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Nozzle-Free Printing of CNT Electronics Using

Laser-Generated Focused Ultrasound

Sarah Seva, Benjamin Rorem, Karthik Chinnathambi, David Estrada, L. Jay Guo,*

and Harish Subbaraman

Printed electronics have made remarkable progress in recent years and inkjet
printing (1)P) has emerged as one of the leading methods for fabricating
printed electronic devices. However, challenges such as nozzle clogging, and
strict ink formulation constraints have limited their widespread use. To
address this issue, a novel nozzle-free printing technology is explored, which
is enabled by laser-generated focused ultrasound, as a potential alternative
printing modality called Shock-wave Jet Printing (S)P). Specifically, the
performance of S)P-printed and IJP-printed bottom-gated carbon nanotube
(CNT) thin film transistors (TFTs) is compared. While IJP required ten print
passes to achieve fully functional devices with channel dimensions ranging
from tens to hundreds of micrometers, S|P achieved comparable performance
with just a single pass. For optimized devices, S|P demonstrated six times
higher maximum mobility than IJP-printed devices. Furthermore, the
advantages of nozzle-free printing are evident, as S)P successfully printed
stored and unsonicated inks, delivering moderate electrical performance,
whereas 1P suffered from nozzle clogging due to CNT agglomeration.
Moreover, SJP can print significantly longer CNTs, spanning the entire range
of tube lengths of commercially available CNT ink. The findings from this

1. Introduction

Over the last decade, electronics have
undergone a transformation from their
traditional rigid form factor to flexible,
bendable, stretchable, and lightweight
printable forms to conform to or wrap
around objects,'%) thanks to the sig-
nificant advancements in the field of
printed electronics. Recently, there has
been an increasing adoption of printed
electronics technologies and their in-
tegration with established electronics.
This integration takes the form of flex-
ible hybrid electronic (FHE) systems,
which play a vital role in the develop-
ment of the internet-of-things (IoT)
and wearable technology.®’) Printed
electronics have unlocked many ap-
plications that cannot be envisioned
with rigid components. These applica-
tions include wearable computing,!®-1!

study contribute to the advancement of nanomaterial printing, ink
formulation, and the development of cost-effective printable electronics.

flexible  optoelectronics,''!  personal
health monitoring systems,!'?! environ-
mental monitoring,[**] radio-frequency
identification,'*18  sensors,['”) smart-
watches, electronic tattoos, and energy
harvesters.[20-2] These applications have
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been made possible for several reasons. First, printed electron-
ics are cost-effective due to their additive manufacturing pro-
cess, which operates at low temperatures or without the need
for vacuum systems.[2223] Second, printed electronics are com-
patible with various types of substrates, allowing for the devel-
opment of flexible and large-area hybrid electronic systems.?*!
Third, printed electronic sensors have demonstrated function-
ality across a diverse range of applications, including pres-
sure sensing,?>2% biosensing,!”’] temperature sensing,!?®! and
others.[232] One of the most attractive features of printed elec-
tronics is their ability to facilitate electronic sensors and systems
that are compatible with the high-throughput, low-cost manufac-
turing demands of the IoT.

Among the widely used print modalities,! inkjet
printing,?®] and aerosol jet printing!®?! possess unique fea-
tures that enable diverse applications. However, they are limited
by nozzle clogging.l**%5] Nozzle clogging can occur for various
reasons, such as agglomeration and sedimentation due to van
der Waals forces,[1%12] the large lateral dimension of the nanoma-
terials, especially the longer dimension of 1D nanomaterials,¢!
and solvent evaporation at the nozzles.'*! To overcome these
challenges, extensive research efforts have been undertaken,
utilizing various methods such as nanomaterial dispersion
using sidewall functionalization and organic solvents, but with
associated challenges.’”] Process-induced defects related to ink
formulation, for example, can result in the shortening of one
dimensional (1D) material length and damage to the tube walls,
limiting the printed material electrical performance.[1335383°]

A novel nozzle-free printing technology, namely Shock-wave
Jet Printing (SJP), has shown promise in addressing several
issues in the material printing industry.**#!l This technology
achieves high-speed liquid microjetting through a nonthermal
process, using a focused acoustic pulse less than 100 ns, thus
eliminating the need for nozzles. These acoustic waves are ex-
cited by a pulsed Nd:YAG laser beam and are geometrically fo-
cused using a photoacoustic lens. To explore the potential of
the nozzle-free SJP system for printed electronics applications,
we printed carbon nanotube (CNT)-based back-gated transistors
with SJP and compared them to the conventional nozzle-based
inkjet (IJP) printed CNT transistor devices. To enable direct com-
parison between the printing technologies, only the CNT chan-
nel was printed using the two different methodologies, while the
back-gated transistor structures with a photolithographically de-
fined source and drain were fabricated on a low-resistance silicon
wafer with 90 nm top oxide layer (dielectric).

