimentally to equal 

approximately 5 nm, and the associated capacitance observed in a CNT channel with a 

density of 1 tube per 15 nm was approximately equal to 11.4 µF/cm2. Overall, this 

experimental evidence fits well with the results can be used to describe the electrostatics 

of solution-gated CNT-TFTs.  
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6.2.2 Passivation Schemes 

One primary challenge stemming from developing a solution-gated transistor 

platform is avoiding leakage current from the contacts to the gate through the 

conductive ionic liquid. Therefore, passivation schemes must be developed in order to 

allow for long-term, stable operation of the device. Researchers have tried many 

different materials for contact passivation including various photoresist polymers, such 

as PMMA138 or SU8,143 and even small molecules.155 For this work, SU8 was used due to 

its chemical stability and compatibility with photolithography. To determine the 

appropriate passivation structure which would provide long-term stable operation in 

ionic solution, three distinct passivation structures were studied, including 600 nm 

universal SU8 coverage, 600 nm contact only coverage, and 10 µm contact only coverage. 

Schematics of the three passivation schemes can be seen in Figure 31.  

To test the longevity of operation, the structures were placed in 1x PBS and serial 

transistor measurements were taken every 5 minutes over the course of 6 hours. The 

voltage was swept from -1 to 1 V and then back to -1 V and the drain/gate currents were 

measured. The transfer characteristics from every 20 minutes (every 4 measurements) 

can be observed in Figure 31. 
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Figure 31. Passivation structures for solution-gated CNT-TFTs (top) with their 
corresponding transfer characteristics. Serial measurements were taken every 5 

minutes for at least a 340-minute interval. The plot displays measurements at 20-
minute intervals.  

For the universally passivated device, of note is the low on/off ratio. While the 

device reaches fairly stable operation after 80 minutes of settling time, the lack of on/off 

ratio relays a lack of sensitivity to the ionic solution and ultimately would preclude the 

use of this device as a biosensor. While the stability may be attractive for other 

applications in which stable switching is needed, it was not pursued further for this 

work.  

The other two cases are more motivating for biosensing, and present high on/off 

ratios due to experiencing the full gating effect of an electrical double layer at the 
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interface of the CNT channel and solution. To understand the effects of time on two 

important on-state parameters – transconductance and threshold voltage, the 

normalized parameters for both devices are displayed in a plot in the figure below.   

 

Figure 32. Transconductance (A) and threshold voltage (B) with respect to time 
for solution-gated CNT-TFTs in 1x PBS. The two passivation schemes displayed are 

600 nm (blue) and 10 µm (red) contact only SU8 coverage. 

The 10 µm SU8 device exhibits continuous deterioration over time, both in terms 

of a reduction in transconductance and a positive shift in threshold voltage. This is in 

distinct contrast to the 600 nm SU8 passivated device, which shows less than a 10% 

change in transconductance and a threshold voltage shift of approximately 0.07 V over 

the course of 350 minutes. Chemically, the passivation is the same, and therefore one 

potential cause for the discrepancy in stability could be the physical footprint. To 
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observe this phenomenon, cross-section SEM images were taken of the contact 

passivated regions. The images are displayed in Figure 33. It can be observed that the 

corner of the 10 µm SU8 contact passivation is slightly lifted off from the substrate, while 

the 600 nm SU8 coverage adheres well. This is primarily due to the fact that the SU8 is 

over exposed, and while the over exposure UV-light diffuses to the SiO2 interface for the 

600 nm thick SU8, it does not for the 10 µm thick layer. This leads to underexposed 

region at the contact. This area allows for ion adsorption at the interface, which leads to 

significant increased device degradation over time, specifically compared with the 600 

nm SU8 contact passivation.  Additionally, this reduces the SU8 adhesion to the 

substrate, causing the passivation to delaminate in subsequent processes.  
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Figure 33. SEM images of SU8 contact passivation. (A) The 10 µm SU8 coverage 
with a (B) zoomed in image of the interface between the corner of the SU8 passivation 

and the SiO2 substrate. The same is shown below for the 600 nm SU8 contact 
passivation in (C) and (D).  

Ultimately, the 600 nm passivated device offers stable operation with extremely 

high-yield. Even after various biosensing functionalization steps, such as polymer brush 

growth, the yield of the solution-gated CNT-TFTs passivated in this scheme provided 

greater than 90 % yield. The yield was determined by the percentage of devices that 

presented modulation of greater than 0.5 decades and had minimal gate leakage current. 

This is a direct answer to the CNT-TFT platform issues presented at the end of Chapter 

5. Through the development and validation of this solution-gated CNT-TFT architecture, 

a stable platform for CNT-TFT-based biosensing has been established.  
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6.3 Biosensing Demonstration using Solution-Gated CNT-TFTs 

To further validate the 600 nm SU8-passivated CNT-TFT for biosensing 

applications, an immunoassay was fabricated in a similar manner to the one 

demonstrated in Chapter 5. To fully functionalize the device, a non-fouling polymer 

brush layer is needed to prevent non-specific binding and facilitate antibody adsorption. 

First, a thin layer (30 nm) of Al2O3 was deposited through ALD on top of the SU8-

passivated CNT-TFT to provide an appropriate surface for the SI-ATRP POEGMA 

growth process,145 while also protecting the CNT channel from the harsh solvents used. 

The POEGMA layer was then grown and found to be 23 nm thick. Finally, the device 

was functionalized with leptin capture antibodies printed directly on top of the CNT 

channel, and leptin detection antibodies printed on top of trehalose pads, which were 

deposited on the middle of the chip. The detection antibodies were labeled with a 

fluorescent marker to allow for dual optical and electrical readout. A labeled optical 

image of a finalized device is shown in Figure 34. 
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Figure 34. Optical image of a fully functionalized solution-gated CNT-TFT 
with inset labels distinguishing the two types of printed antibodies. 

