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Ionic Dielectrics for Fully Printed Carbon Nanotube Transistors: 
Impact of Composition and Induced Stresses 

Brittany N. Smith,a,† Hope Meikle,a,b,† James L. Doherty,a Shiheng Lu,a Gianna Tutoni, b Matthew L. 
Becker, b Michael J. Therien,b and Aaron D. Franklin a,b 

Printed carbon nanotube thin-film transistors (CNT-TFTs) are candidates for flexible electronics with printability on a wide 

range of substrates. Among the layers comprising a CNT-TFT, the gate dielectric has proven most difficult to additively print 

owing to challenges in film uniformity, thickness, and post-processing requirements. Printed ionic dielectrics show promise 

for addressing these issues and yielding devices that operate at low voltages thanks to their high-capacitance electric double 

layers. However, the printing of ionic dielectrics in their various compositions is not well understood, nor is the impact of 

certain stresses on these materials. In this work, we studied three compositionally distinct ionic dielectrics in fully printed 

CNT-TFTs: the polar-fluorinated polymer elastomer PVDF-HFP; an ion gel consisting of triblock polymer PS-PMMA-PS and 

ionic liquid EMIM-TFSI; and crystalline nanocellulose (CNC) with a salt concentration of 0.05%. Although ion gel has been 

thoroughly studied, e-PVDF-HFP and CNC printing are relatively new and this study provides insights into their ink 

formulation, print processing, and performance as gate dielectrics. Using a consistent aerosol jet printing approach, each 

ionic dielectric was printed into similar CNT-TFTs, allowing for direct comparison through extensive characterization, 

including mechanical and electrical stress tests. The ionic dielectrics were found to have distinct operational dependencies 

based on their compositional and ionic attributes. Overall, the results reveal a number of trade-offs that must be managed 

when selecting a printable ionic dielectric, with CNC showing the strongest performance for low-voltage operation but the 

ion gel and elastomer exhibiting better stability under bias and mechanical stresses. 

1. Introduction  

Printed electronics have the potential to transform the growing 

internet of things (IoT) by offering customizability for a wide 

range of applications at low cost.1–3 Material selection for 

printed devices is a leading factor in determining performance 

and suitability for application needs.4–6 For instance, printed 

networks of semiconducting single-walled carbon nanotubes 

(CNTs) have proven to be highly versatile, enabling a diverse 

assortment of printed thin-film transistors (TFTs) operating as 

biosensors,7 pressure sensors,8 backplane displays,9,10 and logic 

gates.11 Without the need for harsh post-processing 

treatments, flexible substrates such as Kapton,12–14 PDMS,11 

PET,15,16 and paper,17 have been utilized for printed CNT-TFTs. 

As fully printed, flexible CNT-TFTs have advanced, it has become 

increasingly evident that the gate dielectrics not only play a 

crucial role in realizing high-performance devices but are also 

one of the most difficult layers to print additively and achieve 

strong gate control at reasonably low voltages (sub-5 V). While 

insulating materials, such as hexagonal boron nitride (hBN), 

have proven useful in fully print-in-place CNT-TFTs, these 2D 

nanomaterials form thin films that are microns thick and require 

several tens of volts to effectively modulate the semiconducting 

CNT thin-film channel.18 Regardless of whether the 

semiconducting channel for a fully printed TFT is of CNTs, a 2D 

semiconductor such as MoS2,19,20 or an organic 

semiconductor,21–23 the printed gate dielectric must be solution 

processable, maintain stable performance under mechanical 

bending, and have a high gate capacitance for low-voltage 

operation.24 

Ionic dielectrics, also known as electrolyte dielectrics, are 

strong candidates for printed transistors due to their potential 

compatibility with solution-phase dispersion into inks and 

exceptionally high capacitance from the formation of electric 

double layers (EDLs). Simply put, ionic dielectrics are composed 

of ions in a material that supports ionic conduction. Many 

compositional variations of ionic dielectrics have been 

successfully demonstrated in TFTs with semiconducting 

channels of organic semiconductors,25–27 2D materials,28–30 or 

CNTs.31,32 Each ionic dielectric has a thickness-independent 

capacitance due to EDL formation at the dielectric/channel and 

dielectric/electrode interfaces. These EDLs are formed by the 

conduction of ions in the material as they are coulombically 

attracted to their respective dielectric interface under an 

applied gate potential. Because the EDLs form abruptly at the 

dielectric interfaces, the resultant capacitance is exceptionally 
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high, allowing for low operating voltage when used as the gate 

dielectric for a TFT.33–35  

While ionic dielectrics offer attractive features, there are 

challenges to using these materials for printed, flexible 

transistors. Reliance on ion transport limits the switching speed 

for the devices, which hampers their suitability for applications 

that require even modest operating frequencies.36 Depending 

on the composition of the ionic dielectric, as well as the gate 

electrode and semiconducting channel, there is potential for 

electrochemical reactivity at the interfaces that can result in 

material decomposition and/or excessive gate leakage currents, 

particularly when under extended bias stress.37–39 Given the 

large variety of material compositions for ionic dielectrics,40 

there is uncertainty regarding how different compositions 

influence core ionic properties and, correspondingly, 

performance as a printed gate dielectric. What is clear is that 

the multitude of individual demonstrations of ionic dielectrics 

in printed TFTs have not identified the role that film 

composition plays in ultimate performance and stability.   