From the comparative study of SJP-printed CNT channel in
TFT to IJP, optimized SJP CNT-TFTs show promising transistor
performance, surpassing IJP devices in terms of maximum field
effect mobility, and on/off ratio. Notably, for a channel width of
300 um and channel lengths varying from 2 to 300 pym, IJP re-
quired ten print passes (with only the 2 pm device functioning
after five passes), whereas SJP technology achieved functional
transistors across all channel lengths with just a single pass. To
analyze the impact of the IJP nozzle, unsonicated ink, stored for
several months with sporadic clots of tubes, was used, leading
to immediate nozzle clogging in the IJP process. In contrast,
the nozzle-free SJP process enabled printed devices with satisfac-
tory transistor performance. This alleviation of sonication depen-
dence for CNT ink is a direct result of nozzle-free, high-speed liq-

6,33]
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uid microjetting. This also minimizes CNT damage, resulting in
longer tube lengths spanning the entire length range of the com-
mercially available CNT ink and improved device performance
in terms of threefold maximum field effect mobility. Addition-
ally, SJP is expected to be more cost-effective when considering
factors such as sonication, printing passes, and ink volume used.

2. Nozzle-Based and Nozzle-Free Printing
Technology

In the widely used drop-on-demand (DoD) piezoelectric inkjet
printing (IJP) technology, an extremely repeatable formation of
small fluid droplets is directed to a specific location with high ac-
curacy, enabled by computer-aided design (CAD) image-to-print
patterns*?l with specific requirements for microelectronic re-
search. In this printer, a piezoelectric actuator guided by a voltage
waveform is used to displace ink by creating a pressure wave that
travels to the nozzle and ejects ink droplets, as reported in the
literature.[*>=*8] Although IJP is simple and widely used for suc-
cessful printing of nanomaterials, several challenges appear — the
ink must maintain low surface tension and low viscosity while in-
corporating nanomaterials to ensure their dispersion and prevent
nanomaterial flocculation. Nanomaterials like CNTs can easily
agglomerate and sediment due to the van der Waals forces among
the tubes, eventually clogging the inkjet nozzle.*?3] To allevi-
ate this issue, extensive research efforts have explored various
methods of CNT dispersion, including surface functionalization
for use in organic solvents, and dispersants in the case of water-
based ink. Although surface functionalization aids in dispersion,
it may negatively impact CNT conductivity.l>*! Organic solvents
can act as dispersants and adsorb onto the carbon nanotube sur-
face through hydrophobic interactions, countering the strong van
der Waals forces between the nanotubes!*}! and providing an ef-
fective alternative for surface functionalization. However, organic
solvents have additional challenges. They limit CNT concentra-
tion to &~ 0.1 mg mL~",>* causing ink preparation issues due to
organic solvent volatility. Evaporation in ink cartridges can even-
tually cause nozzle clogging. To avoid nozzle clogging mass load-
ing has to be limited,>" which in turn requires an increase in the
number of print passes. Even after selecting proper compounds,
sonication using high frequency vibrations is required to separate
carbon nanotubes to avoid agglomeration, however, this is cou-
pled with the downside of enhanced defects in the CNTs, limiting
the final TFT performance.

