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MXene-contacted Carbon Nanotube Thin-Film
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Abstract— MXenes have garnered significant attention for
electronics applications due to their facile synthesis, tunable
properties, and exceptional optical and electrical characteristics.
Their stable aqueous suspension without additional surfactants
enables compatibility of MXenes with various low-cost, additive
manufacturing techniques, including spin coating, spraying, and
direct-write printing. In this work, we investigate the aerosol jet
printing of water-based Ti3C,;T. MXene on surfaces with
different wettability, achieving printed thin films with sheet
resistance as low as ~7 (/o0 within three printing passes on both
hydrophilic and hydrophobic substrates. Furthermore, we
present MXene-contacted carbon nanotube thin-film transistors
(CNT-TFTs) with various device geometries, finding a tradeoff
between on- and off-state performance when selecting between
bottom and top contacts, respectively. Devices with MXene
contacts exhibited performance (on-state current up to 16.9
pA/mm and on/off-current ratio of 10°) comparable to printed
CNT-TFTs contacted by graphene and silver nanowires;
meanwhile, the lower unit price of MXene ink makes it a more
attractive candidate for low-cost, large-area fabrication.

Index Terms— Aerosol jet printing, printed circuits, carbon
nanotubes, additive manufacturing, semiconductor devices,
nanomaterials.

I. INTRODUCTION

HE Internet of Things (IoT) is ushering in a future in

which everyday objects, from household appliances to

healthcare devices, are equipped with electronics that
enable the automatic collection, sharing, and analysis of data
[1], [2]. To meet the demand for IoT, a broad range of devices
are needed, including thin-film transistors (TFTs) for driving
custom display interfaces, supporting flexible electronics
platforms, and enabling new sensing modalities [3]-[5]. Given
the long-term goal of ubiquity for IoT devices, the costs for
materials and manufacturing must be as low as possible.
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Traditional silicon transistor technology falls short of meeting
these various needs due to inherent limitations such as poor
mechanical flexibility, high customization costs, and limited
material compatibility. These limitations have spurred
extensive research over the past two decades into novel
additive manufacturing techniques [6]-[11] and alternative
electronic materials [12]-[17].

Aerosol jet printing (AJP), an advanced additive
manufacturing technique, is gaining significant traction in the
research community for its suitability in the scalable, large-area
fabrication of TFTs [18]-[22]. Recent demonstrations of fully
printed devices with AJP have included carbon-based recyclable
TFTs [23], microfluidic devices [24], photodetectors [25],
immunosensors [26], and memristive bioelectronics [27]. The
AJP method offers numerous advantages over other direct-write
printers, including high resolutions (~10pm), minimal material
wastage, precise deposition control, and compatibility with a
variety of solution-based materials and substrates. Additionally,
AJP allows for ready customization in pattern design and
material selection, enabling the exploration of innovative
insulating, semiconducting, and conducting materials for TFT
printing.

Two-dimensional transition metal carbides and nitrides,
collectively known as MXenes, have emerged as promising
conductive materials in the field of printed electronics [28].
The synthesizing of MXenes involves the exfoliation of their
precursor MAX phases, where M represents an early transition
metal, A is an element from groups IIIA or IVA, and X is
either carbon (C) or nitrogen (N). After a chemical etchant
selectively removes the A element, the disassembled Mn+1Xx
framework results in a layered structure adorned with surface
termination groups such as -O, -OH, and -F [29]. These
surface termination groups impart a highly negative charge,
enabling the stable dispersion of MXene in various solvents at
concentrations ranging from a few to hundreds of mg/mL
without additional modifiers [30]. Ti3CoTx, the most
extensively studied MXene, has been widely investigated for
applications including micro-supercapacitors [31]-[33],
optoelectronics [34], [35], biomedical sensors [36], [37],
temperature and force sensors [38], [39], and electromagnetic
interference shielding [40], [41] owing to its distinct optical
and electrical properties.

