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Abstract 
As the Internet of Things (IoT) continues to expand, there is increasing demand 

for custom low-cost sensors, displays, and communication devices that can grow and 

diversify the electronics ecosystem. The benefits to society of a vibrant, ubiquitous IoT 

include improved safety, health, and productivity as larger and more relevant datasets 

are able to be generated for fueling game-changing artificial intelligence and machine 

learning models. Printed carbon nanotube thin-film transistors (CNT-TFTs) have 

emerged as preeminent devices for enabling potentially transformative capabilities 

from, and widespread use of, IoT electronics. Still, despite intensive research over the 

past 15 years, there has yet to be the development of a streamlined, direct-write, in-place 

printing process, similar to today’s widely used inkjet or 3D printing technologies, 

where the substrate never leaves the printing stage and requires little to no post-

processing. The development of such a process for producing CNT-TFTs could lead to 

the emergence of print-on-demand electronics, where direct-write printers are capable of 

printing distinct IoT sensing devices or even full IoT systems with little to no user 

intervention. 

The work contained in this dissertation describes discoveries and innovations for 

streamlining and optimizing direct-write printed electronics using in-line or in-place 

methods, with primary focus on an in-place printing process for producing CNT-TFTs at 

relatively low temperature. The key enabling aspect of the in-place printing of CNT-
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TFTs was the development of aerosol jet-printable low-temperature conductive and 

dielectric inks that are functional immediately after printing. Additionally, the printed 

semiconducting CNT films required modified rinsing procedures for in-line processing, 

which proved to enhance performance. Notably, the resulting CNT-TFTs exhibited 

promising performance metrics with on/off-current ratios exceeding 103 and mobilities 

up to 11 cm2V-1s-1, while also operating under mechanical strain or after long-term bias 

stress, despite being printed with a maximum process temperature of only 80 °C. While 

optimizing these devices, various contact morphologies and configurations were 

investigated, where it was found that there was less variability in performance between 

sets of top-contacted devices, compared to bottom-contacts. Additionally, it was 

discovered that there are processing and performance trade-offs associated with various 

contact morphologies, with silver nanowires holding most value for in-place printing. 

 Although primary focus is given to aerosol jet-printed, CNT-based devices, this 

work also outlines another rapid, and potentially in-line, process for improving IoT-

relevant electronics printed from a widely used direct-write method: fused filament 

fabrication. Here, using a high intensity flash lamp, the conductance of thermoplastic 

filaments are enhanced by up to two orders of magnitude. It was found that high-

intensity light vaporizes the topmost layer of thermoplastic on metal-composite 

filaments, leaving behind a metallized surface layer in a technique referred to as flash 
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ablation metallization (FAM). FAM was then used to enhance the performance of 3D 

printed circuit boards, demonstrating use in an immediately relevant application. 

 Overall, the development of in-place printed CNT-TFTs and the FAM process 

establish practical and scientific foundations for continued progress toward print-on-

demand electronics. These foundations include: the development of low-temperature 

inks, rapid and in-line compatible process methods, and investigations of the impacts of 

various materials, device configurations, or process steps on electronic performance. 

Altogether, these developments have the potential to lower the time, costs, and 

overhead associated with printed electronics, moving the field closer to a point that is 

more accessible to industrialists, academics, and hobbyists alike. 
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1. Introduction and Objectives  
1.1 Background and Motivation 

1.1.1 The Internet of Things 

As electronic technology has evolved from the advent of microprocessors in the 

1960s to the internet revolution in the 1990s, today’s ongoing technological revolution 

comes in the form of the Internet of Things (IoT). First coined in 1999, the IoT describes a 

computing paradigm wherein sensors, displays, and communication electronics are 

seamlessly embedded into everyday objects (or ‘things’), and the data from these nodes 

are shared wirelessly across platforms to create a common picture of the environment 

from which autonomous decisions can be made [1]. Whereas the internet led to the 

interconnection between people, the IoT brings objects into our global network of 

information sharing, advanced learning, and adaptation. Today, IoT systems are broadly 

used in healthcare, wearables, utilities, manufacturing, defense, and transportation – a 

list that continues to expand [2]. 

1.1.2 Traditional Silicon Process Methods 

From a hardware perspective, the potential for traditional silicon processing 

technologies to expand the scope of IoT devices is limited [3], [4], both from a technical 

and economic standpoint. This is not necessarily because of the end of Moore’s law, but 

primarily because Si-based technologies often require a prohibitive capital investment, 

necessitate high-volume batch-level production, restrict processing over larger areas, 
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and are incompatible with non-planar objects. These limitations have motivated interest 

in an old class of manufacturing techniques that we’ve all used in one form or another: 

additive manufacturing, or, put more simply, printing.  

1.1.3 Additive Manufacturing (Printing) 

Additive manufacturing (often referred to as printing) is the process of adding 

materials in a patterned manner to an existing surface to bring about new properties or 

functionality, rather than using subtractive steps. There are not only many ways to print 

electronics but there are also various classes of printing methods. Generally, the two 

classes of printing methods include template-assisted methods, which are suited for 

high-throughput applications, and direct-write methods, which are suited for rapid 

prototyping and customization. The advantages that all printing methods have in 

common, in comparison to subtractive methods, stem from the fact that they use and 

waste less material, often do not require a high-vacuum environment, and are not 

restricted in processing area, substrate composition, or (in some cases) substrate 

geometry. In other cases, some printing methods need no substrate at all and can be 

printed from the ground up [5]. The versatility of printing has resulted in the 

advancement of printable electronic materials, either in the form of inks [6], resins [7], or 

composites [8], that are compatible with additive processes.  

Ultimately, the development of printed electronics will not phase silicon out of 

the IoT. Most embodiments of IoT electronics in the foreseeable future will be those that 
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are hybrid, involving both low-cost printing methods to support large-area flexible or 

3D substrates with the integration of thinned integrated circuit components to support 

more complex functionality [9]. Still, there are a number of low-cost applications 

involving affordable flexible displays and sensors, where such a hybrid approach is not 

cost-effective and/or feasible. 

1.1.4 Printing Carbon Nanotube Thin-Film Transistors 

The manufacturing challenges for low-cost flexible displays and sensors can 

potentially be resolved, in-part, through the development of printable sensors, simple 

thin-film transistor (TFT)-based circuits, and active matrix thin-film transistor arrays 

[10]. Such electronics necessitate printable transistors, which act as small electronic 

switches and are the basis of modern circuits, and therefore require the development of 

printable semiconducting inks. Although organic semiconducting inks have long been 

considered for such applications [11], single-walled carbon nanotube inks are gaining 

traction as a preeminent candidate because of their exceptional electronic properties as 

well as their chemical and mechanical stability [12]. Still, one of their many unique 

properties that has yet to be taken advantage of is their compatibility with low-

temperature processing (≤ 80 °C). Combined with other low-temperature compatible 

inks, an extremely rapid TFT printing process can be created, one that circumvents the 

time and costs associated with thermal processing steps. When applied to direct-write 

printing, this means electronics, particularly low-end display and sensor systems, can 
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potentially be printed completely autonomously and without external processing or user 

intervention in a similar manner to the likes of today’s widely used desktop or 3D 

printers. 

 

 
Figure 1: Printed CNT inks and devices. a) Schematic of a CNT with organics used to 
stabilize in solution, along with picture of a bottle of CNT ink. Adapted from [13]. b) 

SEM image of a printed CNT film. Adapted from [14]. c) Example of a printed IoT 
device using a CNT-TFT active matrix array. Adapted from [15]. 

 

1.2 Objectives 

 The research discussed in this dissertation involves the printing of carbon 

nanotube thin-film transistors at relatively low-temperature (≤ 80 °C) and ‘in-place’—a 

process in which devices are fabricated in a printer without removal for external 

processing. This process was enabled through the development of a variety of low-

temperature compatible inks for printing all components of a thin-film transistor 

(semiconductor, electrodes, and dielectric). The overall goals of this work are to establish 

an extremely rapid and low-cost printing method for producing IoT-relevant devices. In 

pursuit of this goal, other peripheral advancements were made that are beneficial to the 
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broader field of printed electronics. The stated motivation of this work will be addressed 

in this dissertation by meeting the following objectives: 

• Summarize and compare the methods for printing electronics in order to provide 

context for the development of an in-place printing method (Chapter 2) 

• Outline the structure, operation, and performance of CNT-TFTs and how they 

compare to alternative devices (Chapter 3) 

• Describe formulation methods, ink properties, and film characteristics of low-

temperature aerosol jet printed inks used for printing CNT-TFTs (Chapter 4) 

• Develop and demonstrate a process for in-place printing the channel and 

contacts of CNT-TFTs (Chapter 5) 

• Explore inks consisting of various nanostructure morphologies and assess how 

they impact CNT-TFT performance when used as printed contacts (Chapter 6) 

• Develop and demonstrate fully in-place printed CNT-TFTs using electrolytic 

gates on flexible substrates (Chapter 7) 

• Assess both the shelf-life and long-term electrochemical stability of CNT-TFTs 

(Chapter 7) 

• Demonstrate the use of high-intensity pulsed-light for enabling rapid 

enhancement of 3D printed electronics (Chapter 8) 

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

rapid processing (Chapter 9)  
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2. Printed Electronics Background and Overview  
Printing methods for producing electronics have received increasing attention 

over the past 30 years from academic, industrial, and government researchers [16], in 

addition to manufacturers [17], and even by hobbyists [18]. As mentioned in the 

previous chapter, printing electronics is an incredibly versatile approach to fabrication, 

where electronics are directly patterned onto surfaces. These methods are particularly 

attractive for enabling flexible and 3D non-planar electronics in the growing IoT 

ecosystem, either as standalone devices or integrated onto structural surfaces or 

biological systems (skin, organs, etc.) [19]. In this chapter, the field of printed electronics 

will be introduced, in order to contextualize the advancements made in direct-write in-

place printing and processing methods discussed later in this dissertation. 

2.1 Printing Technologies – From Direct-Write to Roll-to-Roll 

 Additive manufacturing is a bottom-up approach to fabrication, where parts are 

built by only adding material with no subtractive steps. This method of manufacturing 

is becoming increasingly popular in a variety of fields including those outside of the 

electronics space [20], especially since the advent of low-cost 3D printing technologies 

such as fused filament fabrication (FFF) and stereolithography (SLA) [21]. Within the 

electronics space, printed circuit boards have been widely used since the 1960s, though 

the majority of this technology makes use of etched copper patterns along with the 

placement of discrete components based on crystalline semiconductors. The direct 
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deposition of electronic materials in the form of composites or solution-phase inks is 

relatively new and has only existed for the past 20-30 years [22]. 

 There exists a wide array of printing methods with a diverse set of capabilities, 

making it difficult to identify a common advantage across them all. Generally, methods 

for printing electronics are categorized into two separate groups, the first being direct-

write printing and the second being template-assisted printing. Direct-write printing 

relies on the direct deposition of material through a syringe or nozzle to form features 

independent of a predefined mask or template. These printers include stage or 

deposition head motors which execute the motion commands from a predefined part 

design on a computer. The motion of these printers can be compatible with anywhere 

from 2 to 5 degrees of freedom [23], which can allow for the creation of geometrically 

complex and non-planar parts. Examples of direct-write printers include inkjet printing, 

aerosol jet printing, and FFF, each of which are illustrated in Figure 2. This set of printers 

is well suited for rapid prototyping applications, where low fixed costs and rapid 

process speeds are emphasized [24].  
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Figure 2: Schematic illustrations of direct-write printing methods. a) Inkjet printing 

process. b) Aerosol jet printing process. Adapted from [25]. c) Fused filament 
fabrication printing process. Adapted from [26]. 

  

Whereas direct-write printing is useful for rapid-prototyping (think of commonly 

used desktop printers), template-assisted printing is more appropriate for large-area 

mass-production (think of the printing press) [27]. Template-assisted printers rely on the 

use of a predefined mask or template to stamp features onto a substrate. This method of 

material deposition is compatible with roll-to-roll printing which has been shown to 

deposit inks on rolls of flexible substrates at throughputs as high as tens of meters per 

second [28]. Examples of template-assisted printers include gravure, screen, and 

flexographic printers, each of which are illustrated in Figure 3. Although these printers 

have very low variable costs and are suitable for very high throughput batch level 

production, they are only compatible with planar fabrication and have higher fixed costs 

in comparison to direct-write printers.  
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Figure 3: Schematic illustrations of template-assisted printing methods. a) Gravure 

printing process. b) Flexographic printing process. c) Screen printing process. 
Adapted from [29]. 

 

2.2 Electronic Materials and Inks 

Depending on the printer that is being used, ink properties and rheology must be 

carefully tuned in order to match the designated printer specifications. For instance, 

template-assisted printers often require high concentration inks with high viscosity and 

shear thinning properties [30] while some of the direct-write printers, such as inkjet and 

aerosol jet printers typically use lower viscosity, more dilute inks [31]. In terms of ink 

functionality, there are a variety of inks that produce films with targeted properties such 

as conductivity, semiconductivity, insulation, structural rigidity, and even chemical or 

biological activity [32], [33], depending on the active particles loaded into the inks. 

2.2.1 Conductive Inks 

 Among the conductive inks, the most common materials used are silver, copper, 

platinum, gold, and carbon particles. Conductive carbon inks can exist in the form of 

carbon black [34], graphene [30], or carbon nanotubes [35], and are often used for their 

low-cost, abundance, and electrochemical stability but suffer from very low 
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conductivities relative to bulk metals. Copper inks, though reactive, have the advantage 

of being one of the cheapest high conductivity materials. There are several efforts in 

synthesizing copper particles with conductive capping layers to protect against 

oxidation [36]. Inks from more inert metals, such as gold or platinum, have good 

conductivity and chemical stability but are expensive and typically require extensive 

postprocessing [14]. 

Due to these challenges amongst the various conductive materials, the most well 

established and widely used inks within printed electronics are those composed of 

conductive silver nanoparticles [37]. Silver is advantageous because it is relatively 

oxidation resistant (in comparison to low-cost metals such as copper), it has a very high 

conductivity (σ = 6.3 * 105 S/cm), and it is much cheaper than more inert metals such as 

gold, platinum, or palladium. Inks from silver typically exist in the form of a colloidal 

suspensions of silver nanoparticles dispersed into a solvent. These nanoparticles are 

often stabilized in solution through the use of organic capping agents, which help to 

keep the nanoparticles from aggregating. A schematic illustration of a silver 

nanoparticle ink can be seen in Figure 4a. When this ink is deposited onto a substrate, it 

then has to be processed, either thermally, chemically, or photonically, to yield a 

conductive film, an example of which can be seen in the scanning electron microscopy 

(SEM) image in Figure 4b. 
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Figure 4: Conductive nanoparticle inks. a) Illustration of a colloidal dispersion of 
silver nanoparticles. Adapted from [38]. b) SEM image of a sintered silver 

nanoparticle film after deposition. Adapted from [39]. 
  

Although silver nanoparticle inks have received the vast majority of research 

interest, both academically and industrially, there remain a number of challenges 

associated with these inks, including postprocessing, which typically consists of 

sintering films at up to 200°C for an hour. This constraint limits the speed and 

throughput at which an overall process can take place and often requires either 

extensive user-intervention, or the addition of expensive in-line processing equipment 

(either bulky convection ovens installed on a R2R printer or a high-intensity light source 

for photonic annealing). These challenges have resulted in the investigation of silver 

inks that can further reduce postprocessing requirements.  

Recently, in a study carried out by Stewart et al. [40], films were deposited from 

solutions of various silver particle morphologies, where the silver morphologies 

consisted of either nanoparticles, microflakes, or nanowires, SEM images of which can 
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be seen in Figure 5a-c. Here it was found that the solutions consisting of higher aspect 

ratio particles, such as long-silver nanowires exhibited lower film resistivities at lower 

processing temperatures (70 °C for long nanowires versus 200 °C for nanoparticles). A 

plot of film resistivity versus drying temperature can be seen in Figure 5d. The reason 

for the decrease in curing temperature for higher aspect ratio nanostructures stems from 

their longer length, which reduces the overall number of contact points between 

particles at any two points along a film. Since these contact points are the most resistive 

components of the film (in comparison to the particles themselves), the resulting films 

possess lower postprocess temperature requirements. Although this study is promising 

for reducing process constraints associated with silver inks in printed electronics, it did 

not address challenges associated with printing higher aspect ratio silver particles, 

which is a challenge addressed in later sections of this dissertation.  
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Figure 5: Silver ink nanostructure morphologies. SEM images of films consisting of 
silver a) nanoparticles, b) microflakes, and c) nanowires. d) Plot of film resistivity 

versus drying temperature for films of various nanostructure morphologies. Adapted 
from [40]. 

