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Abstract

lon gel-based dielectrics have long been considered for enabling low-voltage operation in printed
thin-film transistors (TFTs), but their compatibility with in-place printing (a streamlined, direct-
write printing approach where devices never leave the printer mid- or post-process) remains
unexplored. Here, we demonstrate a simple and rapid 4-step in-place printing procedure for
producing low-voltage electrolyte-gated carbon nanotube (CNT) thin-film transistors at low
temperature (80 °C). This process consists of the use of polymer-wrapped CNT inks for printed
channels, silver nanowire inks for printed electrodes, and imidazolium-based ion gel inks for
printed gate dielectrics. We find that the efficacy of rinsing CNT films and printing an ion gel in-
place is optimized using an elevated platen temperature (as opposed to external rinsing or post-
process annealing), where resultant devices exhibited on/off-current ratios exceeding 103,
mobilities exceeding 10 cm2V~1s71 and gate hysteresis of only 0.1 V. Additionally, devices were
tested under mechanical strain and long-term bias, showing exceptional flexibility and
electrochemical stability over the course of 14-hour bias tests. The findings presented here widen
the potential scope of print-in-place (PIP) devices and reveal new avenues of investigation for the
improvement of bias stress stability in electrolyte-gated transistors.

Index Terms—

Carbon Nanotubes; Thin-Film Transistors; Silver Nanowires; lon Gel Dielectric; Aerosol Jet
Printing; Low-Temperature Printing; Print-In-Place

[. Introduction

Fully direct-write printed electronics have the potential to accelerate the growth of the
internet of things (1oT) through the rapid development of highly customized systems [1]-[3].
Though numerous embodiments of fully direct-write printed electronics have been
demonstrated [4]-[8], the fabrication processes remain laborious and time-consuming due to
the multilayer complexity of electronic systems and the manual post-process steps required
to achieve the desired electronic properties for each layer. Despite intensive research efforts,
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streamlined direct-write print processes, or “in-place” printing (where devices remain in-
place within the printer throughout the entire fabrication process and do not require external
mid- or post-processing), have been sparsely demonstrated. The challenges associated with
print-in-place (PIP) devices can be largely attributed to the high process temperature
requirements imposed by the electronic materials and inks involved.

Semiconducting carbon nanotubes (s-CNTSs) are one of the preeminent semiconductor
materials for enabling fully printed loT systems [9]-[12]. Compared to other printable
semiconductors, such as those composed of organics or metal-oxides, s-CNT films have both
greater carrier mobilities and greater compatibility with low-temperature solution processing
[13]-[16], making them an excellent candidate for PIP thin-film transistors (TFTs). Yet there
remain many challenges facing the in-place printing of carbon nanotube thin-film transistors
(CNT-TFTs), largely involving the low-temperature process compatibility of the surrounding
electrodes and gate dielectric.

A critical first step toward PIP CNT-TFTs was the development of high-conductivity
metallic electrodes compatible with rapid printing at low temperatures (< 80 °C) facilitated
by silver nanowires (AgNWSs) as opposed to nanoparticles (AgNPs) [17], [18]. This led to
the demonstration of a PIP process for establishing s-CNT and silver films with low contact
resistance in CNT-TFTs [19], [20]. For gate dielectrics, Lu, et a/. [21] developed a low-
temperature compatible hexagonal boron nitride (h-BN) dielectric ink for fully in-place
printed devices. However, due to the large thickness of printed films, transistors with printed
gate dielectrics often require high operating voltages, limiting their potential for use in low-
voltage applications.

Electrolytic dielectrics and imidazolium-based ion gels have long been considered for use in
CNT-TFTs for low-power and low-frequency applications [22]-[27]. However, the
compatibility of an ion gel with low-temperature, in-place printing remains questionable due
to the presence of excess water and ink solvent molecules that can be trapped within the ion
gel and at the semiconductor interface [28]. Still, even if ion gel inks are compatible with in-
place printing, the electrochemical stability of the resultant devices remains questionable as
recent studies have shown that electrolyte-gated CNT-TFTs with AgNP electrodes
significantly degrade after only 20-30 minutes of continuous bias [29].

In this work, we develop a simple and rapid 4-step, PIP process for producing low-voltage
electrolyte-gated CNT-TFTs at low temperature (80 °C) using s-CNTs, AgNWSs, and
imidazolium-based ion gel inks. The efficacy of printing ion gels and rinsing s-CNT films
in-place is investigated, with the process for each optimized using an elevated platen
temperature. The resultant devices were exceptionally flexible and stable over the course of
14-hour continuous bias tests.

