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ABSTRACT: Single-walled carbon nanotubes (CNTs)

100

printed into thin films have been shown to yield high I
mobility, thermal conductivity, mechanical flexibility, and 75| EECNT

chemical stability as semiconducting channels in field-effect,
thin-film transistors (TFTs). Printed CNT-TFTs of many
varieties have been studied; however, there has been limited
effort toward improving overall CNT-TFT performance. In
particular, contact resistance plays a dominant role in
determining the performance and degree of variability in
the TFTs, especially in fully printed devices where the
contacts and channel are both printed. In this work, we
have systematically investigated the contact resistance and overall performance of fully printed CNT-TFTs employing three
different printed contact materials—Ag nanoparticles, Au nanoparticles, and metallic CNTs—each in the following distinct
contact geometries: top, bottom, and double. The active channel for each device was printed from the dispersion of high-
purity (>99%) semiconducting CNTs, and all printing was carried out using an aerosol jet printer. Hundreds of devices
with different channel lengths (from 20 to 500 gm) were fabricated for extracting contact resistance and determining
related contact effects. Printed bottom contacts are shown to be advantageous compared to the more common top
contacts, regardless of contact material. Further, compared to single (top or bottom) contacts, double contacts offer a
significant decrease (>35%) in contact resistance for all types of contact materials, with the metallic CNTs yielding the best
overall performance. These findings underscore the impact of printed contact materials and structures when interfacing
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with CNT thin films, providing key guidance for the further development of printed nanomaterial electronics.
KEYWORDS: thin-film transistor (TFT), contact resistance, carbon nanotube (CNT), aerosol jet printing, nanomaterials

dvances in the synthesis and processing of nanomateri-
Aals, combined with their superb electrical properties,

have led to their strong consideration for printed
electronics. Single-walled carbon nanotubes (CNTs) have been
intensely studied for use in thin-film transistors (TFTs) due to
their high carrier mobility, excellent chemical stability and
mechanical flexibility, as well as compatibility with solution-
based processing.' * Example applications that have been
demonstrated using CNT-TFTs include simple logic circuits,”
display backplanes,'® sensors,"' and radio frequency identi-
fication antennae.'” A variety of applications in the realms of
flexible electronics and Internet of Things (IoT) would be
made possible with low-cost TFTs that have reasonable
performance; printed CNT-TFTs have tremendous potential
for providing such performance but have been hindered by
obstacles that include material processing and contact
resistance. During the past decade, the difficulty in achieving
high-purity semiconducting CNTs during synthesis has led to
extensive efforts in solution-processed purification, which
allows CNTs to be rapidly and cheaply separated based on
their electronic type.B_l(’ Importantly, it has been shown that
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the structural defects induced during the solution-based
purification and suspension processes for CNTs do not
degrade the quality of the electrical contact formed between
the nanotube and metal electrodes.'”'® TFTs with record-
breaking performance have been demonstrated using carbon
nanotubes with semiconducting purity above 99% produced by
a density-gradient ultracentrifugation method."”"”

One of the most promising aspects of CNT-TFTs is their
compatibility with low-cost, high throughput printing processes.
These include gravure printing, screen printing, and inkjet
printing, each of which has been gaining increased attention in
both industrial and academic sectors.”*°"** However, the
printing resolutions of gravure printing and screen printing are
relatively low, although they can be used for large area roll-to-
roll printing. Inkjet printing is a very common and accessible
form of printing but has the tendency of clogging in the inkjet
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Figure 1. (a) Schematic fabrication process flow for printed, back-gated CNT-TFTs, including (I) preparing silicon wafer by first cleaning with
acetone, IPA, DI water, and then oxygen plasma treatment; (II) modification of the SiO, with poly-L-lysine (PLL) followed by printing the
CNT thin-film channel with an aerosol jet printer; (III) aerosol jet printing the source/drain electrodes; and (IV) sintering of the final device.
The inset schematically shows a magnified, cross-sectional view of the aerosol jet print head where the aerosolized nanomaterial ink is guided
out of the nozzle by a sheath of inert gas (N,). (b) Schematic diagram of a printed, back-gated CNT-TFT with indication of key dimensions.
(c) Schematic view of the three different contact configurations studied in this work: top, bottom, and double contacts.