In this study, we developed a flexible CNT-TFT device 

platform having broad compatibility with printed dielectrics and 

used the platform to study three distinct ionic dielectrics: a 

custom-developed crystalline nanocellulose (CNC), an 

elastomeric PVDF-HFP, and an ion gel based on PS-PMMA-PS 

and EMIM-TFSI. Since e-PVDF-HFP and CNC printing are still in 

their infancy, this study provides insights into their aerosol jet 

printing optimization, working mechanisms, and their 

respective strengths and weaknesses as printed gate dielectrics. 

Key trade-offs and potential applications for these novel 

printable materials are identified. Because ionic dielectrics are 

performance-limited by ionic diffusion, the impact of voltage 

sweep rate on switching characteristics was directly compared, 

showing CNC devices have strong performance retention up to 

a sweep rate of 40 V/s. Further, electrical bias stress testing was 

completed over 12 hours, during which ion gel devices yielded 

the best stability. Additionally, mechanical stress testing was 

carried out to examine the flexibility of these TFTs, which 

demonstrated that devices with ion gel and e-PVDF-HFP 

dielectrics remained stable through 1,000 bending cycles. This 

extensive evaluation of three printed ionic dielectrics provides 

insights into their operation, compositional-dependence, and 

limitations for use in fully printed CNT-TFTs.   

2. Results and Discussion  

Figure 1. Process flow and structure for fully printed, top-gated CNT-TFTs. (a) Fabrication of devices included: (i) Printing graphene source and drain 
contacts on KOH-treated Kapton, (ii) CNT film printing then rinsing with toluene, (iii) printing of ionic dielectric layer, and (iv) printing of graphene gate 
contact over dielectric layer, completing the device. Images of (b) array of printed CNT-TFTs with 0.05% CNC as the dielectric and (c) one printed CNT-TFT 

with ion gel as the dielectric. SEM images of (d) graphene and (e) semiconducting carbon nanotubes showing thin-film morphology when printed on SiO2 

with insets of their respective chemical structures. Note, all printing carried out with an aerosol jet printer using ultrasonic aerosolization. (f) Chemical 
structures of CNC, e-PVDF-HFP, and ion gel. (g) Subthreshold curves for example CNT-TFTs using CNC, e-PVDF-HFP, or ion gel. For all devices, LCH = 250 µm 

and WCH = 200 µm. 
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2.1. Diverse Compositions of Ionic Dielectrics for CNT-TFTs.  

The selection of the three ionic dielectrics for this work was 

made by choosing two materials from the most prominent 

classifications of ionic dielectrics and a third material that has 

recently shown promise as an environmentally friendly 

dielectric. First, ion gels, which are among the most popular 

ionic dielectric subclasses, consist of a mixture of block 

copolymer and an ionic liquid in varying ratios, often with 

specific capacitances up to 10 µF/cm2.41–43 In most ion gels, the 

polymer is a self-assembled triblock copolymer that allows for 

gelation to occur at low polymer weight fractions, which is 

optimal for compatibility with printing techniques that require 

low ink viscosities.44 Many copolymers have been explored for 

ion gels, including PS-PEO-PS,26,44 PS-PMMA-PS,12 SOS,45 and 

SEAS.46,47 Ionic liquids, which often make up a larger weight 

percentage of the ion gel than the copolymer, provide the high 

concentration of ions that form the EDL. Commonly used ionic 

liquids for ion-gel formulations include EMIM-TFSI, BMIM-PF6, 

and EMIM-OctOSO3.48 The combination of PS-PMMA-PS and 

EMIM-TFSI in a range of ratios has shown high maximum 

operating frequencies, capacitances, and compatibility with 

many semiconducting materials, including graphene,29,49 

MoS2,50 and organic semiconductors.51–53 Recently, a fully 

aerosol jet printed CNT-TFT composed of a 1:9 w/w ratio of PS-

PMMA-PS to EMIM-TFSI was demonstrated with high electrical 

and mechanical stability at a low device operating voltage of 1 

V.12 Hence, for this study we focused on the same formulation. 

In ion gels, the ions are contributed from an ionic liquid and 

tend to cause high gate leakage currents through the device, 

thus reducing TFT performance. To reduce the concentration of 

ions in the material while maintaining low device operating 

voltages, elastomers – another subclass of ionic dielectrics – 

have also been studied for TFTs. Elastomers have orders of 

magnitude smaller concentrations of mobile ions than ion gels 

yet are also able to form EDLs under small, applied voltages due 

to their low glass transition temperature (Tg).54 Some 

elastomers that have been explored include PMMA, PDMS, PU, 

and SBS.54 A more recently studied material is the elastomer 

poly(vinylidene fluoride-co-hexafluoropropylene) (e-PVDF-

HFP), which is elastic and has a low Tg due to its high 

stoichiometric ratio of HFP monomers.55 The e-PVDF-HFP 

dielectric acquires ions through impurities on the substrate, in 

its solvent, or by additives. e-PVDF-HFP was recently utilized as 

the gate dielectric for an inkjet printed CNT-TFT and showed 

decent device performance at a 1 V operating voltage.56 A new 

formulation of e-PVDF-HFP was developed for this study, 

making the ink compatible with aerosol jet printing.  

Given that ionic dielectric inks are typically composed of 

hazardous materials and utilize harsh solvents, a push to use 

environmentally safe materials has led to the recent 

demonstration of CNC, a water-soluble carbon-based insulator, 

in a CNT-TFT with low operating voltages.17 With the addition of 

sodium chloride (NaCl) to the CNC, the dielectric performance 

improved and faster voltage sweep rates were realized without 

compromising device performance. However, a more complete 

understanding of the operation and limits to the use of CNC as 

a printed ionic dielectric is lacking. Hence, the third ionic 

dielectric selected and optimized for this work was an aqueous 

CNC ink.  