 

2.2.2 Semiconducting Inks 

As mentioned in the Introduction chapter of this dissertation, printed 

semiconductors are most likely to be used as films in devices such as thin-film 

transistors for low-cost or large area IoT applications, and are not aimed at replacing 

silicon-based electronics altogether. Applications for printed thin-film transistors 

include large-area, low-cost sensing, display, or communication electronics. Within the 

TFT space, there are a number of semiconductor candidates, which have traditionally 

included amorphous silicon and polycrystalline silicon, which are brittle and cannot be 

processed from solution, requiring throughput and area restrictive vacuum deposition 

methods [41]. The semiconductors that can be processed from solution, and thus are 

printable, include organics [42], carbon nanotubes [39], and some metal oxides [43]. 

Figure 6a outlines a generalized TFT structure, with metal oxide (Indium Gallium Zinc 

Oxide), carbon nanotubes, or an organic (poly (3-hexylthiophene)) as the semiconductor. 
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Of these three materials, metal oxides, specifically Indium Gallium Zinc Oxide 

(IGZO), is most widely studied, because of its now long-standing use in commercial 

thin-film display applications [11]. However, its application in printed flexible devices is 

quite limited due to its high process temperature requirements (typically in excess of 300 

°C) and its brittleness. Organic semiconductors have long been intended for use in 

printed electronic applications, because of their excellent printability and flexibility [44]. 

However, these materials typically have very low carrier mobilities (< 1 cm2V-1s-1) and 

poor chemical stability. More recently, carbon nanotubes have become preeminent 

candidates as semiconductors in printed electronics, because of their high carrier 

mobility, excellent flexibility, chemical stability, and low-temperature process 

compatibility [45]. Though an emerging material, a variety of large-scale printed 

electronic demonstrations have been carried out using carbon nanotubes, as will be 

discussed in the next chapter.  To summarize and compare thin-film semiconductors 

discussed above, carrier mobility is plotted against drive current in Figure 6b, with all 

data points having a drive voltage of less than or equal to 1V.  
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Figure 6: Thin-film transistor (TFT) structure and materials. a) Schematic illustration 

of a back-gated top-contacted thin-film transistor. Adapted from [46]. b) Schematics of 
various thin-film semiconductors (left) with corresponding comparison of carrier 

mobility (right). Adapted from [45]. 

 

2.2.3 Dielectric Inks 

Within the space of traditional electronics fabrication, dielectric materials such as 

SiO2, HfO2, and Al2O3 have long been used to passivate electronics or gate field-effect 

transistors. In transistor applications, the thinness and uniformity of these films are of 

paramount importance in determining device performance, requiring their deposition 

through the most expensive and time-consuming vacuum processing techniques, such 

as atomic layer deposition (ALD) [47]. More recently, solutions of metal-oxide 

precursors have been used to allow the deposition of dielectrics such as AlOx or HfOx 

deposited through spin coating methods. Although these methods are promising for 

reducing the overall fabrication costs for driving higher performance in TFTs, metal-
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oxide dielectrics require high process temperatures in order to convert the precursor 

solutions into their final metal-oxide state [48]. 

Alternatively, polymeric dielectrics, which include but are not limited to 

polyvinylpyrrolidone (PVP), poly(methyl methacrylate) (PMMA), polystyrene (PS), 

polyimide (PI) and polydimethylsiloxane (PDMS) are a promising class of dielectrics 

due to their solution-compatibility, mild postprocess requirements, and flexibility. 

Unlike solution-processed metal-oxides, there is substantial literature on the printing of 

polymer dielectrics, both as encapsulants and as a gate dielectric [39], [49]. However, the 

dielectric constant of most polymers is relatively low in comparison to that of metal-

oxides. To boost the relative permittivity, many have incorporated high dielectric 

constant BaTiO nanoparticles into their printed polymer solutions [50]. Although 

polymer-based dielectrics are often utilized throughout the TFT literature, they all 

require some level of either thermal, photonic, or chemical postprocessing in order to 

cross-link the solution-deposited film. Such requirements add to the overall complexity, 

time, and cost of a fabrication process. Ideally, solution-processed dielectrics would have 

no postprocess requirements and could provide electrical insulation immediately upon 

deposition. One potential candidate for a low-temperature dielectric is not polymeric, 

but based on the nanomaterial hexagonal boron nitride (h-BN) [51]. The printing of this 

material at low temperatures will be discussed in later chapters. 
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The dielectrics discussed above are simple mediums, meaning that, ideally, they 

are electrically insulating and do not conduct charged mobile impurities. The relative 

permittivity that arises from these simple mediums is a result of the polarization of their 

internal electric dipoles in response to an externally applied electric field. This 

polarization process is illustrated in Figure 7a under ‘simple medium’. In order to 

achieve a high gate capacitance in a thin-film transistor, the relative permittivity of the 

dielectric must be large and its thickness small. However, depositing thin, uniform films 

through printing methods is very challenging. This has led to the development of 

printable ionic dielectrics as an alternative [52]. Ionic dielectrics are electrically 

insulating but ionically conductive. When applied as a gate dielectric in a transistor, the 

mechanism of polarization of ionic dielectrics fundamentally differs from that of simple 

mediums. As illustrated in Figure 7a, under ‘solid electrolyte’, the mobile ions in the 

dielectric accumulate at the gate/semiconductor interfaces generating a very large 

double-layer capacitance that is independent of film thickness. This thickness-

independent capacitance is very advantageous for printing methods, which are unable 

to produce high-quality ultrathin films. This enables low-voltage operation of 

transistors, which is essential for low-power IoT applications. 
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Figure 7: Ionogels as thin-film transistor gate dielectrics. a) Schematic illustration of 
the polarization mechanisms of either a simple medium or an ionogel gate dielectric. 
Adapted from [53]. b) Illustration of an ionogel consisting of triblock polymer (red 

and blue) partially dissolved into an ionic liquid (black spheres). Blue polymer 
blocks dissolve in ionic liquid while red polymer blocks aggregate to form a 

gelatinous mass that conducts ions within it. Adapted from [52]. 

 

One of the most commonly used ionic dielectrics are ionogels, which consist of a 

tri-block polymer partially dissolved in a liquid electrolyte, as illustrated in Figure 7b. 

This material is advantageous for its solid-like gelatinous properties 

(flexible/stretchable) while having very large liquid-like ionic conductivities. High ion 

conductivity is essential in an ionic electrolyte because it is the primary factor that limits 

transistor switching speeds—the primary challenge for ionogels in TFTs [54]. In addition 

to the above-mentioned advantages, ionogels do not require extensive thermal 

postprocessing, making them a promising candidate for low-temperature printing of 

flexible transistors. The printing of a low-temperature ionogel consisting of an EMIM-

TFSI liquid electrolyte and a PS-PMMA-PS block polymer will be discussed in later 

chapters. 
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2.3 Applications of Printing 

 For the past 50 years, subtractive processing methods, such as photolithography 

followed by development, or plating followed by etching, have dominated electronics 

fabrication in the making of integrated circuits and boards. Only recently have circuits 

from low-cost printing methods been under investigation and development. While 

many circuit demonstrations rely on both additive and subtractive methods throughout 

their fabrication, some have relied fully on printing methods. Notable embodiments of 

at least partially printed circuits include both digital and analog functions [55], ranging 

from multi-stage ring oscillators [56] to buffers and differential amplifiers [57]. The 

printing of these circuits can be necessary for driving on-board antennas, sensors, or 

indicators in low-cost IoT systems. An example of a fully-printed IoT sensor system can 

be seen in Figure 8a.  
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Figure 8: Applications of printed electronics. a) A fully R2R-printed IoT sensor system 

with on-board electronics. Adapted from [57]. b) Demonstration of flexible hybrid 
electronics with both printed components and discrete IC components. Adapted from 

[58]. c) Example of a 3D printed electronic device. Adapted from [59]. d) A fully 
printed low-cost display. Adapted from [60]. 

 

 
As previously mentioned in the introduction, a more popular approach to 

printing flexible electronics is that of a hybrid, where some parts of an electronic system 

are printed and more complex parts, such as thinned silicon ICs, LEDs, or passive 

components, are placed in as illustrated in Figure 8b. This category of electronics 

manufacturing has been coined flexible hybrid electronics (FHE) [9]. However, 3D 

printing methods, such as fused filament fabrication (FFF) and stereolithography (SLA), 

have continued to expand over recent years, resulting in growing interest in hybrid 

approaches to realizing 3D printed electronics of arbitrary shape [61]. The electronic 

materials themselves can be deposited by 3-5 axis direct-write methods, such as FFF, 
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robocasting, or aerosol jet printing. An example of a 3D printed electronic component 

can be seen in Figure 8c. 

 Still, there are some applications where hybrid printing approaches are 

disadvantageous, such as those that require large-area and low-cost fabrication of 

distributed sensors or pixels. An example of a fully printed, low-cost, 7-segment display 

is shown in Figure 8d, which can be used to indicate the state of an on-board sensor. For 

larger-area, higher-resolution displays, methods such as R2R printing are very 

advantageous because they are not restricted in fabrication area. Many works have 

demonstrated the R2R printing of large active-matrix transistor arrays for display 

applications [10]. Similarly, large-area distributed sensors have been developed through 

printing, which have been demonstrated for use in flexible haptic smart displays [62]. 

Aside from haptic touch sensors, there are many demonstrations of other sensor types 

that can benefit from being integrated into a large-area printed array [63]–[65]. Outside 

of R2R methods, direct-write methods could be advantageous for quickly producing and 

prototyping flexible IoT sensor systems with integrated electronics and indicators. 

However, driving down the costs and process complexity of direct-write fully printed 

electronics is paramount for further enabling their more widespread use.  

2.4 Conclusion 

 Additive manufacturing techniques have widely expanded over recent years in 

the printing of electronics. While direct-write printers can be used to quickly prototype 
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electronic systems or add functionality to existing surfaces, R2R methods have the 

promise of producing low-cost electronics at extremely large scales. These printing 

methods are capable of depositing a variety of functional inks with properties ranging 

from conducting and semiconducting to chemical or biological. These methods can be 

used to produce planar circuits, sensors, and displays on flexible substrates, or they can 

be used to produce 3D printed electronics of arbitrary form-factor. However, there are 

distinct challenges within the printed electronics space associated with ink processing 

requirements, which limits the overall speed and throughput at which a process can be 

carried out. These limitations can be especially hindering in a direct-write process, 

which results in prolonged prototyping phases with heavy user involvement. 
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3. Carbon Nanotube Thin-Film Transistors  
As previously mentioned in Chapter 1, carbon nanotubes are advantageous for use in 

printed electronics due to their unique electronic properties, printability, flexibility, 

chemical stability, and compatibility with low-temperature processing. Their use has 

been demonstrated in a variety of printed electronic applications, including flexible 

displays, biosensors, large-scale circuitry, and communication electronics, using both 

direct-write and R2R methods. Furthermore, because of their low-temperature solution-

process compatibility, they can enable a fully in-place printing process where the 

substrate never leaves the printer throughout fabrication, a potential route towards 

print-on-demand electronics. In this Chapter, carbon nanotubes and their devices, 

specifically TFTs, will be outlined and contextualized to introduce the concept of in-

place printed carbon nanotube transistors at low temperature. 

3.1 Structure and Synthesis of Carbon Nanotubes 

Carbon nanotubes and graphene are very similar in that both consist of hexagonally 

bonded carbon atoms in an sp2 hybridization. However, the difference in CNTs stems 

from their 1D geometry, in contrast to the 2D sheet that is graphene. CNTs can be 

thought of as graphene ‘rolled up’ into a seamless 1D cylinder. The diameter and 

electronic properties of a CNT depend upon its chiral vector, which is a circumferential 

vector associated with the angle in which the CNT is ‘rolled up’. The chiral vector can be 

described as c = na +mb, where a and b are two unit vectors that define the location of all 
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atoms in a honeycomb lattice [66]. The set of possible chiral vectors for CNTs are 

depicted in Figure 9a, which also highlights the dependence of a CNT’s electronic 

properties on the chiral vector. CNTs can exist in a variety of structural configurations, 

including armchair(n, n), zig-zag (n, 0), and chiral (n, m), each of which is illustrated in 

Figure 9b. 

 

 
 
Figure 9: Structure of carbon nanotubes. a) Layout of CNT chiral vectors with red dots 
indicating semiconducting CNTs and black dots indicating metallic CNTs. Adapted 
from [45]. b) Illustration of the various CNT structures depending on chiral vector 

(n,m). Adapted from [66]. 
 

 

 Looking at graphene’s 2D energy dispersion space, as illustrated in Figure 10a, 

the process of ‘rolling’ graphene into a seamless tube quantizes the 2D energy space into 

discrete 1D subbands. These subbands are represented in Figure 10a as parallel lines and 

their orientation and number is determined by the chiral vector and CNT diameter. The 

projections of these subbands onto graphene’s energy dispersion space are illustrated in 
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Figure 10b and 10c. Figure 10b represents the case of a subband intersecting with a k-

point of graphene’s energy dispersion space, resulting in no band gap. Figure 10c 

represents the case of a subband not intersecting with a k-point and the further away 

from the k-point the subband is, the larger the resulting gap. If a CNT has a chiral vector 

such that any of its subbands intersect with any of the k-points of graphene’s 2D energy 

space, then that CNT exhibits metallic-like electrical properties. Otherwise, the CNT is 

semiconducting with a bandgap that is inversely proportional to its diameter and can be 

approximated from the expression, 𝐸!(𝑒𝑉) ≈ 0.7/𝑑"#$(𝑛𝑚) [67]. 

 

 

 
 Figure 20: Electronic structure of carbon nanotubes. a) Illustration of 

graphene’s 2D energy dispersion space near its k-points, with the 1D subbands of a 
CNT represented by parallel dashed lines. b-c) Projection of a subband’s 1D energy 
dispersion space that b) intersects with a k-point to form a metallic CNT and c) does 

not intersect with a k-point, resulting in a bandgap. Adapted from [67]. 
 

  

 As can be seen in Figure 9a, for every CNT with a chiral vector resulting in 

metallic behavior, there are two chiral vectors that result in semiconducting behavior. 
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Statistically, in a synthesis process that does not have control over chirality, the 

electronic yield of metallic to semiconducting CNTs is 1:2. The presence of metallic tubes 

after CNT synthesis presents a fundamental challenge, since it is the semiconducting 

properties of CNTs that are most often desired for electronic applications. Later sections 

will describe various methods in which CNTs are sorted based upon chirality or 

electronic type. 

 There are a variety of methods to synthesize carbon nanotubes, the most 

prominent of which are arc discharge [68], laser ablation [69], and chemical vapor 

deposition (CVD) [70]. Laser ablation and arc discharge both work by vaporizing 

graphite, the former using a high-power laser and the latter by passing high current 

through a graphite rod. CVD, being one of the most commonly used methods for CNT 

synthesis, is carried out using a variety of strategies. Some of these strategies can yield 

CNTs with high degrees of alignment and chiral homogeneity, though the highest 

throughput methods, such as the production technologies HiPCO and CoMoCAT, 

produce films of tubes with random orientation from catalyst particles [71]. These 

methods involve the use of an energy source, a carbon feedstock in the gas phase, and 

transition metal catalyst particles, the size of which can be selected to yield some degree 

of control over chiral uniformity. Once the CNTs have been synthesized, a variety of 

purification steps, such as acid treatment and filtration, are required to remove excess 

impurities and catalyst particles in order to form a usable product, often in the form of a 
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powder. Still, for most electronic applications, the CNTs must be sorted to select for 

CNTs of desired electronic type. 

3.2 CNT Processing and Deposition 

3.2.1 Solution-Phase Sorting 

 Although there has been significant progress in the controlled growth of CNTs 

with specific electronic properties [72], the purity and yield of controlled growth 

processes have not sufficiently satisfied the requirements of most electronic applications, 

especially those at large scale. Alternatively, the primary means of producing large 

quantities of CNTs of specific electronic type has been to use post-synthesis solution-

phase sorting methods, which can sort solutions of CNTs at liter-scale throughputs. 