A serial concentration test was used to validate the biosensor across a range of 

leptin antigen concentration. First, 75 µl of 1x PBS was added to the device, which was 

allowed to stabilize for 120 minutes. Next, 2 µl of 1x PBS spiked with leptin antigen was 

added to bring the total concentration of the solution being used to gate the CNT-TFT to 

0.01 pg/ml. The device was then allowed to stabilize for 30 minutes, and this process was 

repeated up to 100 pg/ml (for 280 minutes). After 280 minutes, however, the device off-

current began to rise and the transistor was no longer operational, so the full 

concentration dose-response was not able to be observed. The transistor curves for every 

concentration, along with the normalized on-current, threshold voltage, and 

transconductance with respect to time are shown in Figure 35. 
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Figure 35. Solution-gated CNT-TFT biosensing demonstration. (A) Transfer 
characteristics of a CNT-TFT solution-gate transistor with contact only 600 nm SU8 

passivation, functionalized with leptin antibodies and gated using 1x PBS containing 
various concentrations of leptin antigen. (B-D) The CNT-TFT on-state values 

extracted from the transfer curves with respect to time, including the 
transconductance, threshold voltage, and on-current. The concentration regimes are 

indicated by vertical black lines.  

From the transistor curves, it can be observed that the most significant shift is in 

in the transconductance. This is evidenced in the transconductance and the on-current 

shift over time due to increasing concentration. A threshold voltage shift is also evident. 

For small concentrations, a drop is seen for the threshold voltage, but this appears to be 

in competition to a steady positive shift, similar to what is seen in the bare device in 1x 
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PBS over time. For calibration purposes, the transconductance seems to be the most 

sensitive and a dose response curve was generated. The error bars are derived from the 

standard deviation of the final three measurements at each concentration, and the 

calculated limit-of-blank (LOB) and limit-of-detection (LOD) from the dose response are  

0.08 pg/ml and 0.44 pg/ml, respectively. Finally, to verify that dAbs sandwich binding 

did occur, a florescence image was taken of the chip after the test. The bright spots 

centered at the original location of the cAbs indicate that appropriate binding did occur, 

and qualitatively validates the biosensor’s electrical performance. The dose response of 

the device, along with the associated florescence image can be seen in Figure 36. 

 

Figure 36. Dose-response curve (A) of a fully functionalized solution-gated 
CNT-TFT biosensor. The transconductance is used as the sensing analog for 

observing a concentration-based response in the device. The transconductance 
measurement is the mean of three consecutive measurements, and the error bars 

represent the standard deviation of the same. The florescence image taken after the 
test is also shown in (B).  
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The fact that the transconductance proves to be the on-state parameter most 

sensitive to the antigen concentration is indicative of a capacitance-based sensing 

modality. In essence, the antibody binding event causes an increased density of 

absorbed molecules which reduce the electrostatic coupling of the double-layer 

capacitance, resulting in an inverse relationship between transconductance and antigen 

concentration. The lack of sensitivity in the threshold voltage of the CNT-TFT could be 

due to saturation of charges near the surface, which effectively screen the ionic charges 

from the detection antibodies. A potential method to mediate this and allow for 

sensitivity due to electrostatic gating of the device, could be to reduce the density of 

initially printed capture antibodies. 

6.4 Conclusion  

In this chapter the operation of solution-gated CNT-TFTs, including the 

electrostatic operation is discussed. Through experiments at various concentrations and 

using various passivation schemes, it was demonstrated that the double-layer associated 

with CNT-TFTs in ionic solutions can be determined using Helmholtz model, and 

exhibits a capacitance that is closely related to the value of a continuous metal but must 

be adjusted based on CNT density. Furthermore, three distinct passivation schemes 

were investigated and benchmarked for their stability when operating in 1x PBS over 

the course of 350 minutes. It was found that a 600 nm contact only passivation layer of 

SU8 was needed. Lastly, this architecture was demonstrated as an electronic 
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transduction platform in a leptin antigen, sandwich-based immunoassay. The figures of 

merit determined from the assay include a LOB and LOD of 0.08 pg/ml and 0.44 pg/ml 

in 1x PBS, and the detection range was found to be at least 3 decades. 

While electronically transduced immunoassays are motivating for many reasons, 

including cost and portability, the stability and yield when operating in ionic solutions 

has always proved low. The architecture developed and demonstrated here has 

significantly high yield (> 90 %) and provides a promising, stable platform for 

developing sophisticated electronic biological sensing devices.  
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7. Printed Material Thickness Sensors Enhanced Using 
Carbon Nanotubes 

Carbon nanotubes are an incredibly diverse material, due to having both 

conducting and semiconducting electronic modalities. While all previous chapters in 

this dissertation have discussed the use of semiconducting CNTs in thin-film transistor 

architectures for sensing applications, in this chapter the discussion will shift to the use 

of unsorted CNTs (metallic and semiconducting) in a two-terminal, capacitance-based 

sensor. While this sensor utilizes a much simpler architecture, it highlights the broader 

advantages of CNT films over the more traditional printed inks, namely silver and gold 

nanoparticles. In this chapter, a fully printed sensor capable of noninvasive material 

thickness detection is presented. By applying an oscillating signal between two 

millimeter-scale electrodes, the fringing electric field is measurably perturbed by a 

material placed directly on top of the electrodes, leading to a linearly varying 

capacitance with change in the material’s thickness. This electric field perturbation is 

simulated and the linear correlation between capacitance and overlying material 

thickness is experimentally demonstrated. Additionally, the variables that affect such a 

capacitive sensor, such as the geometry, substrate, and material are explored.  Sensors 

made of unsorted carbon nanotube (CNT) ink yielded the best sensitivity, exhibiting a 

capacitance change of 26 fF per mm thickness of rubber—ten times more sensitive than 

devices composed of silver nanoparticle ink. Finally, an effective application of the 

sensors in automobile tires is demonstrated. By applying the sensors directly beneath 
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the tread (within the tire), mm changes in the tread depth are able to be detected in a 99 