As nozzle clogging problems are frequently encountered in
inkjet printing, especially for 1D nanomaterials with longer
dimension,®® stringent conditions, such as low precipitation
and small particle sizes are required in ink formulation. For
example, the diameter of Samba cartridge and silicon nozzle
opening used in the Dimatix inkjet printer are 18.2 pm>! and
21.5 pm,P>® respectively. A rule of thumb for this type of nozzle-
based printer is that it can print 1/50th of its nozzle size, which
in this case is ~0.43 um. To fabricate back-gated CNT-TFT with
device schematic shown in Figure 1a, we used 99.9% pure semi-
conducting single-walled carbon nanotube (S-SWCNT) (Nanoln-
tegris) with a wide length range of 300-5 um, as shown by
the histogram in Figure S1 (Supporting information).’”l With
a maximum printable length limitation of 430 nm, more than
75% CNTs are estimated to be broken. Since mass-loading and
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Figure 1. a) CNT transistor schematic, optical image of printed CNT channel by b) IJP and c) SJP between two Au electrodes separated by 60 microns
on SiO,/Si substrate with devices ready for electrical characterization, respectively, d) Schematic of the SJP setup. A pulsed laser illuminates a plano-
concave photoacoustic (PA) lens which converts the light pulses (6 ns) to focused acoustic pulses (<100 ns). The acoustic pulses traverse water and a
thin PVC membrane to focus at the air-ink interface. At the interface, the acoustic negative pressure exceeds the nucleation threshold of water, producing
microcavities and microjets. A heated substrate, held by a three-axis motorized stage, is placed in the jet path to deposit ink spots and patterns.

material-size have been limited due to clogging of the printhead
nozzle, alternative solutions have been pursued, including noz-
zle replacement.l?*58-63] To address this challenge, a nozzle-free
printing technology is highly desirable for CNT-TFT printing.
While promising demonstrations of nozzle-free jetting
schemes have been reported,[®* realizing practical appli-
cations is challenging for multiple reasons. Such challenges
include slow speed,[®?! uncontrolled high-speed jets, and
laser-induced spherical bubble-based jetting requires optically
transparent liquid and thermally stable materials to avoid high-
temperature annealing-induced material property changes.[*+%°]
To accommodate these requirements, Guo et al developed a
nozzle-free, high-speed liquid microjetting method based on
a nonthermal process.***!l This previously reported method
utilizes a short focused acoustic pulse (<100 ns) generated by a
CNT photoacoustic lens capable of focusing to a spot the size
of ~ 100 um. By creating a high negative pressure amplitude
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that exceeds the homogeneous nucleation threshold of water,
high-speed jets (up to 200 m s71)[“ are induced at the air-
water interface through cavitation in water. The jet height is
controlled by the magnitude of the impinged pressure wave, as
well as the proximity of the focal point to the surface of the ink.
Figure 1d illustrates the experimental setup for liquid jetting
and photoacoustic (PA) generation. In this setup, liquid jets are
created by focusing acoustic waves on the air—water interface
from the water side. In this setup, the maximum jet height
reaches 500 um, so the working distance is set near 250 pm
to keep the translating substrate comfortably within the jet’s
reach. The acoustic waves are produced using a transparent
plano-concave lens coated with a carbon black composite mate-
rial (referred to as PA lens hereafter). This carbon black coating,
unlike the previously mentioned CNT lens, offers cost-effective
and straightforward application while still producing efficient
light-to-sound energy conversion and robust microjets. The

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 2. SEM image of printed CNT channel by a) IJP and b) S|P between Au electrodes (false colored) on SiO, /Si substrate showing uniform coverage.
Scale bar is 5 um for both SEM images. AFM images of c) IJP 10-pass, and d) S|P 1-pass, printed devices showing only few CNTs can connect source

and drain by SJP.

carbon black composite consists of soot particles deposited by
flame synthesis and embedded in polydimethylsiloxane (PDMS)
elastomer. The composite efficiently converts incident optical
energy into heat that is rapidly transferred to the surrounding
PDMS due to its high thermal expansion coefficient. The acous-
tic waves, excited by a pulsed Nd:YAG laser beam (Continuum,
Surelite I-20, 4 = 532 nm, pulse width = 6 ns), are geometrically
focused following the curvature of the PA lens with a focal length
of & 5.5 mm. This is called laser-generated focused ultrasound
(LGFU). The pressure pulse has a pulse width of less than 100 ns
and a negative pressure amplitude exceeding 20 MPa in bulk
water. To ensure minimal attenuation of the acoustic pulses, a
water capsule is placed above the PA lens. Although the water
capsule appears like a nozzle, any geometry is valid as long as
the ultrasound is unimpeded. A cone is used in the SJP system
to reduce water and ink consumption. Just below the focal
point (=1 mm), a thin PVC film separates the water and ink,
preventing mixing while allowing the acoustic pulse to focus
at the air-ink interface. A more comprehensive understanding
of the experimental setup and jetting process visualization can
be found in.**#} SJP is able to print liquids and solid particles
nearing 100 pm due to its nozzle-free nature and forceful ejec-
tion mechanism. The resolution of water-based ink printed onto
glass is 20-30 microns.*”) Functionalization of the surface and
slower print speed will decrease the resolution as the ink spreads
out. For IJP, a few micrometer size features have been achieved
by employing high droplet resolutions of ink volume in picoliter
enabled by various numbers of nozzles.[°%’] In the case of AJP,
it achieved a resolution of 16 pm wide CNT lines on the flexible
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polyimide substrate by exploiting self-assembled and aligned
CNT twin-lines as originated from the coffee-ring effect.[®®] The
device schematic, representative optical images for IJP and SJP
printed devices, are shown in Figure la—c, respectively. The
device fabrication process flow, and device layout pattern are
depicted in Figure S2a,b (Supporting information), respectively.
Details of sample photolithographically patterning, contact
metallization, surface preparation for printing, and post print
processing are described in the methods section.