There exists a large variety of CNT sorting methods, most of which were developed 

during the early 2000s, including density gradient ultracentrifugation (DGU) [73], gel 

electrophoresis [74], conjugated polymer extraction (CPE) [75], ion-exchange 

chromatography [76], and aqueous two-phase extraction [77], among others, which can 

select for specific nanotube chiralities, lengths, diameter, and even handedness [72]. The 

two methods that will be outlined here are DGU and CPE. 

 DGU was first demonstrated by Arnold et al. [73], where heterogenous CNT 

mixtures in solution were discriminated by structure using ultracentrifugation. Bile salts 

or surfactants (often sodium cholate or sodium dodecyl sulfate) can be introduced into 

CNT solutions to encapsulate CNT species at varying degrees, depending on the 
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structure and diameter of the tubes. This process is illustrated in Figure 11a, where it can 

be seen that a larger number of salt/surfactant molecules will wrap around CNTs of 

larger diameters, creating differences in buoyant densities across CNTs with varying 

structures. Applying ultracentrifugation to the CNT/surfactant solution can then create a 

spatial density gradient across the solution, where various regions of the medium have a 

homogenous distribution of CNT diameters. An image of a density gradient medium is 

shown in Figure 11b, where it can be seen that different regions of the medium exhibit 

distinct absorbance spectra, corresponding to the differences in CNT properties in each 

region. A variety of other DGU-based strategies can also be used to discriminate CNTs 

of various lengths [78] and handedness [79]. However, compared to other sorting 

methods, DGU is relatively inefficient and costly, as it typically requires multiple 

iterations to achieve solutions of sufficiently high purity [80]. 

 In contrast to DGU, CPE sorts CNTs using conjugated polymers often derived 

from polyfluorene (PFO) [81] or poly(3-alkylthiophene)s (P3AT) [82], which are highly 

selective for specific CNT properties. The π-conjugated backbone of these polymer 

molecules can selectively interact with the graphene-like π-bond surface of nanotubes 

with specific electronic properties while the polymer side chains encapsulate the CNTs 

and supports their dispersion in organic solvents (an illustration can be seen in Figure 

11c). The CPE process has some degree of chiral selectivity, as shown in Figure 11d, 

depending upon the chemical structure of the conjugated polymer. The CPE process is 
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often quite simple, only consisting of sonication of a CNT/polymer solution, 

centrifugation in order to sediment unwanted species, and collection of the desired 

semiconducting CNT (s-CNT) supernatant [83]. Due to its simplicity, CPE is often 

combined with other sorting processes, such as silica gel adsorption, as demonstrated by 

Ding et al. [84], to enhance purity. Due to the simplicity, high selectivity, and high yield, 

CPE and its hybrids are particularly interesting for large-scale electronic applications; 

however, challenges remain associated with understanding the mechanism of sorting 

using conjugated polymers, which will be necessary to eventually sort CNTs of specific 

chiral angles and uniform bandgaps, which could be generally useful for numerous 

device applications [85].  

 

 
Figure 31: Carbon nanotube sorting methods. a) DGU salts wrapping sets of CNTs 
with varying diameters. b) Schematic showing how various regions of DGU-sorted 

solution exhibit distinct properties, indicating effective sorting. Adapted from [73]. c) 
Illustration of how conjugated polymers wrap CNTs with d) the ability to wrap 

around CNTs of specific chirality. Adapted from [81], [82]. 
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3.2.2 Thin-Film Deposition and Printing 

 With the development of sorted CNTs from solution, there remains the challenge 

of depositing and assembling CNTs from solution phase. As can be expected, when CNT 

solutions are deposited on a substrate and the carrier solvent evaporates, what remains 

is a thin-film network of randomly oriented tubes. For thin-film applications, the 

randomly oriented CNTs must form a film with sufficient density so that tubes overlap 

and electronic percolation can occur – transport propagated by electrons moving from 

one nanotube to another and so on to move across the film. Although individual 

nanotubes can exhibit ballistic transport and possess mobilities exceeding 100,000 

cm2V−1s−1 [86], electronic transport through a CNT film is limited by the tube-to-tube 

junctions present throughout the network [87]. Additionally, there often exists an 

organic residue present throughout a solution-deposited film, remnant of the polymer 

used to stabilize the CNTs in solution. Typically, an additional rinse with solvent or a 

high-temperature anneal is necessary after film deposition in order to remove these 

excess organics. Common CNT thin-film mobilities lie between 1 and 100 cm2V−1s−1 

depending on the tube density. Additional analysis of this topic is given in later sections 

of this dissertation. 

 Prior to the deposition of CNT films on smooth non-polymeric substrates, such 

as SiO2, surface functionalization is often used for adhesion promotion using poly-L-

lysine (PLL) [14] or aminopropyltriethoxy silane (APTES) [88]. The most classic of the 
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solution-phase deposition methods are substrate incubation, drop-casting, or spin-

coating. Recent demonstrations of the incubation method have been shown to produce 

highly uniform films of CNTs with high tunability of the film density depending on the 

incubation time [89]. The drawback associated with substrate incubation, as well as all 

other traditional CNT film deposition methods, is the inability to selectively pattern the 

deposited film. In most cases, unwanted regions of CNTs must be removed using an O2 

plasma. Methods such as spin coating have been used to deposit CNT films with some 

degree of alignment, but also suffer from little to no control over film pattern. While 

simple methods, such as drop casting, have some degree of control over the pattern of 

the deposited film, typically these films suffer from poor uniformity. 

 While these surface coating techniques have advantages in some instances, 

printing techniques benefit from wasting less material in addition to potentially being 

more scalable, especially for R2R methods. However, there have been relatively few 

demonstrations of semiconducting CNT inks for template-assisted printers and most 

reports in this space focus solely on conductive multi-walled carbon nanotube inks for 

electrochemical sensors [90]. The limitation associated with developing a 

semiconducting CNT ink are the polymer binders that need to be incorporated into the 

ink to increase its viscosity for R2R printing techniques. Adding these binders severely 

reduces thin-film performance; recent demonstrations have shown that films printed 

from such inks possess mobilities less than 1 cm2V−1s−1 [91]. To avoid this low-
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performance limitation in the printing of CNT-based devices from template-based 

methods, typically a blanket layer of CNTs is deposited using the incubation method, 

followed by the R2R printing of the remaining dielectric and conductive layers [50]. It 

should also be noted that dual direct-write/R2R printing processes have been developed 

for fabricating CNT-TFTs, where the CNT layer is directly printed using an inkjet printer 

and the other layers are gravure printed [49].  

In contrast to template assisted methods, CNT films printed using direct-write 

methods are potentially scalable without any compromise in performance. Inkjet 

printing and aerosol jet printing are the two most prominent methods for printing 

CNTs. Deposition through an inkjet printhead nozzle (illustrated in Figure 2a) relies on 

a thermoelectric or piezoelectric transducer, which propels a droplet out from the 

nozzle. With regards to printing CNTs and inks of other high-aspect ratio 

nanostructures, inkjet printers suffer from a propensity for nozzle clogging, which can 

limit throughput [92]. Alternatively, aerosol jet printers (AJP) have been shown to print 

CNT inks with high reproducibility and for long periods of time [93]. The advantages in 

printing high-aspect ratio nanostructures using AJPs can be attributed to their unique 

nozzle structure and operation, which is illustrated in Figure 2b. Once an ink aerosol is 

generated using ultrasonic or pneumatic atomization, this aerosol stream is directed 

down through the middle of the nozzle where it is met by a secondary inert sheath gas 

flow, which focuses the carrier gas stream as it is jetted out from the nozzle and prevents 
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it from coming into contact with the nozzle sidewalls. Because of this sheath flow 

protection, AJPs have also been used to print other high-aspect ratio inks, such as low-

temperature-compatible silver nanowires (AgNWs), without a propensity for nozzle 

clogging [94], [95]. Furthermore, printing high-aspect ratio nanostructures using AJPs 

can enable fully low-temperature printed CNT-TFTs and the development of print-in-

place electronics, as will be demonstrated in later chapters. 

3.3 CNT-TFT Device Operation 

 Semiconducting carbon nanotubes have long been considered for replacing 

silicon as a channel material in transistors for nanoscale digital logic applications due to 

their extremely high mobility and nanoscale dimensionality [96]. However, for lower-

cost TFT applications, carbon nanotube thin films still benefit from the exceptional 

properties intrinsic to CNTs, yielding relatively high-performance devices in 

comparison to other thin-film semiconductors, despite the carrier transport limitations 

presented by a randomly oriented percolating network of tubes. The main advantage of 

using carbon nanotube thin films over aligned tubes is their lower cost of deposition. 

The applications for TFTs tend to be quite different from their nanoscale transistor 

counterpart, largely due to the cost/performance trade-off [3]. 

 Generally, the function of a CNT-TFT is that of an electronic switch, which is also 

the case for the nanoscale transistor counterpart. However, TFTs typically have channel 

lengths greater than 1 µm, so high performance is not of high emphasis, but low-cost 
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and uniformity is. Figure 12 outlines the general structure, properties, and operation of 

CNT-TFTs. Seen in Figure 12a is a generalized schematic of a long-channel TFT, with 

source (S), gate (G) and drain (D) terminals. In general, high TFT drain currents |ID| are 

desirable in the on-state and low TFT drain off-currents are desirable in the off-state. The 

state of the transistor is determined by the voltage applied at the gate. The gate voltage 

at which the transistor transitions from off to on is known as the threshold voltage VT. 

 

 
Figure 42: CNT-TFT structure, properties, and operation. a) Schematic of a TFT 

structure with band diagram for p-type operation. Adapted from [3], [97]. b-c) Plot 
typical b) subthreshold and c) output curves for p-type CNT-TFTs with low gate 

capacitance. Adapted from [14]. d) SEM image and schematic of a randomly oriented 
CNT network illustrating junctions between tubes. Adapted from [87]. e) 

Relationships between channel mobility, on/off ratio, and tube density. Adapted from 
[98]. 

 

 

To explain TFT operation, an energy band diagram is illustrated beneath the 

transistor schematic in Figure 12a. As can be seen from this energy band diagram, CNT-
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TFTs are typically p-type devices, where carrier transport through the channel depends 

on hole injection from the source contact into the valence band of the CNT channel, 

which is enabled by the increase of channel and drain energies through the application 

of negative bias voltages applied to the gate and drain. As the gate voltage is decreased, 

|ID| increases exponentially, a characteristic that is typically shown in a subthreshold 

curve, a representative example of which is logarithmically plotted in Figure 12b. The 

rate of increase of |ID| as the gate voltage is changed is quantified by the subthreshold 

slope (SS) in the off-state and the transconductance gm in the on-state. These quantities 

are highly dependent on the gate capacitance CG, where high CG typically result in better 

SS and gm characteristics. Thus, high CG is desirable for low-voltage operation. 

Additionally, |ID| also responds to changes in the drain voltage VDS, which is typically 

shown on a linear plot known as the output curve (seen in Figure 12c).  

The channel resistance, which is typically dominant relative to contact resistance 

in long-channel devices (even in the on-state), is dependent on the gate voltage. In the 

off-state, when a zero or positive gate bias is applied, the channel resistance is large, so 

that no carriers can conduct. In the on-state, when a large negative gate bias is applied, 

carriers can inject into and transport through the channel, resulting in a low channel 

resistance and high |ID|. Ultimately, the maximum |ID| and gm of a TFT are limited by 

the mobility of the channel. Channel mobility is a measure of how quickly carriers can 

move within the channel and is related to how often carriers scatter. In a randomly 
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oriented CNT network as illustrated in Figure 12d, it can be seen that these films possess 

many junctions between tubes which is where most of the carrier scattering occurs. 

However, the number and density of tubes can be tuned in order to achieve specific 

mobilities and other device properties. 

As shown in Figure 12e, there is a proportional relationship between CNT-TFT 

channel mobility and tube density. However, tube density cannot be increased 

indefinitely without compromising the ratio between on-current and off-current, or 

on/off ratio. In the lower portion of Figure 12e, it can be seen that there is an inverse 

relationship between channel mobility and on/off ratio as well as tube density. Still, tube 

density can be tuned to fit desired applications. For example, high mobility and low 

on/off ratio devices are better suited for high frequency applications, whereas 

intermediate mobility and high on/off ratio devices are better suited for low frequency 

digital circuit or sensing applications. 

 Aside from channel characteristics, contacts play a role in determining overall 

device performance as well, even in long-channel devices where channel resistance is 

dominant. For nanoscale transistors, numerous studies have shown that reducing 

contact resistance to aligned CNT channels results in enhanced on-state performance 

metrics [99]. Similar improvements have been reported for CNT-TFTs though to lesser 

degrees [14]. The origin of these device improvements stems partially from enhanced 

carrier injection into the channel. Contact resistance itself is, in part, a material 
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dependent property, which relies on how well the metal contact work function aligns 

with the energy bands of the carbon nanotube channel. In the next section, printed 

contact materials and their impacts on device performance will be discussed. 

3.4 CNT-TFT Device Structure and Fabrication 

TFTs can exist in many configurations with a range of diverse material 

combinations. Two common approaches for fabricating CNT-TFTs are highlighted in 

Figure 13. The first approach involves the use of vacuum-based processing for many (if 

not all) of the device components (highlighted in Figures 13a and 13b). Such devices 

often consist of metal contacts formed using a high-vacuum thin-film evaporation 

technique and atomic layer deposition (ALD) grown dielectric layers. In addition to 

these process steps, there can often be further steps with even greater cost or complexity. 

The second approach is the printing of all device layers, as highlighted in Figures 13c 

and 13d, which typically produces devices that exhibit lower performance but can be 

fabricated at much lower cost. In general, however, the fundamental properties of the 

underlying CNT thin film remain the same, regardless of approach, as was summarized 

in the last section and in Figure 12e. With regards to other device components, 

numerous approaches have been investigated in the fabrication of CNT-TFTs, many of 

which are summarized below, along with an outline of the relevant performance metrics 

associated with each process method. 
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Figure 53: Outline and properties of CNT-TFTs. a) Representative schematic of 

vacuum-processed CNT-TFTs. Adapted from [100]. b) Corresponding transfer curve of 
vacuum-processed CNT-TFTs. [101] c) Image of a fully printed CNT-TFT. d) 
Corresponding transfer curve of fully printed CNT-TFT. Adapted from [39]. 

 
 

 

With regards to dielectric layers, the ALD deposition of either Al2O3 or HfO2 are 

two of the most common dielectrics from vacuum-based deposition [102], [103]. Due to 

the fine control of layer thickness (tox < 50 nm), ALD oxides are capable of producing 

devices with small subthreshold swing (SS < 200 mV/dec) and low operating voltage 

(VDD < 5 V). Additionally, oxide materials such as Al2O3 are capable of doping an 

underlying CNT layer and converting CNT-TFT operation to n-type [101]. However, in 

comparison to solution-processed polymer dielectrics, ALD oxides are less mechanically 
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flexible and much more costly to deposit. Printed polymer oxides such as 

BaTiO3/PMMA or PVP composites have been shown to possess excellent flexibility and 

even stretchability while being compatible with solution processing and printing [39], 

[55], [104]. Even nanomaterial dielectrics, such as h-BN nanosheet networks, have shown 

promise [105]. However, the thickness of solution-processable dielectrics are difficult to 

control and are susceptible to pinhole formation, potentially resulting in devices with 

low yield or poor uniformity.  

Alternatively, electrolyte-based dielectrics from ionogels have been shown to 

produce low-voltage CNT-TFTs while being compatible with solution processing [106]. 

The advantages associated with ionogels are afforded by their unique polarization 

mechanism compared with simple dielectrics. Upon application of a gate voltage, 

mobile ions in the electrolyte accumulate at each electrode interface, giving rise to a 

double-layer capacitance on the order of 1–100 µF cm−2 that is independent of ionogel 

thickness [53]. Such large gate capacitance values enable ultra-low voltage operation. 

However, disadvantages associated with ionogels include slow polarization (switching) 

speeds and high gate leakage. What has yet to be taken advantage of for ionogels is their 

compatibility with low-temperature processing, a topic that will be covered in later 

chapters. 