There are three key design features that enabled broad 

compatibility of the flexible CNT-TFT platform with these 

diverse ionic dielectrics: a Kapton substrate, graphene 

electrodes, and a top-gate configuration. First, all CNT-TFTs 

were aerosol jet printed on a Kapton substrate that was pre-

treated with KOH for 3 minutes to improve hydrophilicity, which 

provides a flexible non-porous surface to support both ion gels 

and CNC. Secondly, while side-gating is possible with ion gels to 

reduce process steps, a top-gate design was chosen to support 

elastomers, which exhibit lower capacitances than ion gels. 

Thirdly, graphene source/drain/gate electrodes were utilized 

due to the top-gate electrode requirement of a room 

temperature deposition and high conductivity without post-

processing to ensure all dielectrics were not irreversibly altered.  

In short, the fabrication process for the CNT-TFTs began with 

printing graphene source and drain electrodes onto Kapton, 

after which a 250 µm × 200 µm CNT channel was printed and 

rinsed in toluene at 80 °C for 10 minutes (Fig. 1a). The sample 

was dried with N2, and an ionic dielectric layer and graphene 

gate were printed successively atop the channel to form the 

gate stack (Fig. 1a). The printing files for each CNT-TFT, including 

the dielectric layer, were identical to ensure the uniformity of 

device design for accurate dielectric comparison. The resultant 

device structure is depicted in Figures 1b-c. Arrays of devices 

were printed onto one Kapton substrate, and all devices were 

Figure 2. Optimization of CNC salt concentration. (a) Subthreshold 
curves of printed CNT-TFTs using CNC with salt (NaCl) concentration 
ranging from 0 – 0.2%. (b) Percent NaCl dependence curves for on-

current, subthreshold swing, and gate leakage current at a gate voltage 
of 0V, revealing a trade-off between high on-current and unwanted 
gate leakage with increasing salt concentration. 
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measured by directly probing the printed graphene contact 

pads. Figures 1d-f includes the scanning electron microscope 

(SEM) images of the graphene contacts and the CNT channels. 

The printed graphene electrodes exhibit a dense, flakey 

structure that enables flake-to-flake transport. The printed 

CNTs form a dense percolation network through which carriers 

flow under an applied bias.57 Due to the unique chemical 

composition of each dielectric material (Fig. 1f), the 

corresponding CNT-TFT performs distinctly from the other 

dielectrics (Fig. 1g).  
 

2.2. Optimization of Salt Concentration for CNC.  

Before comparing the three distinct ionic dielectrics, the CNC 

ink required optimization as it has only recently been reported 

as a printed ionic dielectric.17 It was found that adding salt to 

the CNC can improve its overall switching performance and 

capacitance due to an increase in mobile ions. To determine the 

optimal concentration of NaCl to add to the CNC, five weight 

percentages of NaCl were utilized in CNT-TFTs including: 0%, 

0.01%, 0.05%, 0.1%, and 0.2%, as shown in Figure 2a. Beyond 

0.2% NaCl, the inks became too viscous for aerosol jet printing. 

Varying the salt percentage resulted in large changes in average 

device performance, as shown by the plots of on-current, 

subthreshold swing, and gate leakage current at a Vgs of -2 V in 

Figure 2b. Salt concentrations from 0.05% to 0.2% yielded an 

on-current above 1 µA/mm, with the highest current at 19.4 

μA/mm for 0.2% NaCl. The subthreshold swing (SS) is closest to 

the thermal limit of 60 mV/dec within the range of 0.01% to 

0.1% NaCl, which corresponds to about 79 mV/dec. Further, the 

gate leakage, which increases with increasing salt 

concentrations, is below 1 µA/mm at all salt concentrations 

below 0.1%. Overall, this data confirms that increasing the salt 

concentration allows for more rapid charge movement in the 

dielectric layer under applied voltages, which yields higher 

capacitance values, thus improving overall device performance. 
17 However, too many mobile ions degrade device performance 

because of high gate leakage currents that interfere with the 

drain current. Thus, 0.05% NaCl offered optimal performance 

and was used throughout the remainder of this study.  

 

2.3. Development of e-PVDF-HFP Ink for Aerosol Jet Printing 

While previously used for inkjet printing, e-PVDF-HFP has not 

yet been printed by an aerosol jet printer.56 Due to the 

hydrophobic, halogenated chains of the polymer, a non-polar 

solvent was used to suspend the compound in solution. 

However, the aerosolization of the solvent leads to potentially 

extended exposure to individuals, leading to safety concerns 

that excluded the use of the solvent N-methyl-2-pyrrolidine, 

which was used in the inkjet printing of e-PVDF-HFP. Several 

solvents that pose less of a safety concern were tested, 

including acetone, toluene, and ethyl acetate. Upon heating and 

stirring, the e-PVDF-HFP was dissolved fully in each solvent. 

Once cooled, each solution was stable. However, printing with 

the ultrasonic atomizer bath at room temperature was 

unsuccessful since the atomization process appeared to 

aerosolize the solvents but not the polymer itself. Therefore, 

the atomizer bath was heated to 50 °C to improve the solubility 

of the polymer. Upon printing, the best performance was 

achieved by using ethyl acetate as the solvent, though there was 

Table 1. Comparison of the printed ionic dielectric material properties and resultant CNT-TFT performance. Parameters are the average from each set of 

devices based on the respective ionic dielectric. * Indicates dielectric yielding best average performance for the given parameter. Device yield was based on 
the CNT-TFT having at least 2 orders of magnitude drain-current modulation by Vgs. The glass transition temperature (Tg) was measured for CNC without NaCl 
and without PS-PMMA-PS for ion gel. All extracted data is from the backwards gate sweep, from 2 V to -2 V, at the p-branch.  Ion was the maximum current 

on the p-branch of the output curve. Ig, -2V is the gate leakage current at a Vgs = -2 V with Vds = -0.5 V. The threshold voltage and hysteresis are measured at Id 
= 0.1 µA for CNC and ion gel and at Id = 0.01 µA for e-PVDF-HFP. The SS is the minimum subthreshold swing averaged over 0.2 V. The transconductance (gm) 
is the slope of the current over the gate voltages -2 V to -1.75 V.  
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still some bundling of the polymer seen within the printed film. 