3. Comparison of IJP and S|P Printed Devices

Figure 2a,b shows scanning electron microscopy (SEM) images
of IJP and SJP printed CNT channel devices, respectively, the
channel areas highlight uniform coverage of random CNT
networks. Although the same ink is used for printing, there is a
distinct difference between the CNT films printed by these two
methods. The IJP printed device shows uniform coverage across
the channel but requires 10 printing passes to achieve functional
devices for 2-300 um channel length and 300 pm width. The SJP
printed device showed thinly dispersed CNTs, which require only
one printing pass for the same channel dimensions to achieve
functional TFTs. IJP printed CNTs are smaller in length (consis-
tent with the earlier estimate based on the nozzle size), therefore
requiring an increased number of printing passes to form fully
connected and conducting percolating paths from source to
drain. The 10 pass-printing also results in a much denser CNT
network, i.e., more CNT consumption to achieve functional TFT.
Although the printed CNT devices are bottom contacted, the

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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[JP-printed CNTs overlapping with metal contacts are not clearly
visible due to small tube lengths and a dense network. On the
other hand, SJP-printed CNTs are much longer thanks to its
nozzle-free nature, as seen in the SEM image. They span a longer
distance between the gold electrodes, forming sufficient percolat-
ing conduction paths to make functional devices by just a single
printing pass. Similar observations are drawn from AFM images
for IJP and SJP printed CNT channels shown in Figure 2¢,d, re-
spectively. Due to the denser CNT network, a surface roughness
of 1.44 nm was observed for IJP compared to 2.8 nm for SJP
printed devices. Both microscopy methods show a lower density
of CNTs for SJP devices. Since the mobility depends on the CNT
coverage, a python script was used to estimate total coverage.
This analysis and the subsequent mobility values are shown later.

The I-V measurements show the effectiveness of the SJP
printing. For the IJP-printed devices, it was observed that no
semiconducting channel formed between source and drain elec-
trodes for one and five printing passes, with the exception of the
2 um channel-length device printed with five passes. This is be-
cause CNTs are shortened by the size of the nozzle. In contrast,
SJP printing was able to produce functional transistors for the
entire range of channel length from 2 to 300 pym with just one
printing pass. Transistor transfer characteristics, represented as
drain current (1) versus gate voltage (V,), were obtained for the
fabricated CNT-TFTs by applying gate voltages from —20 to 20 V
to the heavily doped silicon substrate used as the global back gate,
with a drain bias (V,) of 1 V. Mobility of the devices was extracted

using the equation, y = Wgé” L during the forward sweep (i.e.,

ox Va
—20-20 V), with the parallel plate capacitor approximation. Here,

g is the peak transconductance (dI;/dV,) obtained from the for-
ward sweep of the transfer curve for each device. L is the channel
length, W is the channel width, and C_, is the oxide capacitance
per unit area (e, /t,,). It is worth noting that parallel plate capac-
itance underestimates mobility (u), particularly for low-density
CNT networks where a fraction of the channel region is not cov-
ered by any CNTs. Conversely, forward sweep DC measurement
overestimates mobility compared to reverse sweep and pulsed
measurement due to hysteresis in transfer characteristics, which
is attributed to charge trapping by surrounding water molecule
or charge injection into dielectric substrate.[®”] However, paral-
lel plate capacitance and forward sweep-based field effect mo-
bility extraction provide a convenient way to make direct com-
parisons with other reported results in the literature.[”®”!] While
direct measurement of the gate capacitance of CNT TFTs could
yield a more accurate estimation of mobility, [">7*! it introduces
additional complexities.