For contacts, two predominant approaches for depositing contact metals are 

through vacuum-based thin-film evaporation or printing. For evaporation, typical 
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contact materials include Pd or Au for achieving p-type transistor behavior. Although 

CNTs are intrinsic semiconductors, CNT transistors often exhibit p-type behavior due to 

a favorability for hole injection into the valence band when using high-work function 

metals. One way to achieve n-type CNT transistors is to use low-work function contact 

metals, such as scandium or erbium, which favor electron injection [107]. However, low 

work function metals have a high propensity to oxidize, which necessitates immediate 

passivation and makes them difficult to process [67]. For printed contacts, silver 

nanoparticles are the most commonly used material due to their high conductivity, 

relatively low cost, and long-term performance stability. However, a variety of printed 

contact materials have been demonstrated, including gold nanoparticles, metallic CNTs, 

various silver nanostructures, and eutectic gallium indium (liquid metal) [108]. Recent 

work carried out by Cao et al. [14] showed that contact resistance to s-CNT films is 

directly related to contact material, with m-CNTs having the lowest contact resistance 

relative to Au and Ag nanoparticles. As is illustrated in Figure 14, lower contact 

resistance leads to enhanced on-state performance in CNT-TFTs. In future chapters, 

improving the contact resistance of silver in CNT-TFTs will be discussed. 

 



 

 41 

 
Figure 64: CNT-TFT contact resistance and its impacts on device performance. 
Histograms of a) contact resistance, b) on-current, c) transconductance, and d) 

mobility versus contact metal and configuration. Adapted from [14]. 

 

 

3.5 Conclusion 

 Although great research effort has aimed at using CNTs to replace silicon, their 

unique and versatile properties have led to the development of devices and transistors 

from randomly oriented films. These thin-film devices are promising for numerous 

applications, including circuits, displays and sensors within the IoT. From a materials 

processing perspective, solution-phase sorting methods have been developed to sort 

large quantities of semiconducting tubes from their metallic counterparts, while various 

printing methods and strategies have been developed to enable low-cost or scalable 

production of CNT-based devices. Although these printed devices do not perform as 

well as vacuum-processed devices, their low cost of production is motivating for 

numerous IoT applications. In CNT-TFTs, reducing contact resistance, specifically for 

silver inks, remains a challenging obstacle. Additionally, despite the fact that CNT inks 

have potential compatibility with low-temperature solution processing, little to no work 
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has exploited this advantage to demonstrate low-temperature printed devices. These 

two challenges, which ultimately limit the performance and processing of CNT-TFTs, 

will be addressed in future chapters. 
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4. Aerosol Jet Printed Low-Temperature Inks  
 As was previously mentioned in Chapter 1, aerosol jet printing is a direct-write 

method capable of depositing a wide range of inks with up to 5 degrees of spatial 

freedom, allowing for the creation of both planar and 3D conformal electronics. This 

method of printing is incredibly versatile, and has advantages over other forms of 

direct-write printers such as inkjet printers because of its compatibility with a much 

wider array of inks and its propensity against nozzle clogging. However, many of the 

inks made for aerosol jet printers require extensive post-processing steps, which impose 

excess time and fabrication costs, in addition to limiting a variety of substrate materials 

from being used due to high process temperatures required by the inks. This is 

especially the case when printing multilayer devices and circuits such as CNT-TFTs, 

where process steps must be carried out manually by a user between printed layers. In 

this chapter, aerosol jet printing will be introduced and a variety of low-temperature 

inks will be reviewed, which when used in conjunction with each other, can enable a 

rapid and low-cost electronics fabrication process requiring little to no human 

intervention, as will be discussed in subsequent chapters. 

4.1 Aerosol Jet Printing 

 As the name implies, aerosol jet printing is a process of depositing aerosolized 

solution through a finely tipped nozzle. In comparison to other direct-write printing 

methods, aerosol jet printing has one of the highest resolutions, with capabilities of 
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printing conductive lines down to 20 µm in linewidth.[109] Like all other direct-write 

printers, the positioning and motion of aerosol jet printers relies on computer-controlled 

motors that execute commands from a user-created file. Aerosol jet printing is unique in 

that it deposits a stream of concentrated aerosol droplets. The aerosol is generated from 

an ink that can either be pneumatically or ultrasonically “atomized” or aerosolized. 

Pneumatic atomization relies on the buildup of pressure in an ink reservoir. As is 

illustrated in Figure 15a, an inert nitrogen gas is used to increase pressure such that 

small orifices in a stem that reaches into the ink shears the ink at high pressure to 

generate an aerosol spray. This spray of droplets is then carried to a virtual impactor 

where excess aerosol is exhausted, and the rest is carried to a deposition head and 

nozzle. Pneumatic atomization is advantageous for its compatibility with a wide range 

of ink viscosities, though it requires very large volumes of ink to function, which can 

often be undesirable. In contrast to pneumatic atomization, ultrasonic atomization 

requires much less ink to start and can often times be more stable throughout the 

printing process. As illustrated in Figure 15b, ultrasonic atomization generates an 

aerosol by ultrasonicating a low-volume reservoir of ink. This aerosol stream is then 

directed towards a deposition head. 
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Figure 75: Atomization (aerosolization) techniques used in aerosol jet printing. 

Schematic illustration of a) pneumatic atomization and b) ultrasonic atomization. 
Adapted from [94]. 

 

 

The aerosol stream is concentrated at the deposition head through the use of an 

annular N2 sheath gas stream. The sheath gas both concentrates the aerosol stream for 

high resolution printing and prevents the stream from coming into contact with the 

nozzle sidewalls. Since the ink never touches the sidewalls, aerosol jet nozzles are much 

less likely to clog in comparison to inkjet nozzles. As can be seen in the illustrations of 

Figure 15, the aerosol stream that is jetted from the nozzle does not have definitive 

boundaries, since aerosol jetting is a non-contact process. The lines that result from 

aerosol jet printing are often not well defined due to stream overspray. Smaller aerosol 

droplets contribute most to the overspray [110], which results in excessive overspray 

when using high volatility inks, since the aerosol droplets have a tendency to evaporate 

more quickly. To combat this, a thickener or high boiling point solvent can be added to 
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the ink in order to reduce overspray, though this can often necessitate further 

postprocessing. 

4.2 Aerosol Jet Printing Silver Nanowires at Low Temperature 

 As was mentioned in Section 2.2.1, silver nanoparticle (AgNP) inks have been 

most widely used throughout the printed electronics space, despite their high process 

temperature requirements.  Recently, work by Stewart et al. [40], showed that silver films 

consisting of higher aspect ratio nanostructures, such as silver nanowires (AgNWs), 

required lower curing temperatures to achieve sufficiently high film conductivities. 

However, these films were not printed, and at the time, little work had been done to 

develop printable AgNW inks. In this section, the development of a low-temperature 

aerosol jet printable AgNW ink will be discussed, which will then be used in the making 

of an in-place CNT-TFT print process described in later chapters. 

 Long silver nanowires, with average length and diameter of 20 µm and 150 nm, 

respectively, were first synthesized by collaborators according to the polyol method as 

discussed in reference [40], then rinsed in acetone and dispersed into deionized water 

(DI) water at a concentration of 4 mg/mL. Initially, water was chosen as the primary 

solvent, though as can be seen in Figure 16a, the resulting aerosol jet printed lines were 

highly non-uniform due to a substantial coffee ring affect associated with low viscosity 

and fast evaporation of solvent. Additionally, the resulting films were not conductive. In 

an attempt to improve film performance, the same silver nanowires were dispersed in 



 

 47 

isopropyl alcohol (IPA). The resulting films were more uniform but had large linewidth 

and overspray. In order to improve print quality, ethylene glycol was added to these ink 

formulations, though the resulting films were still somewhat nonuniform, as depicted in 

Figure 16b. A pneumatic atomizer was used in the printing of both of these inks. 

Ultimately, AgNW inks were optimized using several strategies. First, AgNW 

lengths were trimmed from 20 µm to 4 µm or less so that inks of higher silver 

concentrations (10 mg/mL) could be achieved. Additionally, AgNWs were then re-

dispersed back into water with the addition of a solvent viscosifier, hydroxypropyl 

methylcellulose (HPMC), which resulted in much more uniform printed films (see 

Figure 16c). Propylene glycol (PG) was also added as a binder. HPMC and PG were 

added to the AgNW/water solutions at concentrations of 0.1 mg/mL and 3.8% v/v, 

respectively. Finally, the ultrasonic atomizer was used to print the ink, which resulted in 

better print stability over long periods of time [95]. 

An SEM image of the resulting films can be seen in Figure 16d. These films 

exhibited sub-1 Ω/sq sheet resistance values when with sintering temperatures as high 

as only 80 °C, and 10 Ω/sq when printed at room temperature. A plot of AgNW film 

resistance versus number of printing passes is shown in Figure 16e at various print 

platen temperatures. In addition to having very low curing temperature requirements, 

these inks also required very little curing time, with drying time taking only seconds to 

minutes, depending on the temperature of the printer platen, as can be seen in Figure 
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16f. Since the resulting films were water-based, consisted of two Food and Drug 

Administration approved additives, as well as AgNWs, which have been shown to 

possess very low cytotoxicity [111], the ink was then demonstrated for use in direct 

printing of electronic tattoos onto biological substrates. In addition to electronics and 

transistor applications, this ink has the potential for use in epidermal bio-interfacing 

electronics. 

 

 
Figure 86: Silver nanowire inks. Images of a) initial water-based long AgNW ink with 
no additives, b) IPA-based long (20 µm in length) AgNW ink with EG additive, and c) 
water-based short (4 µm in length) AgNW ink with HPMC additive. d) SEM image of 
an aerosol jet printed short AgNW film. e) Plot of sheet resistance versus number of 

printing passes for films printed at various platen temperatures. f) AgNW film drying 
time at various platen temperatures. Adapted from [94] and [95]. 
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4.3 Aerosol Jet Printing Dielectrics at Low Temperature 

 As briefly discussed in Section 2.2.3, there are two primary candidates for 

printing thin-film transistor gate dielectrics at room temperature. The first is a 

nanomaterial-based dielectric film consisting of h-BN flakes, which behaves as a simple 

medium (i.e., electrically insulating with little to no mobile ions that conduct within it). 

The second is an ionogel dielectric, which consists of a triblock polymer partially 

dissolved in a liquid electrolyte. This ionogel conducts ions while being electrically 

insulating, resulting in a transistor gating mechanism as described in Chapter 2 and 

Figure 7. Advantages and disadvantages associated with each low-temperature 

dielectric are summarized in Table 1. The printing of these two dielectrics will be 

discussed in this chapter, while primary focus will be centered on the printing of 

ionogels in later chapters for fully in-place printed CNT-TFTs. 

 

Table 1: Qualitative trade-offs between low-temperature printable dielectrics 

 Nanomaterial (h-BN) Ionogel 

 
Advantages 

Fast polarization speed 
High breakdown voltage 

Chemically stable 

High gate capacitance Cg 

Thickness-independent Cg 

Fast print speed 
 
 

Disadvantages 

 
Large film thicknesses 
Susceptible to pinholes 

Slow print speed 

 
Slow polarization speed 

Chemical instability 
High leakage current 
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4.3.1 Printing Hexagonal Boron Nitride at Low Temperature 

 Compared to polymer or metal-oxide-based dielectrics, nanomaterial-based 

dielectric films such as boron nitride have received very little research attention. An 

illustration of h-BN flakes can be seen in Figure 17a along with an SEM image of a h-BN 

film. Limited studies have investigated h-BN-based films, but those that have indicate 

promise for low-temperature compatibility. Still, before 2019, no studies had 

demonstrated the printing of h-BN films nor demonstrated their use in functional 

devices. Only recently has work by McManus et al. [112] proposed a protocol for 

preparing water-based 2D inks using a liquid phase exfoliation method. Using this 

method, an aerosol jet printable h-BN dielectric with 2 mg/mL concentration was 

developed to be applied for printing CNT-TFTs completely in-place and at low-

temperature. The ink also consisted of HPMC and PG to modify the ink’s rheological 

properties in order to produce uniform and consistent printed films [113]. 

 In order to assess h-BN’s dielectric properties, metal-insulator-metal (MIM) 

capacitors were constructed from an evaporated gold bottom electrode, a printed h-BN 

film, and a printed AgNW top electrode, as illustrated in Figure 17b. Also in Figure 17b 

are plots of h-BN’s capacitance per unit area as its film thickness is increased with 

increasing numbers of print passes (minimum of 2 print passes are needed). A dielectric 

constant of ϵr = 3 was extracted using the standard parallel plate model C = ϵrϵ0/t, where 

C is the MIM capacitance per unit area, ϵ0 is the permittivity of free space, and t is the 
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dielectric thickness. This relative permittivity differs from that of single flake h-BN, 

which could potentially be due to film porosity, flake orientation, or the ink additives 

involved. From cross-sectional SEM images of these MIM capacitors, it was determined 

that there was very little to no remixing between the printed AgNW top-electrode and 

the underlying h-BN dielectric. 

 Finally, h-BN films were used in the gate-stack of a fully in-place printed CNT-

TFT with all components printed at low temperature (maximum of 80 °C). For these 

CNT-TFTs, the contacts and gate were printed using AgNWs, semiconducting CNTs for 

the channels, and h-BN for the gate dielectric. The resulting devices exhibited impressive 

device metrics with mobilities of 10.7 cm2V-1s-1, on/off ratios over 105, and low gate 

hysteresis, in addition to excellent mechanical flexibility, all while being printed at a 

maximum process temperature of only 80 °C. However, due to the low gate capacitance 

values associated with printed dielectrics, the subthreshold swing of the devices are very 

large, requiring very large voltages to operate each device [113]. 
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Figure 97: Printed h-BN dielectric and in-place printed CNT-TFTs. a) Illustration of h-

BN nanoflakes and SEM image of h-BN film. b) Dielectric properties of h-BN films 
including gate capacitance and thickness dependence. C) Subthreshold curves of in-

place printed CNT-TFTs with h-BN gate dielectric. Adapted from [113]. 
 

 

4.3.2 Printing Ionogels at Low Temperature 

 Compared to simple dielectric mediums, ionogels (when used as a printed gate 

dielectric) have the advantage of having a very large and thickness independent gate 

capacitance. This translates to devices that have very low operating voltages and high 

on-currents. However, ionogels have the disadvantage of being electrochemically 

instable and having relatively high leakage currents, which can hinder circuit 

performance. Additionally, the switching speeds associated ionogel gate dielectrics are 

much slower than that of simple dielectrics, since there is a delay associated with ion 

migration to and from the gate/semiconductor interfaces and this delay time is thickness 

dependent. This leads to reduced gate capacitance when the gate voltage is being 
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changed quickly and hence hampers the ultimate switching speed for a transistor 

technology using ionogel dielectrics. 

 Still, there are numerous applications where ionogels can be particularly useful, 

such as for driving low-power sensors or displays [114], [115]. Here, a low-temperature 

ionogel dielectric compatible with low-temperature and in-place printing is discussed. 

The ionogel consists of a triblock polymer (PS-PMMA-PS) dissolved in an ionic liquid 

(EMIM TFSI), as illustrated in Figure 18a and 18b. To form an aerosol jet printable ink, 

PS-PMMA-PS, EMIM TFSI, and ethyl acetate were mixed together in a weight ratio of 

2:8:90, respectively and stirred overnight. Transparent and flexible ionogel films could 

then be printed at temperature ranging from 20-80 °C, as depicted in Figure 18c. 

 

 
Figure 108: Printed ionogel dielectrics. a) Illustration of an ionogel consisting of 

triblock polymer partially dissolved in ionic liquid. Adapted from [52]. b) Diagram of 
the ionic liquid, EMIM TFSI. c) Image of an aerosol jet printed ionogel film on top of 

a printed silver line on a Kapton substrate. 
 
 



 

 54 

4.4 Conclusion 

 Aerosol jet printing offers a versatile means of printing electronically functional 

inks at low-temperature and/or in complex non-planar geometries. Due to the use of a 

sheath gas flow within an aerosol jet printer nozzle, inks can be printed for longer 

periods of time in comparison to inkjet printers, including those consisting of particles 

with higher aspect ratios that lend themselves to low-temperature process compatibility. 