Despite the significant advantages of TizC2Tx in electrical
properties and water solubility, research on TFT applications
utilizing MXenes as electrode contacts remains sparse.
Although there have been reports of using exfoliated TisCoTx
flakes as contacts for TFTs, the completion of transistor
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fabrication required additional lithography and metal
deposition steps [42]-[44]. A few studies have reported the use
of large-area deposition methods, such as spin coating and
spraying; however, these approaches often require numerous
deposition cycles and high-temperature post-process annealing
to eliminate residual solvents to achieve adequately
conductive films [45]-[47]. There are limited demonstrations
of aerosol jet-printed MXene but they focused on mixed
electrodes (rather than pure MXene) such as MXene/hydrogel
composite [36], mixed graphene-MXene (singular MXene
electrode) [38], and hybridization of MXene with carbon
nanospheres [48]. Opportunities for AJP of pure MXene inks
are worth exploring along with its use in thin-film transistors.

In this study, we present the deposition of a water-based
Ti3CoTx MXene ink using an aerosol jet printer at low
processing temperatures (< 60 °C) and investigate the impact
of printing parameters, including platen temperature during
printing, printing passes, and surface wettability, on the
formation and quality of thin films. Additionally, we
demonstrate the fabrication compatibility of water-based
MXene ink with a toluene-based CNT ink and evaluate the
performance of MXene-contacted carbon nanotube thin-film
transistors (CNT-TFTs) with different contact geometries. Our
results also show that MXene-contacted transistors exhibit
performance comparable to transistors contacted with silver
nanowires and graphene.

II. EXPERIMENTAL DETAILS

All printing in this study was conducted using an Optomec
AJ300 aerosol jet printer, with a nozzle diameter of 150 um
and a printing speed of 2 mm/s. The MXene used in this work
was purchased from Feynman Nano at a 10 mg/mL
concentration and used without additional modification. The
CNT ink was purchased from Nanolntegris (IsoSol-S100) and
further diluted with toluene to a 0.01 mg/mL concentration.

To examine the impact of surface wettability on printing
results, a silicon substrate with p-doped silicon and a 90 nm
SiO:z layer was used to represent a hydrophilic surface, and an
~8 um thick parylene film deposited onto a separate silicon
wafer was used to represent a hydrophobic surface. Both
substrates underwent a cleaning procedure involving triple
deionized water rinsing and nitrogen gas drying before AJP.
To eliminate the impact on film quality due to other printer
parameters, atomizer flow and sheath flow - key parameters in
the printing process - were kept at 25 and 22 sccm,
respectively, across all samples to ensure consistency. Only
the atomizer current that controls aerosolization was adjusted
to optimize ink performance under varying printing
conditions. Rectangular patterns, measuring 0.5 mm by 4 mm
and containing 23 lines printed in a serpentine arrangement,
were designed for this experiment. The rectangles were
systematically printed onto both SiO2 and parylene substrates,
with the platen heated to 20 °C, 40 °C, and 60 °C.
Additionally, at each platen temperature, the number of
printing passes for the samples was varied from 1 to 3 layers
to assess the stacking of printed MXene. Subsequent electrical
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Fig. 1. Schematic of aerosol jet printed MXene thin
films. (a) Illustration of aerosol jet printer depositing
MXene-contacted CNT-TFT devices with an inset
showing the aqueous MXene ink. (b) Optical microscopy
and SEM images of the printed MXene thin films showing
the microstructure of MXene particles. (c) SEM image
showing printed CNT thin-film channel.

characterization measuring the sheet resistance of printed thin
films was conducted using a Signatone benchtop probe station.
Water contact angle (WCA) measurements were conducted by
dropping a 2ul water droplet onto each substrate, and the
contact angles were measured using an optical microscope.
The thickness of these printed films was measured with a
KEYENCE VK-X3000 3D Surface Profiler, and data was
further analyzed and plotted into 3D mapping on KEYENCE
software.