To compare the electrical performance of IJP and SJP printed
CNT-TFTs, we investigated transfer characteristics and I,-V,
family plots. Figure 3a exhibits representative transfer charac-
teristics for inkjet and SJP devices with a channel dimension of
60 um in length and 300 um in width. The presence of hysteresis
in the IJP and the SJP transfer characteristics is evident, which
is typically attributed to charge trapping by surrounding water
molecules or charge injection into the dielectric substrate.l’!!
While both devices exhibit good gate modulation, IJP devices
demonstrate approximately twice the current compared to SJP-
printed CNT-TFTs, as shown in Figure 3c,d, respectively. Here,
V, varies from —16.0to —2.0 Vin 2.0 V steps, while V, varies from
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0.0 to —12.0 V. The drain current values for IJP printed devices are
two times higher than that of SJP in the 1;-V, family plot under
back gate bias of —16.0 V, similar to observations from the trans-
fer characteristics. Such behavior can be attributed to denser CNT
network and higher junction density as originated from multiple
IJP pint passes. Furthermore, the [;-V, plots demonstrate that
the drain current saturates at a lower V; magnitude for IJP com-
pared to SJP. For the IJP and SJP devices with a 60 um chan-
nel length in Figure 3a, the extracted mobilities are 23 and ~12
cm? V1§71, respectively, with Iy /Iogg in the 102 and 10° orders
of magnitude, respectively. However, it is essential to consider the
difference in CNT density observed in Figure 2 while comparing
transistor electrical performance metrics, such as extracted field
effect mobility, between the two print modalities. To provide a fair
comparison, CNT surface coverage is extracted for both cases,
and mobility values are corrected based on the coverage.l”>”"”]

Using a Python script-based surface coverage analysis, we dif-
ferentiated CNT-covered areas from SiO,. IJP exhibited over 90%
surface coverage, compared to only 32% for SJP (Images are in-
cluded in the Supporting Information, Figure S3, Supporting in-
formation). This significant difference in surface coverage is ex-
pected to influence the field effect mobility of the devices, given
that it affects the channel width in the equation u = ng Lvd . The
mobility values are scaled in proportion to the surface area cover-
ages. IJP surface area coverage can be approximated as ~100%,
while SJP covers only about one-third of that. Accordingly, the ef-
fective channel width for SJP is corrected by this ratio, raising the
SJP mobility values by the same factor. After mobility correction,
for IJP and SJP devices with a 60 um channel length, as shown in
Figure 3a, the extracted mobilities are ~23 and ~36 cm? V' s7!,
respectively. This is reasonable considering that the nozzle-free
SJP preserves the original length of the CNTs, requiring fewer
cross-connections of CNT strands. This aspect can be further ver-
ified by the maximum mobility achieved from SJP printed de-
vice, ~#135 cm? V7! 57!, while for the same channel length, IJP
printed device reached mobility of #22 cm? V= s7'. The 1o /Iorr
are in the 10° and 10° orders of magnitude, respectively (trans-
fer characteristics are shown in supporting document Figure S4
(Supporting information) for IJP and SJP devices with a 300 um
channel length).

To assess the impact of nozzles, we used unsonicated ink that
had been stored for several months and formed sporadic clots
of tubes. In the case of IJP, this stored ink, with clots and with-
out sonication, caused nozzle clogging. SJP-printed devices ex-
hibited satisfactory device performance, as shown in the trans-
fer characteristics and 1,—V, family plot in Figure 3b,e, respec-
tively. These devices achieved a mobility of 10.8 cm? V™' s and
an Iy /Iopr of #10°, which are acceptable for printed electronic
applications. Although unsonicated ink was successfully printed
with SJP, lots of CNT clots were present in the ink without fil-
tration. Clotted CNTs might have formed pseudo-isolated CNT
channels similar to nano-meshing!’7%! or strip patterning!”®8]
reported previously. After nanomesh formation,’®7° a similar
decrease in on- and off-current, increase in on/off ratio, and in-
crease in transconductance were observed. Subsequently, reduc-
ing the separation between nanoholes increases the on/off ratio
up to six orders of magnitude. This is attributed to a reduction
in the probability of metallic subnetworks bridging the source