% confidence interval. Along with a single-point sensor, a 1-D array is demonstrated, 

that can effectively map tire tread profile. These findings provide a straightforward, 

low-cost approach for monitoring minute changes in material thickness using 

noninvasive, printed sensors applicable to innumerable Internet-of-Things (IoT) 

applications. 

7.1 Introduction and Motivation 

Material thickness sensors have a broad range of applications in the fields of 

manufacturing, safety, and healthcare. In the healthcare industry, biological tissues have 

been measured using various methods including magnetically-driven lens actuators161 

and radiographic techniques.162 However, a simpler, less expensive design could lead to 

more widespread use and help determine ailments ranging from skin disease to larynx 

cancer.163 In the manufacturing industry, measuring paint film thickness for aircrafts is 

of importance for safety and economic reasons that could be reliably solved using a low-

cost, noninvasive material thickness sensor.164 Finally, a safety hazard that a material 

thickness sensor would directly address is in the monitoring of tread depth on 

automobile tires. As tire tread wears, manipulation and safety of a vehicle is greatly 

affected, which can lead to severe traffic accidents or crashes.165 An array of low-cost, 

printed sensors capable of detecting the deterioration of the tire tread depth would be a 

major advancement for improving vehicle safety. Today’s IoT environment allows for 
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sensors to connect with devices and use real time data to enhance regular objects. A tire 

tread depth monitor that can wirelessly communicate when the tire becomes unsafe 

would be significant advantage in the transportation and shipping industries.  

Previously, split ring resonators and other waveguides have shown the ability to 

measure both material thickness and dielectric properties through propagating 

electromagnetic fields. Most of these studies use an inductive measurement approach in 

which the material of detection will perturb the magnetic field of the system and 

ultimately change the resonant frequency of the split ring resonator.166 However, it has 

also been shown that a capacitive approach can be used by placing rectangular 

waveguides directly abreast a dielectric material.167,168 While these previous works 

establish design concepts that can be built upon, they are prohibitive for many 

applications due to relatively high cost of manufacturing, especially when compared to 

a printing approach. Also, the above works focus on sensors on rigid substrates while 

compatibility with flexible substrates would be essential for many applications, such as 

in the automotive and aerospace industry where non-planar surfaces are common.  

7.2 Experimental Details 

The sensors were printed using an aerosol jet printer. To recap the printing 

process, the nanomaterials are suspended in liquid solvents and ultrasonically atomized 

to form an aerosol mist. The mist is then carried by an inert nitrogen gas stream to the 

printing head and further aerodynamically focused at the nozzle using a sheath flow of 
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N2 gas to jet onto the substrate. This process allows for resolution of printed line widths 

down to 10 µm and permits a wide variety of inks to be used. 

The substrates, either glass slides or Kapton films, were cleaned by sonication in 

acetone for 5 min, followed by sonication in IPA for 5 min, a rinse in DI water and 

finally drying using N2 gas. The surfaces were then treated with oxygen plasma at 100 W 

for 4 min.  

The silver nanoparticle ink (UT Dots, Inc. Ag40X) contained 40 wt % Ag 

dispersed in a xylene and terpinol solvent mixture (9:1 by volume). The Ag nanoparticle 

ink was printed into rectangular electrodes of various sizes on both the glass and the 

Kapton substrates. The silver nanoparticle samples were printed using a wide nozzle 

deposition head to enable higher throughput. This deposition head had a circular nozzle 

with a diameter of 3 mm. The sheath and atomizer flow rates were set to 200 and 150 

SCCM, respectively. The atomizer current needed to ultrasonically atomize the Ag ink 

was 430 mA. After printing, the Ag nanoparticles were sintered in an oven at 200 °C for 

1 hour. 

The gold nanoparticle ink (UT Dots, Inc., UTD-Au25) consisted of 25 wt % Au 

nanoparticles dispersed in a proprietary solvent mixture.  The ink was mixed with a 

proprietary adhesion promoter (BOL from UT Dots, Inc.) at a ratio of 100 to 1, 

respectively. The Au nanoparticle ink was also printed using the wide nozzle 

attachment with a diameter of 3 mm and the parameters for the sheath and atomizer 
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flow were 150 and 130 SCCM, respectively. The atomizer current needed to 

ultrasonically atomize the Au ink was 500 mA. After printing, the Au nanoparticles 

were sintered together in an oven at 280 °C for 1 h.  

The unsorted CNT ink consisted of P3-SWNTs purchased from Carbon Solution, 

Inc. The nanotubes were dispersed as received in DI water at a 0.5 mg/mL ratio and 

ultrasonicated for 2 hours to form a uniform solution. Two layers of the CNT ink were 

printed using a 150 µm nozzle with sheath and atomizer flow rates of 35 and 25 SCCM, 

respectively. The atomizer current needed to ultrasonically atomize the CNT ink was 

370 mA. The printed CNT samples were finally placed in an oven at 150 °C to facilitate 

evaporation of any residual DI water. 