In order to reduce bundling, toluene – a less polar solvent – was 

added to the solution with a 19:1 ethyl acetate to toluene ratio. 

This addition of toluene improved the smoothness of the overall 

film, showing almost no pinholes (Fig. S1). At higher 

concentrations of toluene, excess solvent is deposited during 

printing causing poor print deposition due to reduced 

evaporation. The optimized ratio of 19:1 ethyl acetate to 

toluene was reached to address the trade-off between 

elastomer bundling and excess solvent deposition. After 

carefully tuning all printing parameters, the e-PVDF-HFP films 

work as an ionic dielectric for CNT-TFTs under small applied bias 

voltages. This ink formulation was utilized throughout the rest 

of the comparison study.   

 
2.4. Printed Ionic Dielectric Characterization and Operation.  

Each dielectric material was thoroughly characterized for 

thickness, ionic conductance (σ), capacitance (C1 kHz), and glass 

transition temperature (Tg) (Table 1). To characterize the 

topology of each printed dielectric film, atomic force 

microscopy was completed (Fig. S2). The RMS roughness for 

CNC, e-PVDF-HFP, and ion gel are 78.82 nm, 568.2 nm, and 

15.24 nm, respectively. The thickness of the printed dielectrics 

ranged from 2 μm for CNC up to 70 µm for ion gel, which is due 

to the differing compositions and varying printing parameters 

for each dielectric to achieve a uniform, pin-hole free film (Fig. 

S3). The capacitance of each dielectric is not affected by the 

film’s thickness due to the formation of the EDLs at the 

interfaces of the materials. At 1 kHz, ion gel provides the highest 

capacitance among the three dielectrics in addition to having 

the highest ionic conductivity at 5.52 x 10-6 S/cm (Fig. S4a,e). 

From previous reports, the typical value of ionic conductivity for 

ion gels is from 10-5 to 10-2 S/cm.58 The slightly lower ionic 

conductivity of our ion gel is attributed to the relatively high 

series resistance of the printed graphene contacts (Fig. S4e). A 

similar limiting resistance was measured for the CNC capacitors, 

which yielded an ionic conductivity of 8.82 x 10-8 S/cm (Fig. S4c). 

The e-PVDF-HFP ionic conductivity of 8.39 x 10-10 S/cm is similar 

to values found in literature (Fig. S4d).55 Since the contacts of 

the CNT-TFTs are composed of graphene, other metals were not 

explored to retain consistency across all of the devices in the 

study.  

Further, the Tg of the e-PVDF-HFP was confirmed to be at -

21.9 °C, which is well below that of the Tg of PS-PMMA-PS (the 

polymer in the ion gel) that is at 130.8 °C (Fig. S4b). All electrical 

measurements were completed at room temperature, ~20 °C, 

thus the e-PVDF-HFP is in its glass state, allowing for ions to 

move easily through the material even though the ionic 

conductivity is much lower than that of the other dielectrics. 

Without the large number of ions added into ion gel, the PS-

PMMA-PS would not function as an ionic dielectric at room 

temperature since the Tg is much higher, thus causing the 

material to be more rigid and resistant to ionic transport. For 

CNC, there was no glass transition observed via differential 

scanning calorimetry, which is attributed to the CNC being a thin 

film without a scaffolding polymer or elastomer; i.e., the ~2 µm 

thick CNC film consists of individual nanocellulose crystals 

stacked together rather than a homogenous, albeit complex, 

film as with ion gel or the elastomer.59  

To understand the electrical performance of each ionic 

dielectric material, every CNT-TFT was measured at an applied 

Vds of -0.5 V and Vgs was swept from -2 V to 2 V at a sweep rate 

of 400 mV/s. The extracted performance metrics for devices 

with each dielectric material are listed in Table 1. The 

subthreshold and gate leakage characteristics from the best-

performing devices for each dielectric are in Figure S5. CNC, 

with an ionic conductivity and capacitance between the e-PVDF-

HFP and ion gel, shows the best average performance in nearly 

every extracted metric, as seen in the Table 1 comparison.  

Figure 3. Capacitance characterization for each dielectric. Charging and 

discharging currents as a function of time for (a) CNC, (b) e-PVDF-HFP with an 

inset showing charging current at an applied voltage of 2 V, and (c) ion gel. 

Top and bottom electrode of the capacitors have dimensions of 2.3 mm x 1.5 

mm. (d) Representative schematic of the capacitor measurement setup with 

applied DC and AC voltages and a list of external factors that influence the 

measurements. (e) Simplified equivalent circuit between the graphene gate 

and the CNT channel. Vgs, RG, Cdielec, CEDL-g, REDL-g , REDL-c, CEDL-c, and Rionic stand for 

the gate voltage, the series resistance of the graphene gate, the dielectric 

capacitance, the electric double layer capacitance at the graphene/dielectric 

interface, the resistance corresponding to the (electrochemically originated) 

leakage at the graphene/dielectric interface, the electric double layer 

capacitance at the CNT/dielectric interface, the resistance corresponding to 

the leakage at the CNT/dielectric interface, and ionic resistance, respectively. 
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Although the ion gel devices average performance is between 

that of CNC and e-PVDF-HFP for all metrics, the off-state 

performance is compromised by the high concentration of 

mobile ions. Contrastingly, the e-PVDF-HFP off-current is the 

lowest of all the dielectrics at 0.01 μA/mm. The off-state current 

difference between the ionic dielectrics is due to charging of the 

EDLs at the dielectric’s interfaces.  