In the experiments investigating and benchmarking
MXene-contacted CNT-TFTs, all devices were fabricated on
p+ doped Si wafers with a thermally grown 90 nm SiOz layer
serving as the back-gate dielectric. Prior to material deposition
via AJP, wafers underwent a thorough cleaning procedure
involving sonication in isopropyl alcohol (IPA) and acetone
baths for 10 minutes each. Standardized device designs
featuring both channel length (L) and width (Wen) of 200 pm
were employed to ensure consistent comparison across all
devices. All MXene electrodes were printed on the substrate
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heated to 60°C without post-deposition sintering. CNTs were
printed onto the substrate at 20°C, followed by a 10-minute
rinse in toluene to remove any polymeric binders left from the
CNT deposition. Graphene ink used in this study was
purchased from Sigma-Aldrich (808261) with a concentration
of 100 mg/mL and further diluted with deionized (DI) water at
a 1:2 ratio before printing. AgNW ink was also purchased
from Sigma-Aldrich (806617) with a concentration of 5
mg/mL suspended in ethanol and used as-is. Three contact
materials were deposited as single-pass bottom contacts with
CNT printed atop as channels. Electrical characterization was
performed using a benchtop probe station and Keysight
B2902A analyzer.

III. RESULTS AND DISCUSSIONS

A schematic of the AJP process used for depositing MXene
as TFT electrodes is shown in Fig. 1(a), with an inset
displaying the bottle of commercial Ti3CoTx ink. During the
AJP process, the MXene ink in the ultrasonic bath is atomized
into an aerosol mist. A carrier gas flow then transports the
aerosolized droplets to the deposition head, where a sheath
flow jets the ink stream out of the nozzle tip, focusing it onto
the target substrate. Optical microscopy and scanning electron
microscopy (SEM) images of the MXene thin films printed on
a SiOz substrate heated to 40°C (via the printer platen) are
shown at various magnifications in Fig. 1(b). The SEM images
reveal that the morphology of the printed MXene particles
resembles crumpled nanospheres rather than 2D nanosheets.
This morphology is attributed to the Marangoni effect induced
by the heated substrate and the inward capillary force
compression from the evaporating solvent causing the
nanosheets to bend upward during the deposition process [49].

The impact of surface wettability on water-based MXene
printing was explored using SiO2 and parylene substrates.
Previous studies have demonstrated that the resistance of
MXene has a pronounced temperature dependence, leading to
the use of MXene in temperature sensors [50]. Considering
this temperature-dependent electrical property of MXene, this
study employed a heated platen to vary substrate temperatures
during the MXene printing process, followed by sheet
resistance measurements conducted after the samples cooled
to room temperature. As illustrated in Fig. 2(a), a clear inverse
correlation was observed between platen temperature and the
resultant sheet resistance of the printed films. Specifically, on
parylene substrate with 1 printing pass, the sheet resistance of
the MXene films decreased by 92%, from 223.8 Q/o to 17.5
Q/g, as the platen temperature was increased from 20 °C to 60
°C during printing. This can be explained by elevated
substrate  temperatures facilitated accelerated solvent
evaporation upon impingement of aerosolized droplets to the
substrate surface, thereby promoting the removal of water
molecules trapped among MXene particles and leading to
enhanced particle adhesion and stacking, which consequently
resulted in decreased sheet resistance. Similarly, samples
printed on SiO: exhibited a comparable dependence on platen
temperature during printing, with sheet resistance decreasing
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Fig. 2. Characterization of aerosol jet printed MXene
thin films on surfaces of different wettability. (a) Sheet
resistance of printed MXene films on SiOz and parylene
substrates with varied platen temperatures and 1 to 3 print
passes. (b) Water contact angle (WCA) on SiOz
(hydrophilic) and parylene (hydrophobic) substrates.
Profilometry measurement of printed MXene film
thickness under various printing parameters on (c) SiO2
and (d) parylene. (e) 3D mapping of MXene thin films
printed on SiO:z and parylene substrates where samples in
the top row were printed with 1 printing pass on 20 °C
substrates and samples in the bottom row were printed
with 3 printing passes on 60°C substrates. The mapping
profile was enlarged in z-direction for better visualization.

from 1222 Q/o to 132 Q/o (an 89% reduction) as
temperature varied from 20 °C to 60 °C. Notably, samples on
SiOz substrates demonstrated an overall lower sheet resistance
than samples on parylene as the hydrophilic nature of SiO:
improved the adhesion of ink droplets and the formation of
MXene films.