Il. Device Fabrication and Printing

All devices were fabricated on 127-um-thick Kapton substrates cleaned in an isopropanol
ultrasonic bath for 5 minutes, rinsed with water, and dried using N,. Once the substrates
were cleaned, they were placed on the printer platen (heated to 80 °C) and were only
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removed upon completion of the fabrication process, when they were ready for immediate
testing. Fig. 1 outlines a simple and rapid, 4-step printing procedure for an Optomec AJ300
aerosol jet printer, where each step is carried out sequentially, in air on an 80° C platen.
Device dimensions were channel length and width of L, = 100 4m and W¢p = 300 gm,
respectively.

The s-CNT channel was printed first, using a toluene-dispersed, polymer-wrapped s-CNT
ink (1s0Sol-S100, Nanointegris Inc.). A s-CNT concentration of 20 zg/mL was used with 1%
terpineol added to improve the uniformity of ink evaporation [30]. Films were printed using
a nozzle diameter of 150 um, a print speed of 1 mm/s, a sheath gas flow rate (ShGF) of 40
scem, a carrier gas flow rate (CGF) of 23 sccm, and an ultrasonic transducer current (UC) of
320 mA.

The resulting film contained excess polymer and terpineol (as illustrated in Fig. 1a). A
toluene rinse was used to remove the remnant ink additives, which was carried out directly
on the 80 °C printer platen in an in-place manner as opposed to the traditional procedure of
removing the sample from the printer to rinse externally under a fume hood. The in-place
rinsed samples were dried using an N, gun where toluene from the rinse quickly evaporated
due to the N, flow and the elevated platen temperature, giving rise to a more pristine s-CNT
film, shown in Fig. 1e. Not only can this in-place rinsing process be carried out in an
automated manner, but it also results in more efficient polymer removal from the s-CNT
film.

Next, silver contacts and gate electrodes were printed from a water-based AGNW ink in an
offset gate configuration (as shown in Fig. 1c and 1f), enabling the contacts and gate to be
printed in the same step. To prepare AgNW ink, 4-zm-long nanowires were synthesized
according to the polyol method [17] and dispersed into water at 10 mg/mL. Hydroxypropyl
methylcellulose (HPMC) and propylene glycol (PG) were added to the AgNW dispersion in
concentrations of 0.09 mg/mL and 3.8% w/w, respectively, in order to modify ink rheology
and improve pattern morphology. Films were printed using a nozzle diameter of 200 xm, a
print speed of 2 mm/s, a ShGF of 25 sccm, a CGF of 35 sccm, and a UC of 370 mA.

Finally, an ion gel dielectric was printed over the channel, gate, and contacts (Fig. 1d) from
an ink consisting of triblock polymer PS-PMMA-PS, ionic liquid EMIM-TFSI, and ethyl
acetate in a 2:8:90 w/w ratio. Films were printed using a nozzle diameter of 150 gm, a print
speed of 3 mm/s, a ShGF of 25 sccm, a CGF of 20 sccm, and a UC of 320 mA. Contrary to
typical electrolyte-gated CNT-TFTs, resultant devices required neither additional curing
time nor post-process vacuum annealing, and were functional immediately after printing. All
device measurements were carried out in air at room temperature.

[1l. Results and Discussion

The effects of an in-place toluene rinse versus an external room-temperature rinse are
examined through the transfer characteristics in Fig. 2a. In-place rinsed devices consistently
exhibited slightly higher on-currents and transconductances compared to externally rinsed
devices due to the thermal energy supplied by the printer platen during the toluene rinse,
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which aids in polymer removal. In previous work, larger radial breathing mode (RBM)
Raman peaks were observed from in-place rinsed s-CNT films, likely resulting from a
greater ability of s-CNTs to expand and contract during Raman excitation (suggesting those
s-CNTs were less confined by wrapping-polymers) [19]. In addition to having higher on-
currents, in-place rinsed devices also exhibited approximately a 74% decrease in hysteresis
between forward and backward gate sweeps.

In addition to in-place rinsing, the 80 °C platen temperature was also key to processing the
printed ion gel, as is shown in the subthreshold curves in Fig. 2b. Compared to devices with
ion gels printed at room temperature (hysteresis = 0.5V and SS = 320 mV/dec), devices with
ion gels printed on an 80 °C platen resulted in much smaller hysteresis (< 0.1 V) and much
steeper subthreshold swing (SS = 90 mV/dec). Even when room temperature-printed ion
gels were baked at 150°C after printing, their SS would improve briefly, but then return to
their original state. This finding suggests that printing the ion gel on a heated surface aids in
driving off residual water and solvent vapors that would otherwise become trapped within
the gel, in its bulk or near the semiconductor interface. Furthermore, ion gels printed at 80
°C and 20 °C exhibited ionic conductivities of 4.8 mS/cm and 0.4 mS/cm, respectively,
which may suggest that the heated platen aids in the self-assembly of the film upon
deposition.