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 3. Transistor transfer characteristics obtained for the fabricated CNT-TFT for drain bias V4 = 1V. a) Blue is |JP- and orange is SJP-printed device
with sonicated ink for L = 60 um and W = 300 um. b) Similar plot for S|P printed CNT-TFT with unsonicated ink for drain bias V4 = 1V, L = 80 um and
W = 300 um. Similar printing attempt in IJP was unsuccessful due to nozzle clogging. 14—V family plot for c) IJP and d) SJP printed device, respectively,
with sonicated ink, and e) S|P printed device with unsonicated ink, for V, varying from —16.0 to 2.0 V with a step of 2 V.

and drain electrodes.®1#2] In another study, a stick percolation
model was employed to explain the device performance improve-
ment from strip patterning.[”>#% This model deduced an increase
of the SWCNT network percolation beyond the density of the
metalliccSWCNTs (m-SWCNT5) in the device and eliminating
current conduction purely through the m-SWCNT pathways.
Extracted mobility versus logarithmic I,y /Iope is plotted in
Figure 4a. The trend for IJP-printed CNT-TFT devices appears
random, consistent with recent literature,! whereas SJP-printed
devices follow the trend observed in synthesized random CNT
network thin-film transistors.”®’8] Figure 4b,c illustrates the
trends in mobility and the logarithm of the Iy /Iop, respec-
tively, under various printing conditions for increasing channel
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lengths, ranging from 2 to 300 um, while the channel width is
fixed at 300 um. At different lengths, vertical bars show the range
of respective data points, and mean values are connected for each
printed device type. Unless otherwise specified, all the devices
were fabricated with sonicated ink. While IJP showed minor in-
crease in mobility with an increase in channel length similar to
previously reported results,!®}] there is not a definite trend for SJP
printed devices below 100 um. However, from 100 um onward,
mobility showed an increasing trend and SJP exhibits superior
mobility for devices with a channel length of 300 pm, the max-
imum channel length used in this study. Although the mobility
of SJP devices at 300 um is better, the variability in terms of stan-
dard deviation is five times larger than IJP. Devices printed with
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Figure 4. a) Transistor field-effect mobility with respect to Ioy/lopr for
both printer types are overlayed showing different trend. b) Mobility and
c) log (Ion/logr) vs Channel Length plot for IJP and SJP devices with and
without ink sonication for different print passes. Here, inks are sonicated
ink unless otherwise stated.

unsonicated ink follow a different trend of mobility versus chan-
nel length, varying between sonicated SJP and IJP printed de-
vices. The I,y /I versus channel length showed an increasing
trend for IJP and a relatively flat response for SJP. Overall, within
the printed channel length range of 2-300 um, the I,y /I ver-
sus channel length trend for IJP-printed CNT-TFTs outperforms
that of SJP with sonicated ink. However, it's worth noting that un-
sonicated ink-printed SJP CNT-TFTs exhibit a trend that matches
IJP, albeit with limited data points. The difference in the I,y /Iop
between sonicated and unsonicated ink-printed SJP CNT-TFTs
may be attributed to clotted CNTs forming more CNT-CNT junc-
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tions in the CNT network of unsonicated ink compared to that of
sonicated ink. Although SJP showed promising performance, the
variability is more than IJP which could be improved by explor-
ing ink formulation parameters, material-substrate interaction,
pre- and post-print processing. Recently, AJP printed uniform
CNT device performance was achieved by controlling the CNT
ink bath temperature during printing, ink formulation with non-
volatile and viscosifying additives, and a thermal treatment for
polymer removal.[®*]

4. Discussion

In this work, we address the challenges of ink sonication depen-
dence and nozzle clogging associated with conventional print-
ers, especially when dealing with stored 1D nanomaterial ink
such as CNTs. In comparison, our nozzle-free, high-speed lig-
uid micro jetting by SJP effectively addresses this issue. This
innovative method offers several advantages. First, SJP widens
the range of jettable materials in terms of nanomaterial dimen-
sions. With the nozzle-free approach, inks containing particles or
flakes comparable in size to or larger than typical nozzle widths
can be used. Additionally, this acoustic approach frees one from
choosing only optically transparent and thermally stable materi-
als. Second, this jetting method is highly tolerant of variations in
the position of the liquid surface within the acoustic focal length
(several hundred pum), which enhances controllability even when
factors such as evaporation and liquid consumption cause slight
changes in the liquid level. Third, the absence of a nozzle and the
reduction in sonication help minimize CNT damage, resulting
in longer tube lengths. This has the potential to enhance device
performance, reducing carrier scattering and improving current
conduction.®>#¢] Raman characterization also showed a similar
D-peak for IJP and SJP (shown in Figure S5, Supporting infor-
mation), confirming no unexpected change in the morphology of
SJP printed CNTs. This is evidenced by the measured maximum
effective mobility of ~135 cm? V-! s71. Finally, SJP printing is
expected to be more effective in ink material utilization, consid-
ering factors such as sonication, the number of printing passes
required, and ink volume used, thanks to the reduced number of
print passes.