The capacitance measurements were done using a B1500 Device Analyzer 

(Agilent Inc.). The measurements were carried out by sweeping an AC voltage of 50 mV 

on top of a fixed DC bias of 2 V across a range of frequencies from 10 kHz to 5 MHz. At 

lower frequencies, the capacitance measurements were influenced significantly be 

random noise. The noise of the measurements was significantly reduced as the 

frequency approached 1 MHz. After 1 MHz, the capacitance rose sharply in a manner 

that was unrepeatable with multiple measurements. Therefore, the capacitance at 1 MHz 

was chosen for the analysis of the sensors. The capacitance measurement unit attached 

to the B1500 Device Analyzer directly measured the capacitance between the two 

electrodes by measuring the conductance (G) and admittance (Y). Using these values, 
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the system calculates the capacitance between the printed electrodes by first calculating 

the susceptance (B) using equation 1 and then translating that into capacitance using 

equation 2, as follows: 

|𝑌𝑌| =  √𝐺𝐺2 + 𝐵𝐵2                                      (5) 

f
BCP π2

=                                          (6) 

The physical principal of operation, the testing setup, and representative 

measurements can be seen in Figure 37. 

 

Figure 37: Overview of printed sensor structure and operation as noninvasive 
material thickness detector. (A) Cross-sectional schematic of the printed sensor 

electrodes in the testing configuration, showing the fringing electric field that is 
perturbed by the overlying material. (B) Schematic showing how the measurement 

was accomplished, by placing 1 mm-thick rubber plies directly on top of the printed 
electrodes while monitoring the capacitance change using a CMU. (C)  Comparison of 

sensitivity when measuring rubber thickness (plotted as normalized capacitance vs 
rubber thickness) using three different inks: Ag and Au nanoparticles and m-CNTs. 

Sensor geometry was 5 x 5 mm with a 150 µm gap 
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7.3 Geometry, Substrate, and Material Comparisons 

To determine the effectiveness of the printed material thickness sensors, 

variations in size, ink, substrate, and spacing were studied.  A consistent change in 

capacitance was observed based on changes to the thickness of overlying material 

directly atop the printed planar sensors across almost all studied variations. However, 

the overall response and level of linearity varied with each of the variables explored. 

Two primary methods were used for determining the merit of each sensor configuration: 

change in capacitance with respect to change in rubber thickness directly on top of the 

sensor and the square of the residuals (R2) along a linear fit of the data. The former gives 

insight into the measurable sensitivity of the sensors and the latter provides information 

regarding the consistency across the interval of material thickness used in the 

experiments.  Table 2 summarizes these two parameters for all devices. Note that all 

experiments of material thickness detection were performed using rubber films ~1 mm 

in thickness, added or removed to change overall thickness on top of the sensor.  
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Table 2: Summary of material thickness sensing variables and responses 

 

The impact of sensor geometry using Ag nanoparticle ink is shown in Figure 

38A.  Out of the three electrode sizes with the same gap distance (1 mm), the 10 x 10 mm 

and 5 x 10 mm sensors outperformed the 5 x 5 mm sensor in terms of low-noise linearity 

between capacitive response and material thickness; in other words, the R2 value or the 5 

x 5 mm sensor is the lowest. One interesting note is that the linearity of the response is 

more directly related to the length of the sensor electrodes. This is attributed to the fact 

that the fringing field effect—which is responsible for the change in measured 

capacitance—is more reliant on the length as it defines the distance that will interact 

with the other electrode. This phenomenon results from the operating principal of the 

fringing electric field lines between the electrodes being perturbed by the dielectric 

material on top of them. The highest density of these lines, and the area in which these 

lines most heavily interact with the overlaid material, will occur close to the gap. It is 



 

97 

imaginable that in further experiments one could lessen the width of the electrodes to 

something smaller all together to use less material and to create a higher resolution 

material thickness “map”. Smaller electrodes would allow for higher resolution sensing 

in material thickness mapping applications. For example, if small area variations in 

material thickness over a large area surface are of interest, smaller electrodes will allow 

for the sensing of these smaller areas, instead of allowing them to be averaged out. 

Similar works have applied the same principle with other sensors, specifically for 

pressure mapping.169 

 

Figure 38: Sensor geometry comparison. (A) Normalized capacitance change vs 
rubber thickness for three different electrode sizes (electrode separation = 1 mm), 
illustrated in the inset in mm. (B) Normalized capacitance vs. rubber thickness for 

two different electrode separation distances (electrode size = 5 by 5 mm). 

It was hypothesized that the sensitivity would be dependent on the width of the 

gap between the two electrodes. This hypothesis is based primarily on the fact that the 

electric field between the two electrodes will be significantly stronger as the distance 
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between the electrodes decreases. This will lead to a more measurable change in the 

perturbation of the electric field by an overlaid material. To examine this variable, the 

same 5 x 5 mm sensors with a 1 mm gap and a 150 µm gap were compared.  As shown 

in Figure 38B, the sensitivity of the sensor with the 150 µm gap was greatly magnified 

and had a stronger linear correlation when compared to the larger electrode sensors 

with a 1 mm gap. Thus, this geometry was used for all subsequent tests of different 

substrates and inks.  

Next, the impact of the substrate that the sensors were printed on was studied, 

including the impact of substrate flexing during operation. The data from glass, Kapton, 

and flexed Kapton can be seen in Figure 39. The R2 value and the sensitivity metric were 

approximately the same for the silver nanoparticle sensor printed on both substrates. 