To better ascertain the source of gate leakage in the ionic 

dielectrics, capacitors of each dielectric were printed and their 

charging characteristics measured (Fig. 3). When a voltage is 

applied across ionic dielectrics, the ions move to their 

respective interfaces, which in turn causes current to flow to 

build up a counter charge on the channel and top gate, forming 

the EDL.60 The EDL capacitance (CEDL) of each ionic dielectric will 

depend on many factors, including temperature, ionic 

concentration, and dielectric constant of the polymer matrix 

(Fig. 3d). There is a direct correlation with the ionic conductivity 

of the material and the ionic resistance (Rionic), which is a 

dominant factor in the RC response time of the material.61 

Therefore, since the ion gel has the highest capacitance, the 

charging and discharging current of the EDL is relatively high, 

yet the RC response is quicker than the other dielectrics due to 

a high ionic conductivity (Fig. 3a-c). Contrastingly, the e-PVDF-

HFP, with the lowest capacitance, has the smallest charging 

current and correspondingly the lowest gate current (by an 

order of magnitude) of the three dielectrics (Fig. S5). The ion gel 

and e-PVDF-HFP have an additional gate leakage current path 

under a 2 V pulse (Fig. 3 b-c) due to undesirable electrochemical 

effects happening at the interfaces (REDL-g and REDL-c), which is 

common for transistors with ionic gating (Fig. 3e).38,39,62 As seen 

in Figures 3b-c, at 0.5 V and 0.1 V for ion gel and e-PVDF-HFP, 

respectively, the additional leakage current is greatly reduced 

compared to at 2 V, allowing for the charging current to 

approach zero.  

Further, utilizing the capacitance at 1 kHz and extracted gm, 

the mobility may be calculated from the standard field-effect 

mobility equation: μ = (Lchgm)/(WchVdsCdielectric). The CNC, e-

PVDF-HFP, and ion gel mobilities are 0.28 cm2/Vs, 0.75 cm2/Vs, 

and 0.13 cm2/Vs respectively, demonstrating that the CNT thin 

film exhibits the highest mobility in the e-PVDF-HFP devices. An 

additional insight from the Figure S5 transistor characteristics is 

that the e-PVDF-HFP device demonstrates minimal ambipolar 

behaviour compared to the other two ionic dielectrics. Due to a 

shift in the threshold voltage, the n-branch of the graph is not 

seen in the plotted gate voltage range. To gain more insight into 

the working mechanisms of each dielectric, a parameter 

dependence analysis was completed.  

 

2.5. Parameter Dependence Analysis  

2.5.1 Applied Drain-Source Voltage Dependence 

To determine the optimal drain-source voltage (Vds) for the rest 

of this study, multiple gate sweeps were completed with Vds 

Figure 4. Dependence of CNT-TFT performance on drain-source voltage and gate sweep rate.  Vds dependence with a fixed sweep rate of 400 mV/s for (a) 
CNC, (b) e-PVDF-HFP, and (c) ion gel, revealing reasonably consistent switching for the CNC and e-PVDF-HFP devices up to |1 V| and degradation for the ion 
gel device above |0.5 V|. Sweep rate dependence with a fixed Vds = -0.5 V for (d) CNC, (e) e-PVDF-HFP, and (f) ion gel, showing robust switching for the CNC 

up to 4 V/s and complete loss of switching behaviour in the e-PVDF-HFP above 1 V/s. For all devices, Lch = 250 µm and WCH = 200 µm.   
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ranging from -1 V to 1 V (Fig. 4a-c and S6). For all dielectric 

materials, the on-current decreases as Vds approaches 0 V from 

both the negative and positive biasing directions and the gate 

leakage steadily increases with Vds, with e-PVDF-HFP devices 

maintaining a gate current below 15 nA/mm. The subthreshold 

swing (SS) is lowest for the ion gel between -0.75 V and -0.1 V 

and steadily decreases for both the CNC and e-PVDF-HFP in that 

range. It is known that CNT-TFTs tend to be p-type dominant 

due to the ambient doping effect and preferential injection of 

holes at the metal-semiconductor interface, which was also 

observed in this study since negative drain voltages provided 

overall better performance.63,64 For all tests throughout this 

study, a drain-source voltage of -0.5 V was utilized since the SS 

was lowest for ion gel devices at this bias point and it also 

yielded the minimum leakage current for e-PVDF-HFP devices.  
 

2.5.2 Sweep Rate Dependence 

To better understand the switching behavior of each dielectric, 

the rate at which the applied gate voltage sweeps from -2 V to 

2 V was varied from 10 mV/s up to 40 V/s, as illustrated in Figure 

4d-f and Figure S7. The devices with the e-PVDF-HFP dielectric 

layer do not show any modulation at sweep rates above 1 V/s 

due to the low ionic conductance of the material. Additionally, 

at such fast sweep rates, the performance of both the CNC and 

ion gel deteriorates; the gate leakage current for these devices 

increases as the sweep rate increases since the charging of the 

EDLs is directly proportional to sweep rate, thus interfering with 

the drain current, and making it difficult to accurately extract 

performance metrics from the data. It is evident that CNC CNT-

TFTs demonstrate the least percent change in drain current, 

with only a 5% change when the sweep rate was increased from 

10 mV/s to 1 V/s. In contrast, e-PVDF-HFP gives the largest 

change in drain current, with a percent change of 78.6%. 