Sheet resistance of the printed MXene thin films decreased
with increasing printing passes irrespective of substrate
material, indicative of improved thin-film coverage from
greater material deposition. Interestingly, the influence of



>REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

printing passes was more pronounced at lower substrate
temperatures during printing. For instance, on SiOz substrates
at 20 °C, sheet resistance decreased from 122.2 Q/o to 51.1
Q/o and further to 24.8 Q/o with 1, 2, and 3 printing passes,
respectively. Conversely, on SiOz substrates at 40 °C and 60
°C, diminishing returns were observed with increasing
printing passes. A similar trend was also observed on samples
printed on parylene substrates. This observation highlighted
the dominating effect that substrate heating has on film
formation and resulting resistivity, independent of the
substrate materials.

In contrast to prior studies that required a substantial
number of deposition cycles to achieve low resistance [47],
[50], this study applied only 3 printing passes to achieve a
remarkably low sheet resistance of approximately ~7.5 Q/o
for MXene samples printed on SiO2 and parylene substrates at
60 °C. WCA measurements were conducted on SiO:z (left) and
parylene (right) surfaces, as depicted in Fig. 2(b). The
comparatively smaller water contact angle on SiO- facilitates a
more uniform spreading of MXene droplets across the
substrate, which improves the stacking of MXene to form a
cohesive thin film. Due to this difference in WCA between the
two substrates, the thickness of printed films was consistently
larger on the SiOz as opposed to the parylene, as shown in Fig.
2(c-d). This disparity in film thickness can be attributed to the
hydrophilic nature of SiO2 as opposed to parylene, where
prolonged solvent evaporation was observed due to the surface
tension of water on the hydrophobic surface. This effect
caused thinning of the MXene deposition since subsequently
printed lines in the serpentine pattern often overlapped with
previous lines that had yet to evaporate, causing the spreading
of the deposited ink. Therefore, platen temperature during
printing had a more pronounced influence on film thickness
for parylene samples than SiO2 samples because of the
improved evaporation at elevated temperatures.

Fig. 2(e) offers a comprehensive portrayal of surface
topology as well as the impact of substrate temperature and
printing passes via three-dimensional (3D) mapping of thin
films, with color denoting film thickness at any given point.
Films were printed with 1 pass on substrates at 20°C and with
3 passes on substrates at 60°C under identical printing
conditions. SiO2-supported films exhibited superior uniformity
and coverage compared to films on the parylene substrate,
which agreed with the observed lower sheet resistance for
films on SiO2. Additionally, the 3D mapping revealed that
platen heating during printing effectively enhanced the
resolution of the printed patterns through mitigated overspray
by reducing redispersion.

These printed MXene thin films were also explored as
contact electrodes in CNT transistors with various device
architectures. Carbon nanotubes were chosen as the channel
material as they have demonstrated excellent thin-film
transistor performance when deposited using AJP [23], [51]-
[55]. MXene source and drain electrodes were deposited on
60°C SiO: based on the satisfactory conductivity of the as-
printed films and the effectiveness of printing on heated
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Fig. 3. Printed MXene-contacted CNT-TFTs of various
device geometries. (a) Subthreshold and (b) output
characterization of bottom- and top-contacted CNT-TFTs
with insets depicting device structure schematics. (c)
Optical microscopy image of bottom-contacted CNT-TFTs
without (top) and with (bottom) undesired redispersion of
MZXene electrodes after CNT printing process. (d)
Subthreshold characteristics of bottom-contacted CNT-
TFTs with electrodes printed by 1 pass and 2 passes. ()
Subthreshold characteristics of CNT-TFTs with printed
AgNW, graphene, and MXene electrodes. (f) SEM images
of printed graphene (top) and AgNW (bottom) electrodes
under high magnification. The channel length of all TFTs
was 200 pm.

substrates in reducing overspray in the channel region.