This data did not allow me to speak to the effect of the substrate capacitance, only that 

the effect is minor between two vastly different substrates. Further analysis and 

experimentation would be needed to discover the direct correlation between substrate 

capacitance and overall sensitivity, but the results do show that the sensitivity of the 

sensor is robust across these two very different platforms.  
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Figure 39: Sensitivity and consistency over 8 mm range in rubber thickness for 
identical Ag nanoparticle-based sensors printed on different substrates.  Substrates 

included a glass slide, flat Kapton film, and the same Kapton film flexed at a radius of 
curvature of 5 cm. Sensor geometry was 5 x 5 mm with a 150 µm gap. 

The Kapton-supported sensor, when flexed over a curved base (radius of 

curvature = 5 cm) and the rubber placed conformably on top, showed improved 

performance with a much larger capacitance change per mm of rubber compared to that 

of the unflexed Kapton. However, there was also a more rapid saturation of the signal at 

only 4 mm of rubber. One possible explanation could be based on the decreased depth 

of the electric field lines. Because the depth of the fringing electric field lines is 

attenuated, the strength at which they interact with the overlaid material before a critical 

depth is exaggerated, leading to the higher change in capacitance over the initial 4 mm 

of rubber. This analysis is speculative and further experimentation and simulation is 

needed.  
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The effect of different nanomaterial inks on the overall sensitivity of the material 

thickness sensors was also considered. It was found that sensors consisting of CNT ink 

had a 10x performance increase when compared to Ag nanoparticle sensors. Also, when 

imposed with a linear fit, the CNT sensors had a R2 value of 0.981. This value indicates 

that the CNT-based sensors have a more linear response over the 8 mm range measured 

when compared to the Au sensors that exhibited an R2 value of 0.826. The data, shown 

along with the SEM images in Figure 40, also has 99 % confidence intervals overlaid as 

error bars (derived from 10 serial capacitance measurements). The confidence intervals 

for the CNT ink are much tighter, indicating strong capacitance stability over numerous 

measurements.  

  



 

101 

 

 

 

Figure 40: Comparison of sensitivity and surface morphology for three 
different nanomaterial inks: Au and Ag nanoparticles and CNTs. All sensors 

consisted of 5 by 5 mm electrodes with a separation distance of 150 µm (A) An SEM of 
the CNT film used for the electrodes in planar sensor geometry. (B) Plot of the 

capacitance (pF) vs. overlaid rubber thickness (mm) with 99% confidence interval area 
bars. Sheet resistance of the CNT is also inset in the plot. (C) and (D) SEM and sensor 
data for the Ag nanoparticle electrode sensor. (E) and (F) SEM and sensor data for the 

Au nanoparticle electrode sensor. 
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The dependence of sensor performance on the electrode ink can be explained 

primarily by the thickness and the porosity of the electrodes. The Au ink is the thickest 

and most least porous. This leads to a large electric field loss between the sides of the 

two sensors, and a less even electric field distribution. In a perfect conductor, the electric 

field will concentrate at the edge of the electrode and reduce the fringing field effect. The 

CNT ink performs best when compared to the Ag and Au ink due to its nanometer level 

thickness. The higher surface area-to-volume ratio of the CNT film, coupled with its 

porosity, yields more concentrated electric field lines out-of-plane rather than across the 

small gap between the electrodes, thus allowing higher sensitivity. This has been 

observed in both experiment and simulation, for other capacitance proximity sensors.170 

The large surface area of the CNT film, along with the thinness of the electrodes 

fabricated through printing, leads to an altogether more sensitive device. 

To gain further insight into the impact of overlaid material on the fringing field 

lines of these sensors, a COMSOL simulation was carried out. Simulations displaying 

the electric field lines for 2 and 5 mm of overlaid rubber thicknesses are displayed in 

Figure 41. The higher permittivity of the rubber when compared to the surrounding air 

leads to attenuation of the electric field lines. This is especially visible by comparing the 

field lines below the sensor (where the medium is kept as air in the simulation to 

highlight the contrast) to those above the sensor, where the rubber material is placed. 
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For these simulations, the relative permittivity for the rubber was taken to be 14, and the 

electrodes were 5 mm by 5 mm with a spacing of 1 mm. 

 

 

Figure 41: Electric field distribution of the planar sensor calculated by 
COMSOL. The fringing electric field lines vary with the thickness of rubber overlaid 
on top of the electrodes. The rubber thickness used in the simulation was (A) 2 mm 

and (B) 5 mm, respectively. A sensor with thicker electrodes and a 2 mm thick rubber 
overlaid is shown in (c) and highlights the distribution of the electric field across the 

edges of the planar electrodes. 

7.4 Utility as Tire Tread Sensors 

Lastly, the operation of this sensor was demonstrated for use in detecting the 

rubber thickness of an automobile tire (tread depth). Monitoring tire tread wear is 

critical for ensuring proper tire traction and vehicle control, 165,171 with staggering safety 

implications. In the US alone, there are more than 700 deaths and 19,000 injuries each 
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year from tire-related crashes.172 In these crashes, more than 25 % of the vehicles had 

tread depth less than 1.6 mm (2/32”)173 – the regulated minimum for safe vehicle 

handling. In fact, a recent study from the American Automobile Association (AAA) gave 

evidence for tires being unsafe even at 3.2 mm (4/32”), showing that all-season tires with 

~3.2 mm of tread required 87 more feet to stop on wet roads than for new tires on the 

same vehicle.174 

7.4.1 Single Point Tire Thickness Sensor 

Traditionally manufactured tires have 2-3 steel mesh belt layers embedded 

within the rubber to improve stability and robustness. This metal grid presents a 

problem for the low-frequency capacitance measurements by screening a portion of the 

field lines. However, hypothesizing that a sufficient portion of the field lines are still 

penetrating the metal grid, and that these field lines are still being attenuated by the 

changing rubber thickness, an additional and more sensitive approach to detecting the 

attenuation was developed. Rather than measuring capacitance, the measurement 

recorded was the shift in resonant frequency of a signal propagated between the two 

sensor electrodes—mechanistically the same as the capacitance approach but using a 

different signal and parameter to correlate to the material thickness (in this case, tread 

depth of a tire). 