Further, it is evident that as the sweep rate increases, the 

threshold voltage of the devices shifts further away from the 

ideal of ~0 V. This is because the mobile ions do not have 

sufficient time to assemble and disassemble into EDLs at high 

sweep rates, thus causing the entire subthreshold curve to shift. 

In contrast, it is evident that at too slow of a sweep rate, the 

device performance for each dielectric also degrades. At 10 

mV/s, although the gate leakage current is at its minimum and 

the on-current is high for both CNC and e-PVDF-HFP, the device 

performance is dramatically altered, with large shifts in 

threshold voltage and subthreshold swing. This is attributed to 

the effects of dielectric breakdown, which occur when the 

device undergoes a high electric field for a long period of time. 

In order to further investigate if this effect will alter device 

performance over time, electrical stability measurements were 

taken over a 12-hour period while monitoring the drain current.  

 
2.6. Electrical Stability 

To examine the electrical stability over time, three separate 

devices for each dielectric material underwent a 12-hour 

biasing period at gate voltages of -1 V, -0.5 V, and -0.1 V, while 

under a constant drain-source voltage of -0.5 V. Before and 

after the biasing was applied, the devices underwent a gate 

sweep to measure the Id-Vgs curves (Fig. S8). The drain current 

was monitored throughout the 12-hour duration (Fig. 5a-c). 

Figure 5. Electrical and mechanical stress tests. Percent change over 12 hours of gate-source voltage bias for (a) CNC, (b) e-PVDF-HFP, and (c) ion 
gel.  Subthreshold curves of bending cycles from 0 to 1000 cycles for (d) CNC with inset image before and during bending, (e) e-PVDF-HFP, and (f) ion gel.  For 

all devices, Lch = 250 µm and WCH = 200 µm.   
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Each dielectric experienced an initial change in current due to 

the charging of the EDL.65 The CNC devices experienced an initial 

increase in drain current within the first few minutes, then 

steadily declined throughout the remainder of the time for each 

applied gate voltage other than -0.1 V, which is well below 

threshold voltage of the device (Fig. 5a). This initial increase in 

drain current is due to the charging of the EDLs. Once the 

dielectric layer is fully polarized, the NaCl ions halt movement. 

The gradual decrease in drain current is attributed to the 

adsorption of water molecules in the dielectric.66 The e-PVDF-

HFP devices also experienced a slight drift in drain current over 

time, as shown in Figure 5b. Similar to CNC, the initial increase 

in current is due to the formation of the EDL. The continued drift 

of the e-PVDF-HFP devices is attributed to the electrochemical 

reaction occurring at the interface between the graphene and 

the ions, as seen in Figure 3b, in addition to the movement of 

dipoles. In contrast, the ion gel devices initially rise quickly and 

then level off within two hours of the applied biasing (Fig. 5c). 

This is due to the high concentration of ions that quickly move 

through the material to form the electric double layer and stop 

moving once the electric field across the bulk of the material is 

screened by the EDL. Further, the applied gate voltage is 

sufficiently low enough such that the electrochemical reaction 

at the interface is not occurring (Fig. 3c) and is not outside the 

electrical stability of the material since the material 

demonstrated great recovery.67 Overall, the ion gel devices 

were the most stable, with less than a 1% change in drain 

current under the 12 hours of applied biasing.  

In addition to the remarkably stable drain current, the ion 

gel devices showed minimal impact on the overall device 

performance from extended bias stressing (Fig. S8 and Table 

S1). The on-current for ion gel CNT-TFTs was below a 6% change 

for all biasing voltages, which was only observed for a gate 

voltage of -0.5 V for CNC and e-PVDF-HFP devices. Further, ion 

gel devices had the lowest change in hysteresis for all gate 

voltages. The sustained device performance demonstrates that 

ion gel was not as irreparably altered by the bias stress as both 

the CNC and e-PVDF-HFP were. Further, the mobile ions in CNC 

allow for this material to sustain long bias voltages with minimal 

lasting device performance reduction. On the other hand, e-

PVDF-HFP device performance was greatly altered since the 

dipoles in the material were given ample time to move 

accordingly under the applied bias. When the final gate sweep 

occurred, the capacitor had not had sufficient time to discharge, 

thus causing a shift in the device performance. Overall, the 

higher the ionic concentration, the more stable the device 

performed under bias stress tests due to the lack of irreparable 

damage to the material.  

 
2.7. Mechanical Stability 

To investigate the mechanical stability of the three dielectrics, 

devices for each were printed with elongated contacts to 

ensure the contact integrity was not compromised during 

bending. The devices were manually bent up to 1000 cycles on 

a rod with a radius of 3 mm (see Fig. 5d inset). All measurements 

were taken with the devices flattened out on the chuck of the 

probe station. From these results, it is evident that the ion gel 

devices showed the least change in performance from bending, 

with only a 24% change in on-current and 9% change in gate 

leakage current at Vgs = -2 V (Fig. 5d-f and Table S2). The e-PVDF-

HFP devices show similarly small changes in performance, with 

a 32% change in on-current and 12% change in gate leakage 

current. Contrastingly, the CNC devices experienced 

performance degradation as the bending cycles increased, as 

evidenced by the shift in subthreshold curves and reduction in 

on/off-current ratio. At 1000 bending cycles, the CNC devices 

had a 61% change in on-current and 38% change in gate leakage 

current. This change in performance may be attributed to the 

movement of the suspended nanocellulose crystals in the 

deposited film. The nanocrystals themselves are brittle due to 

their high crystallinity and may also separate more within the 

film during bending.68 The amorphous structure of the ion gel 

and e-PVDF-HFP allows for superior flexibility without a shift in 

performance. The sustained device performance with these 

printed dielectrics after significant bending demonstrates the 

mechanical robustness of these materials for use in flexible 

electronics.  