In terms of device performance comparison between the two
print modalities, SJP demonstrates promising electrical perfor-
mance, even with a single printing pass and lower surface cov-
erage. This can be attributed to the underlying printing mech-
anism in the SJP system, where high-speed liquid microjetting
enables a significant volume of CNT ink deposition with better
adhesion to the surface and the metal contacts compared to IJP.
Similar pressure dependence on the deposition thickness was
also demonstrated recently for plasma jet printer,®”] where in-
creasing precursor flow resulted in an increase in the average
film thickness. In contrast, IJP’s smaller print volume (native
drop volume 2.4 pL, individual dot size 30 pm) and varying ad-
hesion after the first pass result in non-uniform adhesion from
one layer to another (functionalized SiO, surface vs CNT and/or
surfactant surface). Additionally, IJP-printed CNTs have shorter
lengths, as observed in Figures 2a and 5a, making it challenging
to form a good interface with source and drain metal with just
one print pass for bottom contacted devices. Consequently, multi-
ple IJP print passes are required to achieve electrical connectivity
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Figure 5. Zoomed in SEM of a) ten print pass |JP printed channel with high density CNTs and varying length, mostly smaller in dimension compared
to b) one print pass S)P printed channel with lighter density but longer tube length. Scale bar is 1 um for both cases. CNTs are false colored to highlight

the difference.

of the individual CNT strands. Furthermore, CNTs are damaged
during overall IJP printing process due to sonication and noz-
zle diameter, whereas SJP is not limited by these factors. This is
clearly observed when comparing the zoomed-in SEM image of
an IJP-printed CNT channel in Figure 5a to that of an SJP-printed
CNT channel in Figure 5b. SJP-printed CNTs span the entire im-
age in Figure 5b, whereas IJP-printed CNTs are broken and heav-
ily rely on CNT-CNT junctions for electrical conduction between
source and drain contacts. This also confirms that nozzle-free SJP
can print CNTs with tube lengths covering the entire length his-
togram (Figure S1, Supporting information) of the commercially
available CNT ink, minimizing the CNT damage and improv-
ing electrical performance. The experimental findings presented
in this work hold significant promise for addressing challenges
such as nozzle clogging and expanding the application space for
random CNT network and other nanomaterial films in various
fields, including microelectronics, nanoelectronics, optoelectron-
ics, flexible electronics, sensors, radio frequency (RF) commu-
nications, photonics, and micro/nanoelectromechanical systems
(M/N-EMS). 58]

5. Conclusion

In summary, we have successfully demonstrated the fabrication
of printed CNT channel TFTs with good electrical performance
using the nozzle-free SJP system. These devices were system-
atically compared with inkjet-printed CNT-TFTs, all with highly
doped Si as a back-gate and SiO, as the gate dielectric. Notably,
the IJP-printed channels required ten printing passes to achieve
fully functional devices, especially for long channels. In stark con-
trast, the SJP system required only a single printing pass for com-
parable electrical characteristics. Morphological analysis revealed
that SJP was capable of printing significantly longer tube lengths,
spanning the entire commercially available CNT range. In con-
trast, IJP printing produced much smaller CNTT5, strictly limited
by the nozzle diameter. For stored ink, sonication was necessary
to prevent nozzle-clogging in inkjet printing. However, the SJP
system successfully printed functional devices with reasonable
performance using stored ink, without any sonication. Further-
more, as the channel length is increased, the nozzle-free SJP sys-
tem exhibited a more significant increase in mobility compared
to inkjet technology, resulting in a six-fold higher optimal field
effect mobility for the former system. Conversely, inkjet printing
showed an increase in the I,y /Iog, indicating the influence of

Small Methods 2024, 2301596

2301596 (8 of 10)

CNT-CNT junctions on performance due to smaller tube lengths.
In contrast, SJP printing with longer tube lengths maintained a
relatively constant I,y /Iy albeit at a lower magnitude compared
to IJP. This difference is likely due to the longer tube lengths
and fewer CNT-CNT junctions in lightly dense CNT networks
achieved with SJP. SJP offers the advantage of no clogging, no ink
sonication, fewer passes, and less damage to the CNTS. It enables
longer CNT strands with fewer connections to bridge the source
and drain electrode, imparting higher charge mobility. This study
implies that nozzle-free printing method such as SJP is poised to
handle ink materials that are difficult for traditional IJP.