First, top- and bottom-contacted devices were fabricated,
and their performance was compared and analyzed. The insets
of Fig. 3(a) depict the difference in the two device structures.
For bottom-contacted devices, MXene was deposited first to
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define the source and drain electrodes as well as alignment
marks, followed by the deposition of CNTs over the contacts
in the designated area. On the other hand, top-contacted
devices feature direct deposition of CNTs onto SiO: followed
by printing MXene electrodes onto the CNT channel. Note
that in top-contacted configuration, since CNT thin films are
invisible under the optical microscope, an additional printing
step is needed before CNT deposition to define alignment
marks. In both configurations, MXene electrodes were printed
using a single pass.

Transistor characterization, as shown in Fig. 3(a), revealed
that the bottom-contacted TFT exhibited an on-current (/on) of
16.15 pA/mm - over twice as high as that of the top-contacted
device (6.85 pA/mm). However, the top-contacted device
exhibited an on/off-current ratio (lon/lorr) of ~10°, compared
to ~10° for the bottom-contacted counterpart. In the top-
contacted structure, the CNT network is deposited on the flat
SiO:z substrate, resulting in a more intimate interface with the
gate, which also modulates the CNT thin film beneath the
contacts. However, in the bottom-contacted configuration, the
MXene contacts were approximately 2 pm thick, posing
challenges for the formation of a thin CNT network that was
printed atop the contacts. Additionally, the presence of MXene
electrodes in the bottom-contacted device could impede liquid
flow during the rinsing process, hindering the removal of
polymer residue in the CNT films and contributing to a non-
uniform network in the channel areas. Output characteristics
for the TFTs are shown in Fig. 3(b). Under small gate fields,
the bottom-contacted device consistently outperformed the
top-contacted device, displaying higher transconductance.

Moreover, although rinsing in toluene did not result in the
complete dissolution of MXene electrodes, there remains a
potential risk of redispersing MXene particles when printing
CNTs atop. During the fabrication of bottom-contacted
devices, the solvent present in CNT droplets and the jetting
force from the AJP nozzle can potentially redisperse and
redistribute the deposited MXene material, introducing
undesired conductive MXene nanoparticles into the channel
area. Fig. 3(c) presented two bottom-contacted devices, where
one device had intact contacts after CNT deposition (top), and
the other showed clear evidence of MXene being redispersed
and introduced into the channel area (bottom) after printing
CNTs. The occurrence of undesirable MXene redispersion can
be attributed to weaker adhesion of MXene on substrates
caused by unoptimized printing parameters, or an aggressive
jetting of CNT solvent and sheath flow during the CNT
deposition. By comparison, the top-contacted device - immune
to the contact redispersion issue - exhibited an off-current
(lorr) nearly two orders of magnitude lower than the bottom-
contacted device, while the Jon was only 57.6% lower. Hence,
adopting a bottom-contacted structure saves one printing step
and yields higher on-current, yet it carries the risk of
redistributing underlying conductive materials into the
channel, thereby degrading off-state performance. Conversely,
the top-contacted design preserves the integrity of the channel
area but necessitates an additional fabrication step.

Although increasing the number of MXene printing passes
led to a significant decrease in series resistance in the
electrode area, which is a component of the total resistance of
transistor devices, as illustrated by the subthreshold
characteristics of representative devices in Fig. 3(d), devices
with bottom contacts printed with 1 pass had an overall better
performance than the device with contacts printed with 2
passes. The 2-pass device displayed a much higher Jorr and an
Ion/lorr of only ~10°. The higher Iorr in the 2-pass device
could be attributed to the introduction of more MXene flakes
into the channel area during the CNT printing process because
of redispersion. Additionally, an increase in printing passes
resulted in an increase in MXene film thickness from 2 pm to
3.2 pm for 1 and 2 passes, respectively. Previous studies have
confirmed that printed CNT films typically possess a mean
thickness of 9 nm [56], hence, the increase in thickness posed
a larger barrier for CNT thin films to form good contact with
the electrodes and planar gate substrate underneath.
Furthermore, augmenting electrode thickness could exacerbate
the non-uniformity of the CNT network during the rinsing
process and lead to higher sheet resistance in the channel area.
Thus, it is imperative to control the thickness of the printed
contact electrodes. While a sufficiently thick film ensures the
formation of a conductive network, excessively thick
electrodes can elevate contact resistance and channel sheet
resistance, which detrimentally impacts overall transistor
performance.