3. Conclusions 

Table 2. Overall comparison of printed ionic dielectrics, including impact of sweep rate, bias stress, and mechanical bending. Analysis of all three dielectrics 
for each study carried out with values representing averages for general comparison and response of studied single devices for percent change comparisons. 

Percent change for the bias stress is from initial to final voltage sweep after 12-hour bias. Percent change for mechanical bending is from voltage sweep 
before bending to final sweep after 1000 bends. * Indicates best performing option for each category. 
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As flexible electronics have become a solution to many IoT 

challenges, fully printed CNT-TFTs have been shown as a strong 

candidate due to their compatibility with various substrates and 

potential for low-cost fabrication. The search for a printable 

gate dielectric that enables low-voltage operation and provides 

reliable performance under bias and bending conditions has 

been challenging. Solid-state ionic dielectrics are attractive for 

this purpose owing to their compatibility with CNTs, high 

capacitance via EDLs, flexibility, and printability. In this study, a 

fully printed device platform was developed and demonstrated 

with three ionic dielectrics: CNC, e-PVDF-HFP, and ion gel. The 

results, summarized in Table 2, reveal many trade-offs when 

selecting a certain ionic dielectric composition. The 

demonstrated CNC and e-PVDF-HFP dielectrics were optimized 

in this work, including their ink formulation and printing 

conditions, and both were proven to be readily comparable to 

the well-developed ion gel, which was based on PS-PMMA-PS 

and EMIM-TFSI. The CNC devices showed the best overall device 

performance and sweep-rate dependence (except for gate 

leakage current). e-PVDF-HFP yielded the lowest gate leakage 

current due to the low ionic concentration in the material, thus 

requiring a smaller charging current than the other dielectrics 

to form the EDLs at the material interfaces. The CNC devices 

performance degraded the most under the bias stress and 

mechanical bending tests. Although CNC is a great option for 

use in logic gates and other applications, further work must be 

completed to further optimize the composition of CNC for 

increased stability under stress. The ion gel and e-PVDF-HFP 

showed remarkable stability under bias and mechanical stress, 

showing their suitability for flexible electronics. As more ionic 

dielectrics are developed, this device platform and rigorous 

benchmarking strategy should be utilized to better understand 

the mechanisms that govern the material as well as how the 

material compares to others in the field.  

4. Experimental Section 

4.1. Substrate Preparation 

Kapton substrates (127 μm thickness) were treated by soaking in 1M 

KOH for 3 minutes to make them hydrophilic.69 After soaking, the 

substrates were rinsed with deionized (DI) water and dried with 

nitrogen.  

4.2. Ink Preparation and Printing  

4.2.1. Graphene Ink Preparation. Graphene ink (Sigma-Aldrich 

at 7 wt% graphene concentration) was diluted with DI water to 

an approximately 2.33 wt% solution of graphene before 

printing. All inks were printed using an Optomec AJ300 aerosol 

jet printer. A 150 µm nozzle was used to print the graphene. 

Graphene was printed at a nozzle speed of 2 mm/s and the 

platen was held at room temperature. The sheath flow was kept 

at 25 sccm and the carrier gas flow was kept in the range of 37-

40 sccm. An ultrasonic atomizer current of 350 mA was applied 

to aerosolize the graphene ink and a single pass was used to get 

the source, drain, and gate films.  

 

4.2.2. CNT Ink Preparation. A semiconducting CNT ink 

(Nanointegris, IsoSol-S100, 99% sCNT concentration of 1 

mg/20mL) was diluted with additional toluene to a 

concentration of 0.01 mg/mL of semiconducting CNTs. The ink 

was printed in the AJP using a 150 µm nozzle and a printing 

speed of 2 mm/s. Before printing, the CNTs were atomized for 

30 minutes at an atomizer current of 330 mA, the same current 

that was used for printing. Throughout the CNT print, a sheath 

and atomizer flow of 35 and 37 sccm, respectively, were 

applied. The platen was kept at room temperature and two 

passes of CNTs, one on top of the other, were printed between 

the existing graphene source and drain contacts. The final 

channel dimensions were 250 µm × 200 µm. Post-printing, 

excess polymer was removed from the CNTs by soaking them 

for 10 minutes in 80 C toluene and then drying with nitrogen.  

 

4.2.3. CNC Ink Preparation and Printing. Crystalline 

Nanocellulose (CNC) (Cellulose Lab Inc, CNC-Slurry-HS, CNC 

concentration of 10 wt%) were diluted with DI water to 6 wt%. 

Varying percentages of NaCl were utilized in this study and were 

added by dissolving in the DI water prior to mixing with the CNC. 

The CNC ink was mixed with a vortexer until homogenous. All 

CNC inks were printed using the 300 µm nozzle for the aerosol 

jet printer. The platen temperature, sheath flow, carrier gas 

flow, and atomizer current were room temperature, 38 sccm, 

30 sccm, and 350 mA, respectively. One pass of CNC was printed 

at a speed of 5 mm/s over the CNT channel and graphene source 

and drain contacts to form the dielectric layer. 