Additionally, the aerosol atomization methods allow for compatibility with a wide 

range of ink rheological properties. This versatility has led to the development of a low-

temperature printable AgNW ink capable of being printed at room temperatures and on 

biological substrates for epidermal electronic applications. A number of aerosol jet 

printed low-temperature dielectric inks have also been developed to be applied in the 

in-place printing of CNT-TFTs. In the coming chapters, aerosol jet printing and the low-

temperature inks described herein will be used in the development of flexible, in-place 

printed, electrolyte-gated CNT-TFTs. 
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5. In-Place Printing of Back-Gated CNT-TFTs  
 In this chapter, advancements made in this dissertation work towards the first in-

place printed CNT-TFTs are presented. As outlined in previous chapters, printed 

electronics have long been used to establish conductive traces for low-cost RFID 

antennae, sensors, and circuits. However, challenges that hinder a rapid, streamlined, 

and more versatile printing process stem from costly or time-consuming postprocessing 

requirements, such as thermal sintering, imposed by metallic nanoparticle conductive 

inks. As outlined in the previous chapter, increasing the aspect ratio of nanostructures in 

a Ag ink results in the reduction of its process temperature requirements, which is a 

major step towards the development of print-on-demand electronics. When combined 

with the low-temperature process compatibility of semiconducting carbon nanotube 

inks, the channel and contacts of CNT-TFTs can be printed without the use of high-

temperature baking steps. Utilizing prior findings in AgNW ink development, this 

chapter outlines the demonstration of partially in-place printed and substrate gated 

CNT-TFTs with AgNW contacts printed at low-temperature, including the use of an in-

place solvent rinse [94]. 

5.1 Printing Process 

The key enabling aspect to the in-place printing of CNT-TFTs was the AgNW 

inks developed as described in the previous chapter. The ink formulation used in this 

work consisted of an IPA/EG formulation, while more advanced formulations are used 
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in later chapters. Compared to low-temperature organic or carbon-based inks, the films 

printed from AgNW inks possess higher conductivity, as well as better long-term 

environmental and mechanical stability. However, what still needed to be assessed was 

the AgNW film contact resistance to semiconducting CNT (s-CNT) films, especially 

when processed at low temperatures.  Additionally, a process for the in-place printing of 

the s-CNTs had not been demonstrated prior to this work. 

In-place printed CNT-TFTs were first realized using a rigid Si/SiO2 substrate as 

the gate and dielectric, allowing focus to be on the printing of the s-CNT channel and the 

AgNW contacts. To fabricate in-place printed CNT-TFTs, p++ Si wafers with 300 nm SiO2 

top layers were used as substrates. The boron-doped Si substrate serves as the 

conductive back-gate with the 300 nm SiO2 as the gate dielectric. The substrates were 

prepared by first cleaning in acetone, IPA, and DI water. They were then exposed to an 

O2 plasma to remove molecular contaminants from the surface and promote CNT 

adhesion. The surface of the substrate was then soaked in a monomer (poly-L-lysine 

(PLL), 0.1 wt% in H2O) to functionalize the surface, further promoting CNT adhesion 

and film uniformity on the hydrophobic SiO2 surface. From this point, the substrate 

could be loaded onto the printer platen and not be removed until the devices were fully 

printed and ready to test. 

The printing process is illustrated in Figure 19. With the platen (supporting the 

substrate) set to 80 °C, an s-CNT film was printed with an ultrasonically atomized 
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aerosol jet, as depicted in Figure 19b. The s-CNT layer was printed from a commercial 

ink consisting of 99.9% pure semiconducting nanotubes wrapped in a surfactant and 

dispersed in toluene (IsoSol-S100, Nanointegris Inc.). To remove the surfactant from the 

CNT film after printing, the substrate was rinsed with toluene directly on the platen, 

without removal from the printer (Figure 19c). Traditionally, this rinse step is typically 

carried out for 20−30 s external from the printer under a fume hood, followed by an 

additional water/IPA rinse, and finally dried using an N2 gun. It was found in this work 

that a brief toluene rinse and N2 drying step carried out directly on the heated platen 

lead to more efficient surfactant removal. Analysis of this rinse step is further 

expounded upon in later sections. Once the surfactant from the s-CNT film was 

removed, the AgNW contacts were then sequentially printed onto the channel with no 

additional thermal postprocessing required, as depicted in Figure 19d. The sample, as 

imaged in Figure 19e, was then immediately ready for electrical testing. SEM images of 

the resulting s-CNT and AgNW films can be seen in Figure 19f and 19g, respectively. 
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Figure 119: In-place printing of substrate-gated CNT-TFTs. (a) Prior to printing, the 

Si/SiO2 substrate is cleaned with acetone, IPA, DI water, and O2 plasma, then 
functionalized by incubation in PLL before being loaded into the printer. (b) A 

polymer wrapped s-CNT film is aerosol jet printed. (c) Residual polymer is removed 
from the CNT film using an in-place toluene rinse. (d) AgNW source and drain 

electrodes are printed. No thermal post-processing is required. (e) Optical image of 
the final CNT-TFTs after AgNW printing. SEM images of printed (f) s-CNT and (g) 

AgNW films. Adapted from [94]. 
 

 

5.2 Assessment of In-Place Rinsing 

Another critical development for in-place printed CNT-TFTs was to establish a 

sufficient in-place rinse/bake procedure for the printed s-CNT thin films, which is 

needed for a fully in-place fabrication process contained within the printer. To evaluate 

the effect of an in-place toluene rinse on CNT-TFTs, three samples were prepared and 

printed using either no toluene rinse, an external toluene rinse, or an in-place toluene 

rinse. The devices with no toluene rinse exhibited noise-level drain current (Id) with no 

indication of current modulation as the gate voltage was swept from 40 to −40 V, 
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indicating that without the toluene rinse, electrical conduction in the CNT film could not 

be realized due the high organic content remaining in the film. Representative 

subthreshold and transfer characteristics of CNT-TFTs rinsed externally (red) and in-

place (blue) are provided in Figure 20a and 20b. It was found that the in-place rinsed 

devices consistently exhibited higher on-currents and were more uniform across sets of 

devices on each substrate. This can be attributed to the thermal energy supplied by the 

80 °C platen during the in-place rinse, which may aid in polymer removal from the CNT 

film. It was determined from this set of experiments that the duration of the toluene 

rinse needs to be no longer than a few seconds.  

Additionally, Raman spectroscopy measurements were carried out to verify the 

efficiency of the rinsing process on in-place rinsed samples (at 80 °C) and externally 

rinsed samples (at 20 °C), which can be seen in Figure 20c. It can be seen that the radial 

breathing mode (RBM) peaks (100 to 200/cm range) for the in-place printed samples is 

much greater than that of the externally rinsed samples, suggesting that the CNTs on the 

in-place rinsed samples possess less organic content wrapped around or near the CNTs 

to attenuate their RBM response. The additional thermal energy supplied by the heated 

platen, combined with the rinsing, may aid in driving off these organics, giving a much 

stronger RBM signal. 
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Figure 20: Comparison of in-place versus traditionally printed CNT-TFTs.  

Representative a) subthreshold and b) transfer characteristics of in-place (blue) versus 
externally rinsed (red) devices. c) Raman spectrum highlighting the differences 

between RBM peaks (in the range of 100/cm to 200/cm) between in-place and 
externally rinsed CNT-TFTs. Adapted from [94]. 

 
 

 

5.3 Performance Assessment 

 It was found that the in-place printed devices exhibited on/off-current ratios 

exceeding 105 and on-currents as high as 80 µA/mm. More comprehensive electrical 

characterization can be found in Figure 21. To evaluate the performance of the NW 

contacts, the transfer length model (TLM) is used, where arrays of adjacent TFTs 

are printed with varying channel length (LCh), as illustrated in Figure 21a. The TLM 

structures used in this work consist of 8 CNT-TFTs with LCh ranging from 180 to 1100 

µm. With the use of an overdrive voltage (gate voltage minus threshold voltage) VOV = 

VGS − Vt = −25 V and drain voltage VDS = −2 V, the device resistance is plotted against 

channel length (see TLM plot in Figure 21b) to extrapolate the CNT film sheet resistance 
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(RSh) and the contact resistance (Rc). It is found that for a CNT on-state sheet resistance of 

244 kΩ/sq and an AgNW sheet resistance of 3.5 Ω/sq, the NW-CNT contact resistance is 

8.3 MΩ µm, which is only slightly higher than the best contact resistance values from 

printed AgNP contacts in the literature [14]. 

 The overall TFT device characteristics and performance, as can be seen in the 

subthreshold plots shown in Figure 21c, exhibited on/off-current ratios exceeding 105 

and effective mobilities of approximately 12.25 cm2V-1s-1. As anticipated for CNT-TFTs 

that rely on percolation transport through a channel that is exposed to ambient 

conditions, the devices exhibit relatively large hysteresis and the ambipolar behavior of 

the devices increases as the channel length decreases. The field-effect mobility extracted 

from these device curves is 12.25 ± 1 cm2V-1s-1 and is calculated from the following 

expression: µ = (LCh gm)/(WCh Cox Vds), where LCh and WCh are the device channel length 

and width, respectively, gm is the peak transconductance, Vds = −2 V, and Cox is the gate 

capacitance per unit area as calculated using a modified parallel plate model (Cox = εo 

εox/tox = 1.07 · 10−8 F/cm2) discussed in previous work [14]. An on/off ratio of 105.8 was 

extracted from the shortest channel length device (LCh = 180 µm). 
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Figure 212: Electrical characteristics of in-place printed back-gated CNT-TFTs. a) 
Schematic of a TLM structure. b) TLM plot for extracting contact resistance. c) In-

place printed back-gated CNT-TFT subthreshold characteristics. Adapted from [94]. 
 

  

A more comprehensive comparison between in-place printed CNT-TFTs and 

other CNT-TFTs from the literature is presented in Figure 22 [14], [15], [50], [116], [117]. 

The large, width-normalized on-currents reported in this work (as seen in Figure 22a) 

result from a combination of high s-CNT channel density, low contact resistance, and 

high relative overdrive voltage. As seen in Figure 22b, the devices reported in this work 

have a high on/off ratio that is slightly larger in comparison to on/off ratios reported 

from CNT-TFTs in the relevant literature. This can be attributed to an optimized CNT 

film density, intermediate channel lengths (LCh = 180 µm), and reasonably low electrode 

overspray, all of which help to minimize the CNT-TFT off current. The devices from this 

work exhibit intermediately high mobility values; however, the higher mobilities 

reported in other works are achieved through exceedingly high CNT film densities, 
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which simultaneously lowers the on/off ratio. Finally, contact resistance values are 

compared in Figure 22d, where it can be seen that the devices produced in this work 

have a slightly higher contact resistance when compared to devices with printed AgNP 

contacts. While contact resistance plays a comparatively small role in overall device 

performance compared to CNT channel resistance, Rc associated with AgNW-CNT 

interfaces can be improved with higher NW film densities. Overall, it is shown here that 

high device performance is achieved in CNT-TFTs with AgNW contacts without using 

temperatures above 80 °C and without physically removing the substrate from the 

printer. 

 

 
Figure 22: Benchmarking performance of in-place printed CNT-TFTs with other 

printed CNT-TFTs from literature. Comparison between maximum sintering 
temperatures and (a) width-normalized on-current, (b) on/off-current ratio, (c) 

effective device mobility, and (d) width-normalized contact resistance from printed 
CNT-TFTs with AgNW-based contacts. Adapted from [94]. 
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5.4 Conclusion 

In summary, it was shown that substrate-gated CNT-TFTs with AgNW contacts 

can be printed in-place and in an additive fashion without the use of high-temperature 

processing steps. This rapid and sequential printing process makes use of an in-place 

toluene rinse on the printed CNT channel, which aids in surfactant removal and boosts 

the resulting device performance. Meanwhile, it was shown that the addition of EG to an 

isopropanol-based AgNW ink results in highly conductive films when dried at low 

temperatures, enabling a CNT-TFT contact material with low contact resistance, even 

when processed at temperatures as low as 80 °C. The in-place printed CNT-TFTs 

fabricated in this work exhibit device performance comparable to the best printed CNT-

TFTs in the literature while using far fewer process steps and much lower process 

temperatures. While in-place printing of the s-CNT channel and conductive electrodes is 

a substantial first step along the path to low-cost, additively printed CNT-TFT 

technologies; as was discussed in the previous chapter, a significant obstacle remaining 

is the development of a dielectric ink that is also compatible with in-place printing. 

Primary focus in later chapters will be paid to an ionogel dielectric for its advantages 

associated with thickness-independent gate capacitance and low operating voltage. Still, 

even the contacts themselves need optimization for improved contact resistance, which 

will be the topic of the next chapter. 
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6. Contact Morphologies in CNT-TFTs  
 As was discussed in Chapter 2, the most commonly used ink particulates are 

silver (Ag) nanoparticles (NPs), which are advantageous due to their superb dispersion 

stability, oxidation resistance, high conductivity, and relatively low cost. However, 

compared to other printed conductive materials, such as gold NPs or metallic CNTs, 

AgNP contact performance is subpar [14]. Meanwhile, as was shown in Chapters 4 and 

5, inks consisting of AgNWs are very advantageous for their compatibility with low 

processing temperatures. In this chapter, results are presented on the impact of this 

change in conductive electrode morphology with respect to CNT-TFT device 

performance. It is demonstrated that appropriate selection of nanostructure morphology 

for printed silver contacts in CNT-TFTs can yield improved contact interfaces, resulting 

in enhanced on-state performance metrics. Three silver morphologies were studied 

(NPs, NWs, and nanoflakes – NFs, as depicted in Figure 23) using two separate contact 

configurations (top- and bottom-contact, shown in Figure 25a,b, respectively), all of 

which were evaluated using the transfer length method (TLM) with CNT-TFTs. 

Additionally, impacts of contact configuration on device-to-device variability are 

explored. These findings are then used to outline the tradeoffs between contact 

morphology, device fabrication, and device performance, providing important guidance 

for the design of printed CNT-TFTs [25]. 
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6.1 Silver Contact Morphologies 

A schematic representation of the aerosol jet printing process, CNT-TFTs and 

contact morphologies investigated in this chapter is outlined in Figure 23. The channel of 

each CNT-TFT consists of a randomly oriented s-CNT network, a scanning electron 

microscope (SEM) image of which can be seen in Figure 23b, printed from a 

commercially available ink (IsoSol-S100 from Nanointegris Inc.). The AgNP contacts 

(Figure 23c) are the most common of the three morphologies studied and is printed from 

a commercially available ink (Ag40x from UTdots Inc.). AgNFs (Figure 23d) are the least 

common morphology used to contact CNT-TFTs and is also printed from a 

commercially available ink (HPS-108AE1 from Novacentrix Inc.). The last contact 

morphology, AgNWs (Figure 23e) was printed as described in the previous chapter. 
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Figure 23: Schematic comparison of three Ag contact morphologies for CNT-TFTs. a) 

Illustration of the aerosol jet deposition process and the printed CNT-TFT device 
structure. b) SEM image of the randomly oriented CNT network serving as the TFT 
channel. c-e) SEM images of the silver contact morphologies compared in this study. 

Adapted from [25]. 
 

 

 As was found in previous reports by Stewart et al. [40], nanostructure aspect ratio 

is inversely related to the maximum process temperature required to produce 

sufficiently conductive films. For this reason, the sintering temperatures required for NP 

and NF films were 180 and 150 °C, respectively, while the high aspect ratio NWs 

produced conductive films without any required sintering. While printing the NWs, the 

printer platen was held at 80 °C to assist with ink evaporation and uniformity of the 

films. Printing at temperatures lower than 80 °C resulted in excess solvent accumulation 
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on the substrate and poor film uniformity. In contrast, the uniformity of NP and NF 

films were much less sensitive to changes in platen temperature, but were printed at 

platen temperatures of 60 °C to minimize linewidth and keep process conditions 

relatively constant between inks. In addition to the 60 °C platen temperature, the NP 

and NF films would both undergo a much higher temperature sinter following the 

printing. 

 In addition to the sintering requirements, it was also found that film surface 

roughness corresponds directly to particle length and surface area (Figure 24b,c). The 

trace profile, as presented in Figure 24d shows that the NF ink produced the thickest 

and widest traces. As expected from the analysis of particle dimension, the NPs had the 

smallest trace profile between the three inks; however, throughout this study, the NP 

overspray was highly variable between prints. As indicated in both the surface 

roughness and profile measurements, the NW films are the most porous and least dense 

among the three morphologies. The NF and NP films both exhibited low sheet resistance 

values due to their large trace thicknesses and high film densities. The NW films had 

relatively high sheet resistance that is partially attributed to the low NW density in the 

film compared to the other two inks. The resulting sheet resistance values (Figure 24a) 

were obtained using the 4-point probe method. As was found previously, sintering the 

NW films up to 200 °C did not produce significant improvements in sheet resistance 

measurements. 
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Figure 24: Comparison of film characteristics between silver contact morphologies. 

Plots of a) film sheet resistance, b) particle size and diameter, c) film surface 
roughness, and d) printed line profile. Adapted from [25]. 