To assess the performance of MXene-contacted transistors
relative to devices employing more common contact materials,
bottom-contacted devices featuring silver nanowire (AgNW)
and graphene electrodes were also printed and characterized.
These materials were chosen as benchmarks for MXene given
their prior use as electrodes for printed TFTs and reported
outstanding performance [18], [S1]-[53], [57]. Ten devices for
each contact material in the bottom-contact configuration were
fabricated and measured with minimal variation in
performance observed. The subthreshold characterization of
one representative device for each contact material is
presented in Fig. 3(e) and SEM of the printed AgNW and
graphene films are provided in Fig. 3(f). As depicted in the
subthreshold characterization, devices employing printed
AgNW, graphene, and MXene contacts exhibited similar
performance in terms of Jon/Iorr (~10%) and lox (22.1, 14.2,
and 16.9 pA/mm, respectively). Table 1 provides a more
detailed benchmark comparison of device performance and
fabrication parameters for aerosol jet-printed MXene-
contacted CNT-TFTs with other TFTs contacted by AgNW
and graphene reported in the literature. This comparison
highlights the low-cost advantage of printed MXene electrodes
while still delivering competitive performance in CNT-TFTs
at a low overall processing temperature.

On a more qualitative note, beyond having comparable
device performance, MXene also exhibited preferential
compatibility with the printing process when compared to
AgNW and graphene. Due to its high aspect ratio which poses
a greater challenge in aerosolization and droplet formation,
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TABLE I
BENCHMARK COMPARISON OF TFT PERFORMANCE USING AGNW, GRAPHENE, AND MXENE AS CONTACTS

Ref. Channel Electrode Fabrication Electrode Vs Ton Best Processing
Material Material Method Cost (5/g) W) (nA/mm) Ton/Torr Temperature (°C)
[55] CNT AgNW AJP (Synthesized) -1 0.52 3.5x10° 80
23] CNT Graphene AJP $1053 -0.5 87 10°-10* RT
[44] MoS, MZXene Spin coat (Synthesized) 1 10* 10° RT
[47] In,03/Zn0 MXene Spray coat (Synthesized) 2 121 10* 150
This work CNT AgNW AJP $3896 -1 22.1 2.3x10* RT
This work CNT Graphene AJP $702 -1 14.2 5.7x10% RT
This work CNT MXene AJP 3276 -1 16.9 3.4x10¢ 60

*This current is reported in pA as the device dimension was not given.

AgNW ink often requires delicate tuning before the printing
procedure can initiate. Graphene ink has a high viscosity
which necessitates long preconditioning in an ultrasonic bath
for ink to reach a stable, uniform solution. However, due to
the lower ink concentration and nanosheet structure in
suspension, the MXene ink can be quickly aerosolized when
loaded in the printer and little tuning effort is required for the
printing process to begin. Moreover, commercial MXene has a
unit price of $276/g, ~2.5x cheaper than graphene and ~14x
cheaper than AgNW used in this study, making MXene a more
economical candidate for electrode materials of low-cost and
large-area applications, as shown in Table 1.

IV. CONCLUSION

Acerosol jet-printed MXene thin films have been shown to
form good electrodes for fully printed CNT-TFTs. The water-
based MXene ink was able to be printed onto both hydrophilic
and hydrophobic substrates with low sheet resistance in the as-
printed films. MXene-contacted CNT-TFTs of different device
geometries were explored, revealing the impact of the
fabrication procedure when printing the channel and contact
layers. Notably, in bottom-contacted devices, although thicker
electrodes aid in forming more conductive and well-covered
films, they also impede effective contact between the CNT
network and the underlying electrode. This leads to increased
contact resistance and non-uniform channel sheet resistance,
significantly compromising overall device performance.
MXene-contacted devices demonstrated performance on par
with those utilizing AgNWs and graphene. This parity
encourages the application of MXene in low-cost, large-area
printed electronics applications, such as optoelectronics,
healthcare devices, and energy storage devices.
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