6. Experimental Section

Photolithography and Metallization: The gold Source (S) and Drain (D)
contacts were patterned on 90 nm SiO, /Si using photolithography, phys-
ical vapor deposition-based metallization, and resist remover-based lift-
off methodology. Subsequently, a commercially available aqueous solu-
tion of 99.9% pure semiconducting single-walled carbon nanotubes from
Nanolntegris with a concentration of 0.01 mg mL™" was utilized to print
semiconducting channels in the device channel area to fabricate CNT tran-
sistors.

Substrate Cleaning: Before printing the channels, the substrates were
cleaned with acetone, isopropyl alcohol (IPA), and DI water. Then the sub-
strates were treated with oxygen plasma for 4 min at 100 W to remove any
contaminants and to promote CNT adhesion to the SiO, surface. To fur-
ther promote the CNT adhesion to the oxide surface, the substrates were
then soaked in poly-L-Lysine solution (0.1% w/v in water) for 5 min and
then swished in DI water.

Print Parameters:  All inks used in this study for CNT printing with IJP
and SJP were unfiltered. Fujifilm Dimatix Materials Printer DMP-2850 was
used for inkjet printing of CNTs. Platen temperature was 60 °C, cartridge
temperature was 40 °C; number of nozzles used for printing was 1, car-
tridge print height was 300 um, jetting voltage was 30V, jetting frequency
was 1KHz, drop spacing was 20 um, printing speed was ~10 mm ~'s and
CNT ink concentration was 0.01 mg mL~". The IJP printed CNT density
from SEM was 72 CNT pum~2. The SJP system used a Nd:YAG laser with
a 20 Hz pulse rate. The same Nanolntegris ink with CNT concentration
0.01 mg mL~" was used in this system and placed above the PVD film on
the water capsule. The ink height was adjusted until it was ~10 microns
above the focal point of the ultrasound. With evaporation and heating, this
level slowly dropped. The substrate was lowered to keep the working dis-
tance near 250 microns. Once poor jetting was seen, the ink height was
replenished. As a result, 20 x 500 micron ink jets were produced at 20 Hz,
depositing ink drops onto the substrate. The ink was at room temperature
and the substrate was heated to 60 °C. The substrate was translated at
50 um s~'. For S|P CNT density was 22 CNT um~2.
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Printing and Annealing:  Upon drying the substrates with the nitrogen
gun, the substrates were installed onto the heated platen of the printers
for printing the semiconducting channels. The platen temperature of the
inkjet printer was kept at 60 °C (highest achievable temperature in DMP-
2850) and at 80 °C for the SJP system during the entire printing process.
Here, the highly doped Si serves as the back gate, with 90 nm SiO, as
gate dielectric. After printing channels, the samples were kept on top of
a hot plate at 80 °C undisturbed for 15 min and then dipped in DI water
for 10 s at 80 °C under a fume hood to remove any proprietary surfactant
present in the channel area, as the presence of any surfactants in the chan-
nel significantly compromised the device performance. After rinsing, the
samples were put inside a tube furnace and annealed at 200 C in H, /N,
forming gas environment for 40 min. Once the samples cooled down after
annealing, the devices were ready for electrical characterization.

Electrical Characterization: Transistor electrical characterizations were
performed using a Keithley-4200 on probe station.

Morphological Characterization: SEM and AFM: A Field Emission
Scanning Electron Microscope (FEI Teneo) under a high vacuum was used
for imaging analysis. The ETD and T1 detectors were used to obtain vary-
ing resolutions in imaging the deposited material. Printed CNT was im-
aged using a Bruker Dimension Icon atomic force microscope (AFM) un-
der atmospheric conditions. Imaging was performed using a ScanAsyst-
Air probe (Bruker, 2 nm radius of curvature) operating in PeakForce Tap-
ping mode.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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