 

6.2 Contact Configuration 

 Substrate-gated CNT-TFTs were used in this study to allow for uniformity in 

gate structure with electrostatic control of the channel and consideration of top- and 

bottom-contact geometries. Substrates were p-doped Si with 300 nm SiO2 top layers used 

for the gate dielectric. The process flow for fabricating both top- and bottom-contacted 

devices is illustrated in Figure 25a and 25b, respectively. For the top-contacted devices, 

the CNTs were printed prior to the contacts, whereas for bottom-contacted devices, they 

were printed after the contacts. Prior to CNT printing, the substrates were immersed in 

poly-L-lysine (PLL) to functionalize the SiO2 surface and promote CNT adhesion. After 

CNT printing, the substrates were rinsed with toluene to remove residual organics from 

the film. Silver contacts were printed using either the Ag NP, NF, or NW ink and then 

baked. 
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Figure 25: Process flow for contact configurations. a) Top-contact process flow. b) 

Bottom-contact process flow. Adapted from [25]. 
 

 

 Contact configuration results are presented in Figure 26, which shows that the 

uniformity of top-contacted devices was greater than that of bottom-contacted devices 

across multiple TLM structures. The difference in CNT film uniformity between top- 

and bottom-contacted devices can be attributed to the presence of the contacts during 

the CNT rinse step (representative top-down optical images of TLM structures are given 

in Figure 26a and 26b). For top-contacted devices, CNTs are printed on a pristine SiO2 

surface, where no other physical features are present to impede the flow of the rinse. For 

bottom-contacted devices, the presence of silver films on the surface of the substrate 

impedes the uniform flow of the toluene rinse, resulting in nonuniform channel 

characteristics, particularly near the contacts. In conjunction with the physical variances, 
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upon extracting the sheet resistance of the CNT films (see Figure 26c), it was found that 

the bottom-contact sheet resistance distribution was far broader than that of the top-

contacts. Additionally, the NF contacts (which have the largest trace heights) produced 

the largest s-CNT sheet resistance values with the broadest spread, which indicates that 

larger contact heights exacerbate this deleterious rinsing effect. 

 

 
Figure 26: Comparison between bottom- and top-contacted CNT-TFTs. Optical images 

of arrays of a) bottom- and b) top-contacted CNT-TFTs. c) CNT sheet resistance 
distribution across numerous samples. Adapted from [25]. 

 

 

6.3 Device Performance Comparison 

 Device performance results were evaluated using TLM structures across multiple 

chips. The TLM structures consist of an array of adjacently placed CNT-TFTs with 
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channel lengths ranging from 50 to 800 µm. For a given channel length, throughout the 

entire set of chips, NF-contacted devices exhibited superior on-state performance when 

compared to NP- and NW-contacted devices. A representative set of transfer and 

subthreshold characteristics for CNT-TFTs of the three different contact morphologies 

with LCh = 200 µm are plotted in Figure 27a. These results were reproduced with 

minimal variability when printing multiple devices with the same channel length across 

each contact morphology on the same chip. Relevant on-state performance metrics, such 

as width-normalized transconductance and mobility, were then extracted and compared 

across the three contact morphologies (see Figure 27b and 27c, respectively). As has been 

previously found throughout relevant CNT-TFT literature, it was found that 

improvements in mobility, transconductance, and on-current were correlated with lower 

contact resistance [14]. 

 

 
Figure 27: Electrical performance comparison amongst devices with various contact 

morphologies. Representative plots of device a) ID-VGS characteristics, b) 
transconductance, c) mobility, and d) contact resistance. Adapted from [25]. 
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To benchmark the devices fabricated in this study to others from the literature, a 

comparison table of CNT-TFTs with printed contacts has been assembled in Table 2. As 

can be seen from the width-normalized contact resistance column, the NF devices 

produced in this work exhibited the lowest average contact resistance, which lead to 

relatively high on-state performance metrics such as mobility and transconductance. The 

NF contact resistance produced in this work is lower than that of gold NP and m-CNT 

contacts, indicating that deviating away from low-cost and highly conductive silver inks 

is not necessary to maximize CNT-TFT performance. 
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Table 1: Benchmark comparison of printed contact materials in CNT-TFTs. A 
dash indicates that the metric was not reported in the original work. 

Reference 
Contact 

Deposition 
Process 

Contact 
Material 

Contact 
Geometry 

LCh 
(µm) 

gm/WCh 

(µS/mm) 

µ 
(cm2/ 
V s) 

RCWCh 
(MΩ 
µm) 

Process 
Temp 
(°C) 

This 
work [25] 

 
Aerosol Jet AgNF Top 200 2.4 18.3 1.2 150 

This 
work [25] 

 
Aerosol Jet AgNP Top 200 1.6 12.6 4.1 180 

This 
work [25] 

Aerosol Jet AgNW Top 200 1.2 9.2 7.7 80 

         
Chapter 5 

[94] 
Aerosol Jet AgNW Top 180 1.4 11 8.3 80 

         
[14] Aerosol Jet m-CNT Double 100 2.6 6.8 2.7 200 
[14] Aerosol Jet AuNP Double 100 2.1 5.3 3.7 280 
[14] Aerosol Jet AgNP Double 100 1.3 3.2 6.5 200 
[118] Aerosol Jet AuNP Bottom 50 2 11.5 - 300 
[116] Inkjet AgNP Top 250 1.8 25 3.2 150 
[55] Inkjet m-CNT Top 150 0.11 4 - 150 
[119] Inkjet AgNP Top 200 0.19 6.6 - 200 
[50] Gravure AgNP Top 85 2.5 4.3 - 150 
[15] Screen AgNP Top 105 - 3.9 - 125 
[117] Screen AgNW Bottom 50 - 33.8 - 150 

 

 

Based on our results, it may be hypothesized that solely increasing contact 

particle surface area will result in lower contact resistance; however, the relationships 

between particle size, aspect ratio, as well as surface area to volume ratio and their 

effects on the resulting process conditions and print quality all have to be taken into 
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consideration. For this reason, although it was found that silver NF contacts produce the 

highest performing CNT-TFTs, it was ultimately concluded that contact morphology 

selection should be application specific. The trade-offs associated with contact 

morphology selection are summarized in Table 3. Due to the low resistivity and low 

contact resistance of silver NF films to CNT thin films, NF inks should be used 

whenever maximizing device and circuit performance is paramount. However, if higher 

printing resolution and density is required, silver NP films may be more favorable, 

depending on the ink characteristics and printing method. As shown in previous 

chapters, printing NW inks with low-temperature process requirements can be 

advantageous due to their potential to circumvent the time and costs associated with 

high-temperature baking steps. 

 

Table 3: Qualitative comparison of contact-morphology trade-offs. 

 Nanowires Nanoparticles Nanoflakes 

Advantages 
High Overspray 

Large Line Width 
High-Temperature 

Curing 
Large Linewidth 

 
Disadvantages 

 
Low-Curing 
Temperature 

 
Small Line Width 

High Density 

 
High Performance 
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6.4 Conclusion 

 In summary, it was demonstrated that contact morphology film characteristics 

play a significant role in determining the overall on-state performance of CNT-TFTs. 

Three different silver contact morphologies were investigated, including NFs, NWs, and 

NPs, using two contact configurations (top- and bottom-contact). It was found that NF 

top-contacts outperform all other contact materials and configurations, including those 

from reported works in the relevant literature. Additionally, it was found that the top-

contact configuration produces favorable uniformity characteristics, compared to 

bottom-contacts, for CNT-TFTs with channels that require solvent rinsing. In general, 

contact morphology selection should be application specific, with NF contacts being 

selected for high performance, NP contacts for high resolution, and NW contacts for 

low-temperature process compatibility. The findings in this chapter address challenges 

associated with optimizing the use of silver inks in printed electronics for CNT-based 

devices, and in particular CNT-TFTs. In the next chapter, particular emphasis will be 

placed on CNT-TFTs from AgNW contacts to enable a low-temperature and fully in-

place printing process. 

  



 

 77 

7. Fully In-Place Printed Electrolyte-Gated CNT-TFTs  
 As previously discussed, the vast majority of research in the printed electronics 

space is invested into the development of ubiquitous electronics to facilitate the growth 

of the Internet-of-Things (IoT) [12], [58]. Despite an intensive research effort over the 

past 20 years, a streamlined, direct-write, print-on-demand fabrication process for 

electronic devices, similar to the likes of today’s photographic or 3D printing 

technologies (where the substrate never leaves the printing stage), has yet to be 

developed. The challenges preventing printed electronics from reaching such a point 

today are, in part, the high process temperature requirements imposed by both 

conductive and dielectric inks. As was shown in Chapter 4 and 5, high aspect ratio silver 

nanowires can be used to drive down the process temperatures of conductive inks while 

in Chapter 4, a low-temperature-processed ionogel dielectric ink was detailed. In this 

chapter, these two inks are used to demonstrate a simple and rapid 4-step printing 

process for producing in-place printed flexible TFTs, where the source, drain, gate, 

dielectric, and semiconductor are all printed at low temperature (≤ 80 ºC) without 

removal of the substrate from the printer. Additionally, the performance of these devices 

is evaluated with respect to changes in ink compositions, mechanical strain, and long-

term bias stress, showing impressive performance even when printed at, or exposed to, 

non-ideal conditions. 
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7.1 Printing Process 

All devices were fabricated on 127 µm thick Kapton substrates cleaned in an 

isopropanol ultrasonic bath for 5 minutes. In contrast to the previously used silicon 

substrates, Kapton substrates did not require incubation in PLL, since CNTs showed 

sufficient adhesion to the rougher polyimide surface. Once the substrates were cleaned, 

they were then placed on the printer platen (heated to 80 °C) and not removed again 

until the completion of the printing process where the devices were then functional and 

immediately ready for test. Figure 28 outlines a simple and rapid 4-step printing 

procedure where each step is carried out sequentially, immediately after the previous 

step, without processing external from the printer. As shown in Figure 28a, the CNT 

channel was the first layer printed onto the substrates from a toluene dispersed ink 

(IsoSol-S100, Nanointegris Inc.) with 1% terpineol viscosifier using an Optomec AJ300 

aerosol jet printer. To remove excess polymer from the CNT films, a brief in-place 

toluene rinse was applied to the substrates while they sat directly on the printer platen 

(Figure 28b). Excess solvent was then blow dried off of the sample using a nitrogen gun 

where it quickly evaporated due to the air flow and the elevated platen temperature. 

Short AgNW electrodes were then printed from a water based ink, as described in 

Chapter 4, forming the contact and gate electrodes (Figure 28c) in the same step. Finally, 

Figure 28d shows the printing of ionogel dielectric layers, after which the devices were 

ready to test and required no additional wait time or post-processing. 
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Figure 28: Process flow of fully in-place printed CNT-TFTs (substrate never removed 
from printer platen from start-to-finish). a) Polymer-wrapped CNT ink is printed. b) 
Resulting film is rinsed with solvent and dried with N2. c) AgNWs are then printed 
and are immediately conductive. d) Ionogel is printed and the resulting devices are 

immediately ready for test. 
 

 

7.2 Device Performance 

A picture of the resulting CNT-TFTs can be seen in Figure 29a along with a 

representative set of hysteretic subthreshold curves shown in Figure 29b, showing good 

uniformity and electrical characteristics across 15 samples printed in a 2x2 cm area. 

Amongst these devices, the variation in on-current and threshold voltage is less than 

15%. These devices were printed with a channel length of approximately 100 µm and a 

channel width of 300 µm. The on-state performance metrics reported in this work 

include an on/off ratio greater than 103, a mobility of 11 cm2V-1s-1, and hysteresis of 

approximately 0.3V over a 2V gate sweep range. These metrics were evaluated using 

gate sweep rates of 0.2 V/s or 100 ms holds between 0.02 V increments. When increasing 

the sweep rate, the devices become slightly more hysteretic due to the delay of mobile 

ions in the ionogel dielectric. One method to reduce the delay between device response 
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and gate voltage would be to reduce the distance between the gate and the channel, as 

was shown in ionogel capacitor experiments of Chapter 4. 

The effects of an in-place toluene rinse versus an external room-temperature 

rinse are examined through the subthreshold and transfer characteristics outlined in 

Figure 29c and 29d. In-place rinsed devices consistently exhibited slightly higher on-

currents and lower hysteresis compared to externally rinsed devices due to the thermal 

energy supplied by the printer platen during the toluene rinse, which aids in polymer 

removal, as was shown in Chapter 5. In addition to having higher on-currents, the 

devices rinsed in-place also exhibit a lower hysteresis between forward and backward 

sweeps. Large hysteresis (~1V) was also present in devices that were printed down at 

room temperature. These room temperature printed devices could be temporarily 

improved by baking at 150°C, though their characteristics return to their original state 

over time. This further suggests that an elevated platen temperature during rinsing aids 

in more efficient polymer removal from the CNT film which helps to suppress 

hysteresis.  
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Figure 29: Representative in-place printed CNT-TFTs. a) Photograph of an array of 15 
in-place printed CNT-TFTs. b) Representative subthreshold characteristics of in-place 

printed CNT-TFTs. Comparison of c) subthreshold and d) transfer characteristics 
between in-place rinsed versus externally rinsed devices. 

 
 
 

7.3 Ink Composition Effects 

 As was shown in Figure 29c and 29d, changes in process conditions altered 

device performance, specifically hysteresis. Similarly, hysteresis was impacted by 

changes in CNT ink composition. This effect is demonstrated in Figure 30a and 30b, 

where it can be seen that as the CNT ink concentration is increased, the on- and off-

currents increased as expected; however, the hysteresis increased as well. The origin of 

this exacerbation of hysteresis with increasing CNT ink concentration could be the result 

of increased polymer concentration in the less dilute inks. That is to say, an interaction 

between gate dielectric ions and the CNT wrapping polymer could be the source of 

exacerbated hysteresis, which is consistent with the in-place versus externally rinsed 

results presented both in Chapter 5 and in Figure 29. Ultimately, it was determined from 

these results that a CNT ink concentration of 20 µg/mL was optimum. 
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Additionally, various polymer compositions of the ionogel dielectric were 

explored and are outlined in Figure 30c and 30d. It was found that higher ionogel 

polymer fractions resulted in slightly more positive threshold voltages, reduced 

subthreshold swings, and reduced gate current. However, these slight performance 

improvements as a result of higher polymer fractions result in a reduction in film 

flexibility and ionic conductivity. Since ionic conductivity plays a vital role in device 

response times, these more polymer rich films exhibited increasingly poorer gate control 

as the ID-VGS sweep rates were increased. Therefore, a 25% ionogel polymer fraction was 

used. 

 

 
Figure 30: Effects of ink composition on device performance. a) Comparison of 

various CNT ink concentrations on device subthreshold characteristics. b) Forward 
and backward sweep hysteresis versus CNT ink concentration. c) Comparison of 

various ionogel polymer compositions on device characteristics. d) Maximum gate 
leakage versus ionogel polymer fraction. 
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7.4 Flexibility Assessment 

 Flexibility tests were undertaken in order to outline the relationship between 

tensile strain and device performance. Devices that were printed on a 127 µm Kapton 

substrate to be tested mechanically are depicted in Figure 31a. Strain was estimated for 

substrates of various thicknesses as illustrated in Figure 31b from a simplified model of ϵ 

= t/2r, where ϵ is mechanical strain, t is substrate thickness, and r is the substrate radius 

of curvature. Using a 127 µm thick substrate as was done in this work, devices would 

undergo strain values approaching 10%. Subthreshold curves of samples that were held 

at constant strain under a variety of bending radii, ranging from 5 mm to lower than 1 

mm, are plotted in Figure 31c. When under constant strain, devices showed little to no 

performance degradation down to bending radii of 1 mm, indicating excellent device 

flexibility. Furthermore, the active region of these devices could be bent nearly to the 

point of substrate creasing (bending radius < 1 mm) before their on-current degraded 

significantly. However, repeated strain cycles resulted in larger drops in on-current, as 

shown in Figure 31d. Over the course of 1000 cycles at a bending radius of 3 mm, the on-

current of the devices dropped by nearly 44%. Though the testing approach is similar to 

other works, the mechanical testing conditions demonstrate here are quite strenuous 

and these metrics could likely be improved with a modified ionogel ink formulation 

with a lower polymer fraction content.  
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Figure 313: In-place printed CNT-TFT flexibility. a) Picture of in-place printed CNT-
TFTs on 127 µm Kapton substrate. b) Relationship between strain and bending radii 

for various substrate thicknesses. c) Subthreshold characteristics for a device at 
constant bending radii. d) Subthreshold characteristics for a device repeatedly bent 

up to 1000 cycles. 
 