Using a vector network analyzer to provide a high frequency excitation signal on 

one electrode, the reflected signal was monitored on the adjacent electrode. The sensor 
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used for this demonstration was a fully optimized “hybrid” sensor that consisted of a 

bottom layer of printed silver nanoparticles and a top layer of printed CNTs. This 

structure would comprise the significant advantages of both inks: high conductivity 

from the silver ink to distribute the field across the electrode and high surface-to-volume 

ratio of the CNTs to enhance sensitivity. The sensor was placed within the inner well of 

an automobile tire (beneath the tread portion of the tire) and an initial measurement was 

taken. Then, 1 mm thick rubber films were sequentially added on top of the tire while 

reflected signal measurements were taken in-between each addition. The results, with 

99% confidence intervals, are plotted in Figure 42, along with a photograph of the sensor 

used inside the tire. There was a linear correlation between the reflected signal at 487 

MHz and the incremental change in tread depth via the added rubber pieces. This is due 

to a resonant frequency at a slightly greater frequency than 487 MHz shifting down in 

frequency due to the capacitance of the system trending upward. In order to identify 

this operating frequency, the S11 response was monitored across a swept frequency 

range of 100 MHz to 1 GHz. From this sweep, two resonant peaks were identified, one at 

approximately 190 MHz and one at approximately 510 MHz. The second resonance 

proved to be highly sensitive to overlaid rubber material, and therefore a single 

operating frequency directly below this resonant frequency was chosen for the data 

extraction and analysis. This proof-of-concept experiment provides reinforcement to the 
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applicability of these noninvasive material thickness sensors and demonstrates a 

different measurement technique to allow sensing despite the steel mesh in a car tire. 

 

Figure 42: Reflected signal tests for added rubber thickness on an automobile 
tire carried out using a vector network analyzer. The sensor was placed on the inner 

liner of a ∼1.5 cm thick section of a worn tire and 1 mm plies of rubber were added on 
top of the tire tread (corresponding to the sensor’s location) to simulate changes in 

tread depth. A photograph of the sensor is shown in (A). The reflected signal 
magnitude was taken at 487 MHz, near the resonant frequency. Ten tests were done at 

each added rubber thickness and 99% confidence intervals are shown in plot (B). A 
complete sweep from 100 MHz to 1 GHz for both 0 mm of added rubber and 8 mm of 
added rubber are shown in (C), with an inset of the plot zoomed at the most sensitive 

frequency. 

7.4.1 One-Dimensional Tire Tread Depth Mapping Sensor 

While compelling as a single-point sensor, one of the primary benefits of printed 

electronics is the capability for large area devices. A one-dimensional array of material 

thickness sensors, for instance, could be used to develop a comprehensive profile across 

the full-width of the tire. To validate this hypothesis, a hybrid sensor consisting of silver 
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nanoparticle and unsorted CNT ink was printed in an array of 14 distinct electrodes. A 

schematic and photograph of the array, along with SEM images of the hybrid electrodes 

can be seen in Figure 43. 

 

Figure 43. Design and images of printed sensor array. (A) Schematic 
illustrating the aerosol jet printing process with an inset profile of an electrode (top-
left), consisting of a bottom layer of silver nanoparticles and a top layer of unsorted 

CNTs. The inset on the bottom right displays the electrode separation and geometry. 
(B) Photograph of the fully printed sensor array. (C-D) SEM images of the sensing 

electrodes at different magnifications. 

For the initial testing setup, the array was affixed to a pliable piece of balsa wood 

in order to maintain its structural integrity. The sensor array was then placed against the 

outside of a tire as seen in Figure 44A. Wires were soldered to copper tape and fixed on 

to the connection pads, with the other ends of these wires being connected to a 

breadboard. The VNA was connected to the breadboard through coaxial components. 

Additionally, the nearest neighbor electrodes to the active sensing electrodes were held 

at the same potential (as depicted in Figure 44B), in order to prevent a loss in electric 

field outside of the sensing area. The rationale behind this connection scheme is that if 
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the pads directly adjacent to the sensing pads of interest were left at a floating voltage, 

they could affect the sensing at the location of interest in an unpredictable fashion. Five 

tests were taken on each set of four electrodes. This measurement scheme was repeated 

serially across the width of the array to provide the one-dimensional profile of a tire.  

 

Figure 44. Initial testing setup and sensor array operation. (A) Photograph of 
the sensor array placed on the outside of a tire and connected to a VNA. (B) Cross-

sectional schematic showing a magnified view of four electrodes in the array against a 
tire; measurements were taken by having electrodes to one side of the active 

electrodes (“measurement point”) tied to signal while those on the other side were 
tied to ground. A conceptual illustration of the fringing electric field lines interacting 

with the tire is also included.  

Tire tread typically has three specific regions of different thickness – the tread, 

the sipes, and the grooves. The primary indication of tread wear, and thus the most 
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beneficial measurement, is the tread thickness, which is the difference between a tread 

block and a groove. Therefore, a comparison between the measured signal spectra at 

each specific critical point is crucial to understanding the operation of the tire array 

sensor. The spectrum of the signal reflectance with respect to frequency at three distinct 

tire locations (defined by the position of the measurement point shown in Figure 44B) is 

shown in Figure 45A. The spectra indicate multiple resonances within the measured 

frequency range with the second resonant peak being the most consistent and 

comparable across each location.  