An image of an array of the resulting flexible CNT-TFTs can be seen in Fig. 2c, along with
the operation of a representative device in Fig. 2d, measured while subject to varying
degrees of applied strain. It can be seen that from 5 to 2 mm bending radii, the device
exhibits minimal changes in response to the applied strain. It is not until the substrate was
bent to a radius less than 1 mm that a more noticeable drop in performance occurs.

Even though s-CNTs themselves have been shown to be stable over long-term periods of
bias stress [31], previous studies using ion gel dielectrics and AgNP electrodes have reported
poor bias stability; /.e., device failure occurred over the course of only 20-30 minutes
(Vsbias = —0.8V) [29]. Here, our devices are continuously biased for up to 14 hours without
significant electrochemical degradation.

When large fixed bias voltages (Vgspias = —0.8V) are applied, devices exhibit a small but
distinct drop in on-current over the course of the test, dropping by only 10% over that period
of time. However, under these high-bias conditions, the majority of the degradation observed
occurred in the off-state, determined through measurements of the subthreshold
characteristics before and after the test (Fig. 3b). When devices were subjected to
intermediate fixed bias voltages (Vgspias = —0.2V) within the device’s on-state, the drain
current remains constant over the entire course of the test. Furthermore, 14-hour bias tests at
these intermediate bias voltages have very little impact on the overall characteristics of the
device (Fig. 3c). This is also the case when devices are biased in their off-state (Fig. 3d),
where very little change to the transistor characteristics is observed.

Though further investigation is warranted, improvements in bias stress stability that we
report may be attributable to the elevated platen temperature used throughout printing, which
dispelled water molecules from the bulk of the ion gel and at the AgNW interface, resulting
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in slower electrochemical reaction rates. Though AgNWs were primarily used in this work,
similar results were also found using AgNP contacts, suggesting that the silver morphology
does not play a large role in the enhancement in long-term stability seen in this work.

In future work, an emphasis on the improvement of device on/off ratios should be focused
on in addition to print-to-print consistency. Though device characteristics in this work
exhibited favorable consistency on small substrates, further work is needed to enhance print-
to-print and batch-to-batch consistency over larger substrates for large-area applications.
Along these lines, the development of an automated in-place rinsing process would greatly
improve uniformity within and across prints. Additionally, further work is needed to
understand the mechanism of improved stability and how the interface between CNT films,
silver films, and ion gels impacts device performance. Overall, this work demonstrates the
efficacy of in-place printed, electrolyte-gated CNT-TFTs while improving their stability and
reveals new avenues of investigation for bias stress stability in electrolyte-gated transistors.

V. Conclusion

In summary, an in-place printing process for producing low-voltage electrolyte-gated CNT-
TFTs at low temperature was demonstrated using s-CNTs, AgNWSs, and an imidazolium-
based ion gel. High performing ion gel-based devices were printed in-place, and the
resulting devices were tested under both mechanical strain and long-term bias, showing
exceptional resilience to these non-ideal conditions, despite being printed at low temperature
using a simple and rapid 4-step PIP process.
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Fig. 1.

Prgcess flow for fully print-in-place (PIP) CNT-TFTs. a) Printed polymer-wrapped s-CNT
film with excess organics. b) A more pristine s-CNT film resulting from an in-place rinsing
process. ¢) Electrodes that are all printed in a single step, after which are immediately
conductive. d) Printed ion gel gate dielectric yielding complete devices ready for test.
Representative scanning electron micrographs of printed €) s-CNT films and f) AgNW films.
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Fig. 2.
Performance of PIP CNT-TFTs (Vpg = —0.1V). a) Transfer curves of in-place versus

externally rinsed s-CNT films. b) Subthreshold curves of devices with ion gels printed at
80°C and 20°C. c) Image of an array of in-place printed CNT-TFTs. d) Subthreshold curves
of devices under various radii of applied bending. All devices have Lcp, = 100 m and W¢h,
=300 gm.
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Fig. 3.

Continuous bias stress stability of in-place printed CNT-TFTs (Vps = —0.1V). a) 14-hour
continuous bias test. Subthreshold curves before and after 14-hour bias test at b) VGgpias =
-0.8V, ¢) Vgspias = —0.2V, d) Vgspias = 0.4V. All devices have Lch = 100 pm and Wy =
300 um.
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