7.5 Device Stability 

 The devices produced in this work were printed from electrochemically instable 

materials such as silver, which has a propensity to tarnish, and a gel which conducts 

ions that can react with silver. Even though CNTs have good bias stress stability 

themselves [120], previous CNT-TFT studies using silver nanoparticle contacts and 

ionogel dielectrics have shown poor device stabilities, with devices operating for only 30 

minutes before significant electrochemical degradation occurs when being subjected to 

constant bias voltages [121]. Here, improved bias stress stability was shown, with 

devices lasting up to 14 hours before electrochemical degradation begins to set in, 

despite using a faster printing process with less process constraints. 
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Plotted in Figure 32a is the drain current through an in-place printed CNT-TFT 

when subjected to a variety of bias conditions. When large bias voltages (VGS = -0.8V and 

VDS = -0.1V) are applied, the device exhibits a small but distinct drop in on-current over 

the course of a 14 hour test, dropping by 10% over that period of time. In comparison to 

the devices reported in previous works, devices would completely fail over the course of 

30 minutes. In our work, when devices were subjected to intermediate bias voltages (VGS 

= -0.2V and VDS = -0.1V) that are within the ionogels electrochemical stability window, 

the on-current remains constant over the entire course of a 14-hour test. Furthermore, 

the long-term bias test at these intermediate bias voltages has very little impact on the 

overall characteristics of the device (Figure 32c). This is also the case for when devices 

are biased in their off-state, where very little change is seen in the transistor 

characteristics before and after a 14-hour bias test. In addition to off-state bias stress 

stability, these devices also exhibit impressive shelf-life stability, where devices tested 

immediately after printing and devices tested 5 weeks after printing exhibit no change in 

on-current or threshold voltage, as can be seen in Figure 32b. 
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Figure 32: Stability of in-place printed CNT-TFTs. a) Bias stress stability of CNT-TFTs 
at various bias voltages. b) Long-term storage stability of in-place printed CNT-TFTs. 

c) Subthreshold curves of CNT-TFTs before and after undergoing bias stress. 
 

 

7.6 Conclusion 

 Driving down process constraints remains a significant challenge within printed 

electronics, which is partially addressed in this work through the development of an in-

place printing process for producing electronics where the substrate is never removed 

from the printer and devices require no postprocessing. Using only the printer platen to 

rapidly process inks at only 80 °C, a simple 4-step in-place printing process is used to 
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produce electrochemically stable CNT-TFTs with on/off ratios exceeding 103, mobilities 

as high as 11 cm2V-1s-1, and a hysteresis of only 0.3V. Through an investigation of the 

relationship of process conditions and ink compositions on device performance, it was 

confirmed that in-place rinsing more efficiently removes polymer from the CNT film, 

and that intermediate CNT ink concentrations are optimal for device performance. 

Devices were then tested under mechanical strain to evaluate their flexibility, where it 

was found that devices could undergo strenuous folds and repeated bends before 

exhibiting significant performance degradation. Furthermore, these devices were then 

subjected to long-term bias stresses to assess long-term stability, where it was found that 

devices could withstand up to 14 hours of continuous bias without significant device 

degradation at intermediate bias voltages. Finally, long-term shelf-life was assessed over 

the course of 5 weeks, where devices showed little to no degradation over that period of 

time. Moving forward, in-place printed CNT-TFTs have the potential to enable 

numerous low-cost applications and electronic systems, such as those that consist of 

electrochromic pixels, low- to medium-scale circuitry, and low-power sensors, as will be 

discussed in Chapter 9. This work represents a small but vital step forward in the 

printing of electronic systems on-demand, in addition to contributing to intermediate 

and peripheral advancements made in ink development, device design, and process 

optimization. 
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8. Flash Annealing Conductive Thermoplastics for FFF 
 While the previous 5 chapters focus on reducing the process constraints 

associated with aerosol jet printed inks and CNT-based devices, this chapter outlines an 

innovation that shifts in topic but remains similar in theme. That theme is the rapid 

processing of direct-write electronics; however, the electronics produced herein were 

printed using fused filament fabrication (FFF) and rapidly processed using high 

intensity pulsed light. Though aerosol jet printing is similar to fused filament fabrication 

in that they are both direct-write printing methodologies, they differ in that rather than 

printing liquid inks, FFF printers extrude molten thermoplastics, which then solidify 

and can be built on top of one another to produce 3D structures. This methodology has 

been utilized in the widespread development and use of 3D printing. However, the 

majority of the FFF printing has been used to additively manufacture structural parts 

with no electronic functionality. Only recently has the field of FFF enabled 3D printed 

electronics to emerge through the development of electronically functional composite 

thermoplastics [8], [36], [122]. 

 Composite thermoplastics are produced by dispersing conductive particulates, 

either carbon allotropes [123] or metals [8], into a thermoplastic dissolved in solvent. 

Once the solvent evaporates, a solid thermoplastic composite is left behind, which can 

then be formed into a printable filament using an extruder. The most conductive 

filaments reported to date are made from metal thermoplastic composites and possess a 
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resistivity of 0.006 Ω cm [18], which is 3 orders of magnitude higher than bulk metals. 

Still, numerous 3D electronic systems have been demonstrated from FFF printed 

conductive thermoplastics including 3D printed circuit boards (3DPCBs) [124], antennas 

[125], and passive components [8]. However, due to the low conductivity, the 

performance of 3D printed electronics is quite limited which restricts their potential 

applications, necessitating rapid process methods that can improve their conductivity in 

an in-line and autonomous manner. 

 In this chapter, a method for rapidly improving conductive thermoplastic is 

presented using high-intensity pulsed light. The process of high-intensity pulsed light 

exposure increases the conductance of composite thermoplastics by up to two orders of 

magnitude. A Novacentrix Pulseforge® 1200, a tool which has typically been used to 

photonically anneal liquid inks and pastes [126], is used for the first time to expose 

conductive composite thermoplastic to high-intensity pulses of white light emitted from 

a flash lamp. This process, referred to as flash ablation metallization (FAM), is found to 

quickly vaporize the topmost layer of thermoplastic, leaving behind a metallized surface 

layer that enhances the electrical contact interface in addition to improving conductance. 

To demonstrate the immediate potential for pulsed-light to be used in functional 3D-

printed electronic applications, 3D-printed circuit boards were fabricated with and 

without pulsed light exposure, with the exposed samples exhibiting significant 

improvements in circuit functionality and reliability [127]. 
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8.1 Exposure Process and Surface Metallization 

 Unless otherwise noted, the samples produced in this chapter were printed from 

a commercially available dual extrusion FFF 3D printer (Makerbot Replicator 2X), which 

operates by extruding melted thermoplastic through a finely tipped nozzle to build parts 

in three dimensions in a layer-by-layer manner. One nozzle on the FFF printer was used 

to print non-conducting substrate material (green or yellow ABS), while the other nozzle 

printed a commercial conductive composite filament, Electrifi. Although Electrifi was 

the most heavily used conductive filament throughout this work, a number of other 

conductive thermoplastic composites were also studied, including custom-made 

thermoplastics, which will be outlined further below. Prior to assessing the effects of 

pulsed-light exposure on 3D printed parts, 0.3 mm thick 4-point probe test structures 

were printed from Electrifi onto ABS, which had average sheet resistance values of 4 

Ω/sq when unexposed. 

 After test coupons (consisting of three adjacent 4-point Kelvin probe structures 

on ABS) were printed, they were manually moved from the 3D printer to a Novacentrix 

PulseForge® 1200 for photonic processing. A schematic diagram of the PulseForge® 

lamp and sample setup is illustrated in Figure 33a, highlighting the general exposure 

process, which lasted only milliseconds. PulseForge tools consist of a xenon flash lamp 

that emits white light generated from an arc plasma within the lamp [128]. Prior to 

exposure, the energy released from the flash lamp is stored in a capacitor bank, which a 
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user can arbitrarily vary by charging the capacitor bank to voltage values within the 

limits of the tool. The Pulseforge is then able to release this stored energy through the 

flash lamp using one or multiple pulses of light at a user-defined pulse width. 

Calculated power density profiles that are emitted from the flash lamp are plotted in 

Figure 33b, while the resulting surface temperatures are qualitatively plotted in Figure 

33c using SimPulse®, a 1D heat transfer simulation software provided by the Pulseforge 

manufacturer. 
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Figure 33: Schematic of the printing and exposure process. a) Illustration of the FFF 

printing and exposure process with filament surface highlighted in SEM images 
before and after exposure. b) Power density profiles emitted from the flash lamp and 
a qualitative plot of the resulting surface temperatures. c) Optical comparison of as-

printed versus exposed filament. Adapted from [127]. 
 

 

Immediately after exposure, small but distinct visual changes are evident on the 

surface of the conductive thermoplastics, including a shift from a lustrous surface 

texture to a rough, more diffuse texture. Figure 33d shows an optical image of exposed 

and unexposed traces of Electrifi printed onto ABS, where a slight color shift to a more 

copper-like bronze finish can be seen after exposure, in addition to surface roughening. 
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SEM images were used to assess the changes in surface morphology of Electrifi, which 

can be seen in the insets of Figure 33a as well as Figure 34a-c, where it was found that 

exposed samples had a much more copper-dense surface. In the case of unexposed 

samples (see Figure 34a), much of the surface consisted of thermoplastic, with only small 

areas of copper protruding out of the plastic, which explains Electrifi’s poor ability to be 

directly probed through mechanical contact with another conductor, and leads to the 

need for silver paste to be added in the contact areas for interfacing [18]. In contrast, 

after exposure, the filament can be directly probed with another conductor with stable 

electrical contact. 

 To assess the cross-section of printed lines, test coupons were cast in a solid 

epoxy, then sanded and polished down to produce smooth cross-sections to be imaged 

with an optical microscope. These images can be seen in Figure 34g-i. Figure 34g depicts 

the case of unexposed thermoplastic, showing a smooth thermoplastic surface with little 

to no copper-flakes protruding out of the surface, consistent with the previously 

mentioned SEM images. In contrast, Figure 34i depicts the case of exposed filament, 

which exhibits significant restructuring of the copper flakes at the surface, with many of 

the flakes protruding upwards, out of the thermoplastic. However, there was no 

significant restructuring of the flakes within the bulk of the thermoplastic, suggesting 

that the effects of pulsed-light exposure only penetrates 10-50 µm beneath the surface. 
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 Though thermal annealing is typically used to improve the conductivity of 

printed materials, the conductivity of Electrifi is known to degrade in response to 

thermal treatment. To better understand the mechanism resulting in conductivity 

increase due to pulsed light, instead of reduction as in the case of thermal treatment, 

thermally treated samples were also prepared. Electrifi samples were printed and 

thermally cured for 30 minutes at 180 °C. The resulting samples exhibited ~106 Ω/sq 

sheet resistance values, in comparison to the 20 Ω/sq values for as-printed samples and 

0.3 Ω/sq for photonically treated samples. Despite the significant increase in resistance of 

the thermally cured samples, more of the copper revealed itself at the surface of the 

composite, as seen in the SEM image of Figure 34b. However, the cross-sectional optical 

images shown in Figure 34h depict much larger copper voids throughout the film, 

indicating that reflowing of the thermoplastic and copper-flake aggregation occurred, 

perhaps in addition to a small amount of shape retention after thermal expansion of the 

thermoplastic. In contrast, for the FAM samples the bulk of the exposed filament 

exhibited no such aggregation or expansion, while only showing thermoplastic ablation 

at the surface, suggesting that an extremely steep thermal gradient was imparted along 

the depth of the conductive filament by the pulsed-light for a very brief period of time. 
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Figure 34: SEM and optical analysis of composite filament. a-c) SEM images of the 

surface of as-printed, thermally annealed, and pulsed-light annealed copper-loaded 
filament from an aerial view. d-f) SEM images of as-printed, thermally annealed, and 
pulsed-light annealed copper-loaded filament from a side view. g-i) Cross-sectional 
optical images of as-printed, thermally annealed, and pulsed-light annealed copper 

loaded filament cast in polished epoxy. Adapted from [127]. 
 

 

8.2 Alterations in Composition 

 Mass measurements were carried out using a microgram scale, where it was 

found that the composite filament’s mass significantly decreased after each pulse. 2.25 

cm2 of ABS and Electrifi were printed onto glass slides, as depicted in Figure 35a, and 
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their mass was measured before and after 5 high-intensity exposures. It was found that 

Electrifi’s mass reduced by an average of 440±10 µg/cm2 after each exposure, indicating 

that the topmost layer of thermoplastic is being ablated away. Meanwhile, the mass of 

ABS remained relatively constant after each exposure, indicating that little to no ABS is 

being ablated, likely because ABS is a higher temperature thermoplastic compared to the 

biodegradable polyester that Electrifi consists of. EDS superimposed SEM images were 

then used to confirm that little thermoplastic was left behind on Electrifi’s exposed 

surface, results of which can be seen in Figures 35b and 35c, consistent with what was 

observed in Figure 34. 

 X-ray photoelectron spectroscopy (XPS) was used to assess compositional 

changes in the copper metal particles that Electrifi consists of. XPS was used to assess 

samples as-printed, exposed, and thermally cured, results of which can be seen in 

Figures 35d-35f. While very little copper can be resolved in the XPS spectra of as-printed 

samples, the XPS spectra of exposed samples had clearly evident copper peaks, 

confirming exposed samples have a higher concentration of copper at the surface, which 

is also consistent with the SEM images in Figure 34. XPS data of the exposed samples 

also indicated the presence of other metals, such as silver, which is likely serving as a 

copper encapsulant to protect against oxidation at modest temperatures [36]. The 

presence of copper was also detected at the surface of thermally cured samples. 

However, large copper-oxide peaks were present in the XPS spectra of thermally cured 
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samples, which suggests oxidation also plays a role in the thermal reduction of Electrifi’s 

conductivity. For exposed samples, not only is the surface metal-particle dense (as a 

result of thermoplastic vaporization), it is also free of metal-oxides, likely because the 

exposure process reduces copper oxide [129] and/or the high temperatures imparted by 

the exposure process do not last long enough for significant thicknesses of oxide to form. 

 

 

 
Figure 35: Physical analysis of pulse-light annealed metal composite thermoplastic. a) 

Change in mass of Electrifi and ABS films. EDS superimposed SEM images of 
Electrifi’s surface b) before exposure and c) after exposure. XPS spectra near the 

copper binding energies (920-970 eV) of Electrifi d) as-printed, e) thermally annealed, 
and f) photonically annealed. Adapted from [127]. 
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8.3 Electrical Enhancement 

 To this point, all previously mentioned results were generated using high power 

density pulses. However, not all exposure parameters yielded the same or even 

beneficial results. Sheet resistance values for Electrifi samples exposed to a variety of 

pulse parameters are plotted in Figure 36a-d as a function of capacitor bank voltage with 

calculated pulse profiles provided in the insets. Capacitor bank voltage is increased from 

246V to 450V at various pulse widths ranging from 1 to 20 ms, resulting in exposures 

with emitted energy densities ranging from 0.5 to 25 J/cm2. Generally, it can be seen that 

low energy density exposures actually increase Electrifi’s sheet resistance, likely due to 

the low-intensity pulses only heating the surface, in a similar fashion to thermal 

annealing. However, as pulse energy density is increased, the sheet resistance begins to 

drop corresponding to the onset of thermoplastic ablation. Another general trend that 

should be noted is that larger pulse widths yield lower sheet resistance values at a 

constant bank voltage due to the increase in energy density that is emitted as a result of 

longer exposure times. However, decrements in sheet resistance diminished at larger 

pulse widths, due to strong pulse power density decay over longer periods of time.

 As was shown in Figure 34 and 35, high-intensity pulsed light exposure ablated 

the topmost layer of filament thermoplastic and left behind a copper-dense surface while 

the underlying body of the filament remained unaffected. This observation is reflected in 

sheet resistance measurements of printed Electrifi films of various thicknesses shown in 
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Figure 36e. Electrifi was printed at a layer height of 0.1mm, corresponding to layer 

thickness values ranging from approximately 0.3mm to 1mm. At its thinnest, 3 layers 

were needed to reliably produce continuous films on printed ABS substrates. It can be 

seen from Figure 36e that, prior to exposure, there is a drop in film sheet resistance 

corresponding to an increasing number of printed layers. In contrast, the sheet resistance 

after exposure to high-intensity pulses is nearly thickness independent. 