Next, the S11 magnitude (directly above the shoulder of the resonant peak) was 

plotted against the actual measured tread depth at each position. The tread depth is 

defined as the height of rubber material with respect to the grooves. Therefore, the 

groove height is normalized to 0 mm. The results can be seen in Figure 45B, showing a 

direct and linear correlation between the measured S11 and the tire tread depth, with a 

coefficient of determination value (R2) being greater than 0.99. The linear correlation 

validates the hypothesis that the S11 parameter is directly linked to the tire’s tread depth 

at the given sensing frequency. Given the linear relationship, the estimated tread depth 

and 99% confidence intervals for the grooves, sipes, and tread are 0±0.47 mm, 4.76±0.87 

mm, and 7.15±1.30 mm, respectively.  Additionally, the fact that the response is linear 

provides a unique way to calibrate the sensor in real time: the difference in S11 

magnitude between the high (tread blocks) and low (grooves) points corresponds to a 
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certain tread depth. This is true even if the specific magnitudes of the measured S11 are 

different; the difference between high and low will still be consistent and related to 

overall tread depth.  

The full extent of the printed one-dimensional array was tested to provide a 

profile across the width of the tire. The S11 magnitudes at 510 MHz were correlated with 

the position of the sensor array on the tire, as seen in Figure 45C. The data had a tri- 

modal distribution with the positions of each mode corresponding with a tire feature. It 

should be noted that the data here was normalized to a slope that existed within the raw 

dataset. This type of signal drift is often seen in the capacitive proximity sensing due to 

fluctuations in the environment, therefore, it must be normalized by measuring two 

known points (tire tread in this case) and subtracting the measured slope from the 

original data. Additionally, while the measurement technique was consistent across 95% 

of locations measured, the measurement at 7 cm presented an outlier which has been 

removed from the plot.  Overall, this one-dimensional tire tread map provides a proof-

of-concept demonstration of a fully-printed array of material thickness sensors being 

used to measure tire wear.  
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Figure 45. Operation of sensor array using reflected signal (S11) magnitude. 
(A) Representative S11 versus frequency response for three sensor measurement 

points on a tire: full tread, sipes (or minor tread patterns), and the full grooves (0 mm 
tread depth). Inset shows active sensing frequency range. (B) S11 versus actual tread 

thickness at three distinct tire positions (actual thickness measured with a tread depth 
gauge). The correlation is extremely linear (R2 > 0.99) with error bars indicating a 99 % 

confidence interval from 5 samples taken at each location. (C) Slope-adjusted S11 
across the full width of the tire. S11 response is tri-modal, corresponding to full tread, 

sipes, and grooves. These measurements were taken using a stationary array 
positioned on the outside of the tire. An inset at the bottom of the plot shows the tire 

profile as it corresponds (approximately) with the position of the array during the 
measurements.   
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7.5 Conclusion 
 

In conclusion, a capacitive-based sensor for noninvasive material thickness 

detection using fully printed, adjacent electrode structures was developed. Several 

variables to gain insight into the mechanism behind the sensing, which is the 

perturbation of electric field propagating between the electrodes due to the overlaid 

material medium, have been explored. The CNT ink enhanced the sensitivity and 

consistency of the material thickness sensors due to extraordinary surface area-to-

volume ratio and quantum-confined electrons. Visual evidence of the perturbation in the 

fringing electric field lines was shown using COMSOL simulations. Also, a proof-of-

concept application where an array of material thickness sensors were used to measure a 

one-dimensional map of a tire’s tread was shown. These new sensors provide a way to 

monitor the thickness of a material in a noninvasive fashion with electrically transduced 

signals have applicability to numerous IoT systems.  
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Chapter 8. Conclusion, Challenges, and Outlook 

8.1 Conclusion 

In this dissertation, an extensive overview of CNT thin-film electronics, with a 

specific focus on sensors, has been given. In particular, the work focused on aerosol jet 

printed carbon nanotubes for many applications comprising thin-film transistors, 

biological sensors, and capacitive-based material thickness sensors.  One of the notable 

accomplishments contained in this work includes the first demonstration of an all-

aerosol-jet printed solid-state CNT-TFT, which exhibited mobilities as high as 16.2 

cm2/(V⋅s) with minimal degradation when flexed. In addition, it was demonstrated that 

such a transistor could prove viable as an active, electronically transduced 

environmental pressure sensor.  

Another main focus of the work was developing a printed CNT-TFT for 

biosensing applications. A device was presented that utilized a polymer brush to 

overcome Debye length limitations and sense specific proteins in complex biological 

liquids. Furthermore, extensive scientific work was done to understand the mechanisms 

of operation and to use these findings to develop a solution-gated transistor platform 

with high yield.  

Lastly, the discovery of a novel sensing mechanism, which relies on two co-

planar printed electrodes for noninvasively sensing material thickness was presented. 

Through various optimization studies, it was found that unsorted CNT ink enhances the 
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sensing due to its atomic thinness and overall porosity. In addition to providing a single 

point measurement, the sensor was printed in a one-dimensional array, further 

highlighting the use of printed electronics to provide access to large-area sensing 

applications.  In summary, the work completed in this dissertation has made significant 

contributions to the fabrication of printed CNT devices, while rapidly expanding the 

opportunities of the field through careful discovery and validation of many sensing 

modalities.  

8.2 Remaining Challenges 

While many sensing modalities were discovered and validated using CNT thin-

films, there remain many challenges that have yet to be tackled. For purpose of 

discussion, the challenges will be separated into two main categories – printed 

electronics and electronically transduced biosensors.  