 

4.2.4. Ion Gel Ink Preparation and Printing. Ion gel was 

prepared by combining polystyrene-b-methyl methacrylate-b-

styrene (PS(6000)-b-PMMA(118000)-b-PS(6000), Polymer 

Source Inc): 1-Ethyl-3-methylimidazolium bis(trifluoro-

methylsulfonyl)imide (EMIM-TFSI, Sigma Aldrich): ethyl acetate 

(Sigma-Aldrich) in a 1:9:90 ratio by weight. The resulting 

solution was stirred overnight before use in the printer and is 

shelf stable for at least 6 months. The ion gel ink was printed 

using a 150 µm nozzle. The sheath flow, carrier gas flow, and 

atomizer current were 25 sccm, 29 sccm, and 350 mA, 

respectively. The ink bath was at room temperature (20 °C) and 

the platen was heated to 80 °C. A print speed of 2 mm/s was 

used to print one pass of the ion gel to form the dielectric layer. 

 

4.2.5. e-PVDF-HFP Ink Preparation and Printing. Elastomer 

poly(vinylidene fluoride-hexafluoropropylene) (e-PVDF-HFP) 

(3M™ Dyneon™ Fluoroelestomer FC 2176)  was heated at 60 C 

in ethyl acetate in a 0.1 g/mL ratio for approximately 1 hour 

until dissolved. The solution was cooled and then diluted 

further to 5 mg/mL in ethyl acetate and 5% toluene. The e-

PVDF-HFP ink was printed using the 150 µm nozzle. The 

atomizer bath was heated to 50 C before printing and an 

atomization current of 350 mA was applied. The sheath flow 

and carrier gas flow were 25 and 40 sccm, respectively, and the 

platen was at room temperature. A single pass was printed at a 

print speed of 1 mm/s.  
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4.3. Transistor Fabrication. To print the transistors, a piece of 

KOH-treated Kapton was placed on the AJP platen. The source 

and drain electrodes were printed with the graphene ink 

parameters presented above. The CNT channel was printed on 

top of, and between, the source and drain electrodes using the 

parameters outlines above. The substrate was removed from 

the platen and placed in a toluene bath for 10 minutes at 80 C 

to remove excess polymers in the CNT film. Next, the substrate 

was dried with N2 gas and returned to the platen. The dielectric 

layer was then printed over the channel utilizing the necessary 

parameters listed above for each dielectric studied. Finally, the 

graphene gate was printed on top of the CNC dielectric layer. All 

devices have a channel length of 250 μm and channel width of 

200 μm. 

 

4.4 Capacitor Fabrication. The capacitors were printed on 

Kapton as prepared in Section 4.1. A 2.3 mm x 1.5 mm graphene 

bottom electrode was printed with the above parameters. Each 

dielectric was printed onto a set of bottom electrodes according 

to their outlined parameters. Finally, the top electrode, with the 

same dimensions as the bottom electrode, was printed with 

graphene to form a parallel-plate capacitor structure.  

 

4.5. Instrumentation and Characterization. SEM (Apreo S by 

ThermoFisher Scientific) images, profilometry (Bruker Detak 

150) measurements of CNC and e-PVDF-HFP, and optical 

profiler (Zygo NewView 5000) measurements of ion gel. All 

electrical TFT measurements were completed with a manual 

analytical probe station connected to a SMU (Keysight B2902A). 

The capacitance measurements were carried out by a separate 

SMU (Agilent B1500) with a frequency range of 1 kHz to 1 MHz 

at a bias voltage of 100 mV and an AC voltage of 100 mV. The 

electrochemical impedance spectroscopy (Palmsens3) was 

completed in a range of frequencies with a voltage bias of 0V 

and an AC voltage of 10 mV.  

 

4.6 Ionic Concentration Measurements. The ionic concentration 

(σ in S cm-1) was calculated with the following equation:  

𝝈 =
𝒍

𝑹𝑩 ∗ 𝑨
 

where l is thickness of the dielectric, RB is the measured bulk 

resistance, and A is the area of the capacitor electrodes. The 

bulk resistance is measured as the real resistance of the 

capacitor at the frequency at which the phase is closest to 0°.  

 

4.7 Glass Transition Temperature Sample Preparation and 

Measurement. Differential scanning calorimetry (DSC) of these 

materials was performed using a TA Instruments Q200 DSC 

system (TA Instruments-Waters L.L.C., New Castle, DE). Sample 

sizes of 10 to 18 mg were prepared using crimped aluminium 

pans. All liquid-based samples were freeze dried overnight to 

dry the material. Samples were tested using heating/cooling 

rates of 10 °C/min from -50 to 250 °C. The glass transition 

temperature (Tg) was determined from the midpoint in the 

second heating cycle. 

 

4.8 Device Parameter Extraction. The on-current was taken as the 

maximum current of the device in the p-type (largest magnitude 

negative gate voltage) regime. The gate leakage current was the 

measured gate current at a gate voltage of 0 V. The 

transconductance was the slope of the best fit line between -2 

V and -1.75 V for all dielectrics. The subthreshold swing was 

calculated as the minimum inverse slope of Id on the p-type 

branch of the subthreshold curve averaged over ~0.2 V. The 

threshold voltage for CNC and ion gel was taken at a current of 

0.1 µA for the p-type branch of the transfer curves. Since e-

PVDF-HFP had an order of magnitude lower on-current than 

CNC and ion gel, the threshold voltage was taken at a current of 

0.01 µA also for the p-type branch of the transfer curve. The 

hysteresis was the difference in threshold voltage of the 

backward sweep minus the threshold voltage of the forward 

sweep. The threshold voltage and hysteresis weren’t calculated 

if the device current did not reach threshold.  
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