In addition to Electrifi, a number of other conductive filaments were also found to 

improve upon pulsed-light exposure. Two additional commercial filaments were tested 

including a high-temperature carbon-loaded filament from Proto-Pasta, and a high-

temperature version of Electrifi, whose thermoplastic consists of olefin block copolymers 

(OBCs). Both were subjected to similar exposure conditions as the standard Electrifi 

filament. All filaments exhibited similar responses to exposure conditions in that their 

sheet resistances increased at low exposure energies then began to decrease at high 

exposure energies, which can be seen in Figure 36f.  

To determine whether the FAM process would be compatible with composite 

thermoplastics consisting of other metals, custom silver-loaded composites consisting of 

silver flakes dispersed at 20% v/v in ABS, polylactide (PLA), and polycaprolactone (PCL) 

were prepared via solution-casting with film thicknesses ranging from 0.3-0.5 mm. As 

shown in Figure 36f, after an 8.4 J/cm2 exposure the resistance of all three custom 

composites dropped to 20%, 17%, and 15% of their original value for PCL, PLA, and ABS, 
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respectively. The clear drop in resistance exhibited by all three custom-made composites 

suggests that thermoplastic ablation and surface metallization has occurred. 
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Figure 36: Electrical characterization of pulsed-light exposed 3D printed filament. a-d) 
Sheet resistance of 3D-printed Electrifi with varying exposure conditions with pulse 
profiles provided in the insets. e) Sheet resistance plotted with an increasing number 

of printed layers for unexposed, once-exposed and twice-exposed films. f) Sheet 
resistance comparison across various conductive filaments and exposure conditions. 

Adapted from [127]. 
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8.4 3D Printed Circuit Boards 

The exposure process demonstrated in this work was found to be suitable for 

enhancing the performance and reliability of 3DPCBs. A non-planar LED circuit was 

constructed on ABS, where the out-of-plane region consisted of the top fourth of a dome 

with a 2 cm radius of curvature, as shown in Figure 37a and 37b. Electrifi was used to 

print two interconnect pathways with the first going up and over the dome and the 

second circumventing the dome and staying in-plane. Two samples of this design were 

prepared, the first without pulsed-light exposure and the second with exposure. Two 

LEDs were then placed into sockets in the 3D-printed substrate and silver paste was 

used to hold them in place. With a supply voltage of 2 V applied to the interconnect 

leads, the LEDs on the unexposed 3D PCB dimly lit, as shown in Figure 37a. In contrast, 

the LEDs on the exposed 3D PCB lit brightly, as shown in Figure 37b, indicating that the 

trace resistance had dropped significantly. However, it should be noted that the in-plane 

interconnect was less resistive, resulting in a slightly brighter in-plane LED. The higher 

resistance in the out-of-plane interconnects result from a non-zero exposure angle in 

addition to the vertical steps in the film associated with the layer-by-layer nature of FFF. 

Additionally, an oscillator circuit was also constructed to demonstrate that 

pulsed-light processing is suitable for enhancing more complex electronics. A 555 timer 

astable oscillator circuit, a common timer circuit often used to demonstrate 3D printed 

electronic systems as in references [124], [130], oscillates based on a resistor-capacitor 
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exponential decay to switch between high and low voltages. In this demonstration, the 

output of the oscillator is used to blink a surface mounted LED. Two 3DPCBs were again 

prepared with and without exposure. However, the layout of the 3DPCB was designed 

such that the output frequency of the LED would depend on the resistance of a printed 

resistor R1, which is visible in the image of the circuit layout shown in Figure 37c. The 

value of R2 and C1 were selected such that the differences in frequency and duty cycle of 

the output waveforms between the exposed and unexposed samples would be visibly 

and obviously apparent. The output waveform from each circuit is plotted in Figure 37d. 

The output frequency of the exposed and unexposed samples was 26 Hz and 6 Hz, 

respectively, the differences of which were visibly apparent, corresponding to a 

substantial drop in the resistance of R1 after exposure. Additionally, the stability of the 

exposed circuit was much better than that of the unexposed circuit, whose frequency 

varied considerably over time. The unexposed circuit also required a larger supply 

voltage in order to properly operate. 
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Figure 37: Pulsed-light exposed 3D printed circuit boards. a-b) Images of non-planar 
LED circuits driven at 2 V a) without and b) with pulsed-light exposure. c) Image of a 

3D printed oscillator circuit board and interconnects with placed-in components 
adhered with silver epoxy. d) Output signal (Vo/Vcc) waveform of oscillator circuits 

prepared with and without pulsed-light exposure. Adapted from [127]. 

 

 

8.5 Conclusion 

 In summary, this chapter reported on the demonstration of flash ablation 

metallization (FAM), a process that involves the rapid use of high-intensity pulsed light 

to enhance conductive composite thermoplastics extruded from a direct-write FFF 

printer. Exposed films were up to two orders of magnitude more conductive than as-

printed films. This is demonstrated in contrast to thermal curing, a traditional and time-

consuming process that yields a higher resistance for conductive composite 

thermoplastics. The FAM process was found to generally enhance a variety of 

conductive thermoplastics. Through SEM and cross-sectional optical images, it was 

found that filament enhancement is attributed to ablation of thermoplastic at the surface 

of the filament, which left behind a metallized surface layer while leaving an underlying 

3D printed ABS substrate structurally unaffected. 4-point resistance measurements were 
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used to assess changes in conductivity in a variety of filaments, where it was found that 

longer, higher energy exposures generally yielded lower film resistances, and that the 

resistance after exposure was nearly thickness independent. Pulsed-light exposure was 

then demonstrated to enhance the performance and stability of 3D printed circuit 

boards, which is immediately relevant for 3D printed electronic applications. In addition 

to these advancements, the discovery that high intensity light can be used to enhance 

printed conductive filament reveals a larger-scale potential for the use of photonic 

processing in fused filament fabrication and 3D printed electronics. 
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9. Conclusion, Challenges, and Outlook 
9.1 Conclusion 

 This dissertation outlined a variety of contributions related to improving the 

process speed and efficiency as well as performance of direct-write printed electronics. 

To introduce these advancements, an extensive overview of the emerging field of 

printed electronics and additive manufacturing was given in contrast to traditional 

electronics manufacturing processes. Primary focus in this work was on the in-place 

printing of CNT-TFTs using an aerosol jet printer, beginning with an overview of CNT-

TFTs followed by an outline of the major experimental findings leading up to the 

demonstration of fully in-place printed devices. Notably, these devices exhibited 

promising performance metrics with on/off-current ratios exceeding 103 and mobilities 

up to 11 cm2V-1s-1 while also being capable of operating under mechanical strain or after 

long-term bias stress, despite being printed with a maximum process temperature of 

only 80 °C. Particular emphasis was on the development of low-temperature conductive 

and dielectric inks, eliminating the need for external or post-processing, enabling rapid 

printing of each layer in-place. As will be discussed in the next sections, the 

development of such a process with its corresponding discoveries moves the field closer 

to printing electronics on-demand, which encompasses applications for direct-write 

printed sensors, displays, and IoT systems. 
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 In addition to these advancements in aerosol jet printing transistors, a method 

for rapidly improving 3D printed electronics was also presented. Using a high intensity 

pulsed light source, it was shown that FFF extruded conductive filaments could be 

enhanced through the flash ablation of thermoplastic, a process referred to as flash 

ablation metallization (FAM). After exposure, the resulting metal-composite films had a 

metal-dense surface which enhanced conductance by up to two orders of magnitude and 

improved the electrical contact interface. Using this technique, significant performance 

improvements in 3D printed circuit boards were realized, indicating immediate 

potential for functional applications in addition to promise for further development. As 

will be discussed below, the demonstration of this technology opens up the possibility 

for significant advancements to be made in 3D printed electronics.  

 To summarize, the key scientific findings and advancements described in this 

dissertation include the development of a low-temperature process for fully printing 

CNT-TFTs in-place, not previously thought possible due to the high temperature 

process requirements imposed by conductive and dielectric inks. These process 

limitations were overcome through the development and investigation of new ink 

formulation and device processing advancements. This work also presented key 

scientific findings related to FFF and photonic processing, where high-intensity pulsed-

light was used to improve conductive thermoplastic composites, not previously thought 

possible due to the composite’s poor sensitivity to thermal processing. Here, these 
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challenges were overcome due to the short duration of a flash process, which quickly 

metallizes the composite without raising its internal temperature. In both cases, in-place 

printing CNT-TFTs and flash metallizing conductive filaments, significant 

advancements in process speed and performance were made with respect to direct-write 

printing methodologies, moving the field closer to the point of printing electronics on-

demand. 

9.2 Remaining Challenges 

9.2.1 Challenges for Printed Electronics 

 Broadly, printed electronics face a number of challenges before they can be used 

more ubiquitously in industry and by hobbyists. Industrially, the most prominent of 

challenges include those that are related to the further development of template-assisted 

printers since they are the most well suited for high throughput production 

environments. Many of the challenges here include ink rheology restrictions, which 

often necessitate non-conductive ink viscosifiers that hinder electrical performance. For 

instance, gravure-printed CNT inks are severely limited in their mobility due to these 

non-conductive organic additives. Much more commonly used in commercial settings 

are conductive inks, which require large in-line oven or photonic sources. In addition to 

addressing ink rheology restrictions, materials compatibility will also need to be 

addressed to make template-assisted printing more versatile in what it is capable of 

printing. 
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 As was more thoroughly discussed throughout this dissertation, direct-write 

printers have a variety of challenges associated with them, also having much to do with 

process speed limitations. However, unlike template-assisted printers, direct-write 

printers are of interest to both industrial organizations and hobbyists. FFF and inkjet 

printers are both commonly used by the everyday person that can print objects or paper 

media on-demand. One of the grand challenges of the field is to get printed electronics 

to that same point. Though this dissertation discussed methods related to aerosol jet 

printing transistors in an in-place and on-demand manner, there are many other kinds 

of devices and device components that will need to be further addressed. Such devices 

include batteries, LEDs, sensors, and other active components which can consist of 

crystalline or energetic layers that often require extensive post-processing, assuming 

they are compatible with solution deposition in the first place. Additionally, for passive 

components like interconnects, inductors, or antennas, higher conductivity low-

temperature inks will need to be developed such that they approach the conductivities 

of bulk metals. 

 A broad set of challenges face the field of 3D printed electronics as well. 5-axis 

direct-write methods, such as aerosol jet printing and robocasting, have long been 

capable of conformally printing conductive inks onto non-planar surfaces. Though these 

methods are fairly expensive and are thus restricted to industrial or academic settings. 

Photopolymerization methods are cheaper but unable to print electronically functional 
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materials.  With respect to FFF, electronically functional composite filaments are 

extremely limited in their performance due to the use of thermoplastics for material 

extrusion. Although filaments like Electrifi are the most conductive on the market, they 

are still at least 1000 times more resistive than bulk metals. This trend in subpar 

performance would likely remain true for any other electronic material embedded into a 

thermoplastic. As was discussed in Chapter 8, photonic methods can be used to enhance 

the performance of these composite thermoplastics. Still, much more development of 

photonic methods must occur in order for them to be cheaply integrated and operated 

within an FFF printer.  

9.2.2 Challenges for Printing Carbon Nanotubes and Devices  

 There are many challenges that face devices consisting of semiconducting CNT 

films moving forward, including those that stem from fabrication, performance, or 

limited applications. Regarding fabrication, many challenges remain associated with 

device uniformity and consistency. Since CNTs are deposited from a solution into a 

randomly oriented network, there are many levels of potential process inconsistencies, 

for instance, from print-to-print, from device-to-device, and over long periods of time. 

This dissertation focused on a few methods to minimize device-to-device variation 

under short direct-write printing durations. Limited studies have investigated methods 

to improve long-term printing stability and ink formulation consistency using direct-
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write methods. Furthermore, for template-assisted methods, very little work has been 

done printing CNT inks at all, let alone evaluating their variability. 

 From the standpoint of performance, CNTs are competing against other 

printable thin-film semiconductors, such as organics and metal oxides. Though CNTs 

have their advantages in mobility, chemical stability, mechanical flexibility, and low-

temperature process compatibility, they still exhibit relatively low on/off-current ratios 

compared to metal oxides and poor uniformity compared to printed organics. 

Additionally, printing transistors altogether is challenging due to limitations in printed 

dielectrics relative to ultrathin ALD-deposited dielectrics. These performance limitations 

will need to be addressed in order to expand the potential applications for printed CNT-

TFTs. 

 The primary challenge associated with in-place printing of CNT-TFTs is finding 

suitable applications which are compatible with the process. As was mentioned in the 

previous paragraph, there are a limited set of applications suitable for normal CNT-TFT 

process methods and that set is even smaller for in-place process methods. Ultimately, 

in-place printing will likely never be suited for printing high-performance, low-power, 

and fast circuitry. Still, given the current state of the field, there are numerous 

opportunities to investigate and produce IoT-based sensing and display electronics from 

in-place printed CNT-TFTs, as will be discussed in the next section. 
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9.3 Future Outlook 

 As was just discussed, there are a plethora of potential challenges to address 

within printed electronics and the most immediately addressable challenges with 

respect to direct-write printing are summarized below. For challenges related to 

expanding the application set for in-place printed CNT-TFTs, the most immediately 

relevant would be the development of in-place printed electrochromic displays, which 

could be used as simple displays, either existing as a single cell or even a 7-segment 

display, to potentially indicate the state of a flexible sensor (conceptually illustrated in 

Figure 38a). Electrochromic cells are a suitable device for being driven by CNT-TFTs, as 

TFTs can be used to drive each cell in an active-matrix backplane configuration. Since 

the electrochromic cell consists of conductive electrodes, an electrolyte, and an 

electrochromic layer (potentially PEDOT:PSS or P3HT), all of which have been 

demonstrated using printing methods [15] and are low-temperature compatible, these 

devices are well within the scope of in-place printing. Further work would require the 

development of in-place printed electrochromic pixels and optimization of their 

performance. In addition to the development of display pixels, the development of in-

place printed sensors will be needed in order to facilitate IoT applications. A variety of 

sensor demonstrations have been reported using CNT-TFTs, and reproducing these 

sensors is within the scope of an in-place printing process. Using CNT-TFTs, the direct-

write printing of sensor/indicator systems can be enabled. 
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 Aside from the printing of planar electronics, the 3D printing of CNT-TFTs using 

direct-write 5-axis tools is an attractive path toward creating distributed electronic 

systems over non-planar surfaces. High resolution 5-axis aerosol jet printers could 

potentially be used to create sensor arrays on these surfaces. Such a system would 

require the investigation of how CNT inks interact with 3D printed plastics, which 

typically consist of either thermoplastics or photopolymers. However, since CNTs can 

be printed in-place, as demonstrated in this work, these 3D printed plastics would not 

need to undergo high temperature anneals. 

 Outside of CNT-TFTs, there are many potential areas of exploration and 

development of photonic process methods in 3D printing, as was discussed in Chapter 

8. Though photonic sources cannot be directly used on CNT-TFTs, they can potentially 

be used to rapidly process the surrounding layers, given that the CNT layer is left 

unexposed. For lower-cost applications, there is much headway to be made in the 

photonic annealing of conductive filaments. Moving forward, researchers must focus on 

integrating photonic sources cheaply onto low-cost FFF printers to enable widespread 

use. Additionally, alternative and lower cost light sources can be explored, including 

lasers or UV lights. Additionally, combining FAM with other conductive filament 

enhancement methods, such as electroplating [124], [131], can be adopted to increase 

process efficiency (illustrated in Figure 38b). 
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 Overall, the contributions demonstrated in this work reveal several opportunities 

for continued advancement of the direct-write printed electronics field. This dissertation 

addressed several challenges associated with process efficiency and device performance 

by developing new inks, optimizing device configurations, and developing new 

processes. This work provides a firm foundation for moving forward with rapidly 

printing electronics and CNT-TFTs at low-temperature, which moves electronics 

manufacturing to a point that is more accessible to industrialists, academics, and 

hobbyists alike, a necessary step for the continued growth of innovation in society. 

 

 
Figure 38: Applications immediately relevant moving forward. a) Concept illustration 
of a sensor with indicator system and image of an electrochromic 7-segment display. 

Both are within the scope of in-place printing and can be driven using CNT-TFT 
active matrices. Adapted from [58], [132]. b) Image of electroplated Electrifi with 

exposed region to enhance plating efficiency and speed. Resulting electronics with 
plated interconnects can be seen at the right. Adapted from [124]. 
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