8.2.1 Challenges for the Field of Printed Electronics 

Printed electronics is a burgeoning field, and as such there exist many current 

and future challenges being solved in academic and industrial research. The three main 

challenges include process translation (i.e. moving from direct-write to template-based 

printing), performance, and reliability. In order for printed electronics to become more 

ubiquitous in commercial technologies, these issues must be addressed through 

innovation in regard to the printing methods, printable electronic inks, and device 

structures and applications. 
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Many academic papers identify printed electronics as a low-cost alternative to 

traditional vacuum-based deposition methods.6,175 While this is potentially true, in its 

current state electronics printing is still quite costly. This is due primarily to throughput. 

Direct-write techniques, such as aerosol jet printing or inkjet printing, are inherently 

slow. For complex electronics, it is untenable to imagine directly writing many 

connecting wires and devices at speeds of 10 mm/s (modestly fast for direct-writing). 

Template based printing methods, that can process square meters of electronics in less 

than a second offer a viable path forward.107,114 Translating methods and inks that have 

been developed for direct-write printing to higher throughput methods is doable, but 

highly non trivial. For one, the rheological requirements of the ink for both methods are 

vastly different, with higher viscosity and differing adhesive properties required for roll-

to-roll stamping or gravure printing. Secondly, non-printing processes typically 

performed on direct-write printed devices (i.e. heating or solvent rinsing), are hard to 

incorporate with a fast-moving roll-to-roll process. Significant work has been done to 

eliminate the heating element for transistors,176 but challenges to rapidly print devices, 

specifically CNT-TFTs, using template-based methods remain.  

Another challenge associated with printed electronics is the overall performance 

and reliability (in terms of both yield and variability). The types of inks currently used, 

namely organic electronic polymers, nanomaterials, and metal oxides form amorphous 

films with high resistivity/low mobility when compared to crystalline 
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metals/semiconductors. While the performance is never expected to approach crystalline 

electronic materials, specific things can be done to improve the yield and variability in 

devices. For example, extensive work has been done to improve the overall variability in 

terms of the density and percolation networks for printed CNT thin-films.177  

Overall, it is important to develop and identify suitable applications that can 

capitalize on the unique benefits that stem from printed electronics. Printed electronics 

offers not only potential cost savings, but the ability to print on non-traditional 

substrates, enabling flexible and large area applications.  

8.2.2 Challenges for Electronically Transduced Biosensors 

A significant portion of this dissertation was dedicated to the use of printed CNT 

thin films for electronically transduced biological sensing. Despite numerous years of 

research, strong motivation from the medical community, and over 17,200 publications 

on electronically transduced CNT biological sensors alone,102 there still is not much 

success apart from electrochemically based enzymatic sensing modalities. This is due to 

a number of distinct challenges including low-yield, lack of required sensitivity, and 

lack of reliability and reproducibility.  

For transistor-based biological sensors, which rely on biorecognition elements 

promoting attachment of analytes sufficiently close to the surface of a semiconductor, 

operation in complex biological solutions is challenging. In order to have stable 

operation at the timescales required for analyte diffusion to the surface, passivation 
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mechanisms must be used; however, these passivation mechanisms themselves 

inherently provide a less sensitive platform. This tradeoff must be further explored. 

The most prominent challenge, and what precludes electronic based protein 

detection, is device to device variability. In order for a device to provide useful medical 

information in regard to biomarkers, there must exist extreme confidence in the result. 

To this end, new transduction platforms are needed that provide results that are not 

only repeatable on the same chip, but across many fabrication generations. A more 

comprehensive understanding of thin-film transistors and their mechanisms in sensing 

biological analytes, along with a deeper understanding of the complex variables that 

exist in biological solutions, is necessary in the development of a truly reliable and 

robust transistor-based electronic biological sensor.  

8.3 Future Outlook 

As stated with the challenges for printed electronics, a suitable application is 

necessary for printable electronics to take hold for real-world application. One key 

application that printed electronics is poised to enable, are low-cost, customizable 

sensors. Due to the significant progress made in just the past ten years, including 

development of novel inks, new ways to print electronics, and the validation of new 

sensing modalities, researchers have the ability to rapidly prototype and discover new 

sensing devices. This progress, coupled with the commercial pull by the expanding IoT 
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and appetite for large amounts of data, presents a compelling argument for further 

research and development of printed sensors. 

One key under-explored area is the use of organic-inorganic hybrid inks. 

Recently, perovskite based inks have provided compelling photovoltaic devices,178,179 but 

many other composites, such as nanohybrid structures, could provide equally 

compelling results for thin-film transistors, batteries, and display backplanes. It should 

be expected, that over the next ten years, the field of printable inks and printable 

electronics continues to expand and grow.  

Additionally, the ability to rapidly prototype thin-film electronic devices 

provides motivation for the use of printable electronics to research and understand 

electronic biological sensing more deeply. With emphasis being placed on faster, 

cheaper, and more portable diagnostics, it is more than plausible that future biological 

sensing technologies will rely on electronic transduction, as opposed to optical. To this 

end, this field is expected to grow, and many contributions will be made in further 

development of transduction platforms (i.e. TFTs, Si-finFETs), biosensing schemes, and 

biorecognition/functionalization.  

Overall, the field of printed thin films for electronically transduced sensing is 

attractive for numerous applications. This dissertation answers scientific questions in 

regard to utilizing printable carbon nanotube inks for many functions, including 

biomarker sensing and tire tread wear monitoring. This work provides a firm 
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foundation for the field moving forward, while also serving as a prelude to future 

technologies with the potential to impact society.  
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