heads during the printing of nanomaterials.”>>" It is also
challenging for inkjet printing to achieve high-resolution
patterns due to the difficulty of controlling the size and shape
of ink droplets. To improve the electrical performance, partially
printed devices requiring some photolithography or electron
beam lithography processes have often been used, but these
lack practical application in the truly low cost, printed
electronics space.w’28

A promising technique that has received limited attention for
printing nanomaterials is aerosol jet printing,w’zg_31 which is a
more refined version of inkjet printing. Rather than directly
printing an ink solution through a nozzle, the ink is first
aerosolized, either pneumatically or ultrasonically, in a stream
of inert gas. This aerosol is then printed onto the substrate
through a nozzle where it is further focused into a fine stream
using a sheath of inert gas. The result is the ability to print lines
down to ~10 ym in width having significantly reduced drying/
sintering times owing to the lowered presence of solvent from
the aerosol process. Regardless of the printing process used, the
carrier mobility (<0.1 cm®* V™' s7") and operation voltage (>20
V) of most printed CNT-TFTs (with printed source/drain
contacts) have been limited by the morphology of the printed
layers, the purity of the semiconducting CNTs in the active
channel film, and the substantial contact resistance. The contact
resistance plays a particularly dominant role in determining the
performance and degree of variability in the CNT-TFTs,*>*’
and thus requires further investigation.

In this study, we show that the contact resistance in fully
printed CNT-TFTs can be lowered by >35% with minor
alterations to the contact geometry. Further, three different
metallic inks were investigated for their impact on contact

resistance in different contact geometries including: top,
bottom and double (a sandwich-like structure combining
contacts below (bottom) and above (top) the printed
CNTs). All of the CNT-TFTs in this work were printed
using an aerosol jet printer. The three types of printed
nanomaterial inks that were explored for source/drain contacts
were silver (Ag) nanoparticles, gold (Au) nanoparticles. and
metallic CNTs. Devices with different channel lengths (from 20
to 500 um) were fabricated and tested for each contact
geometry and metal to allow for the extraction of contact
resistances using the transmission line method (TLM). It was
found that, compared with single (top or bottom) contacts,
double contacts offer a significant decrease in contact resistance
for CNT-TFTs for all three of the electrode materials. It is also
shown that the printed CNT transistors made completely from
CNTs have the lowest contact resistance, indicating that the
CNT-CNT contact performance is better than that of metal-
CNT contacts when using print processing. These findings for
the contact resistance of printed CNT-based transistors help
minimize the impact of contacts on device performance and
guide further optimization of printed nanomaterial electronics.

RESULTS AND DISCUSSION

The process used for fabricating the printed CNT-TFTs on a Si
wafer with 90 nm thick SiO, is illustrated in Figure 1. The
substrate was first cleaned with acetone, IPA and deionized
(DI) water, followed by oxygen plasma (100 W) for 3 min. In
the case of bottom- or double-contact structures (Figure lc),
the source and drain contacts were then printed using the
parameters outlined for the specific inks in the Supporting
Information. The surface was then functionalized by immersing
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Figure 2. Morphology of as-printed, back-gated CNT-TFTs. (a) SEM image of representative back-gated CNT-TFTs with bottom silver (Ag)
contact electrodes for various channel lengths. (b) SEM image of a printed CNT thin-film in the channel region. The CNT network is
uniformly distributed and its density is ~45 CNTs/um?. (c) AFM image of the nanotube thin-film channel. (d) Optical image of as-printed Ag
ink with a width of ~40 gm and thickness of ~0.6 gm showing good morphology. (e and f) SEM images of the printed Ag contact electrodes
after sintering at 150 °C for 1 h. Note how Ag nanoparticles have been merged together leading to a much smaller resistance. (g and h)
Optical and SEM images of the printed gold (Au) source/drain electrodes in CNT-TFTs. (i) SEM image of printed metallic CNT source/
drain thin-films after 10 printing passes. Details on the relationship between resistance and number of passes are given in Supporting

Information.

into poly-L-lysine (PLL) solution (0.1% w/v in water; Si7gma-
Aldrich) for 5 min to enhance CNT adhesion to the SiO,.”***
Semiconducting CNT channels were printed onto the substrate
using an aerosol jet printer. The semiconducting CNT ink was
made from 99.9% semiconducting nanotubes (IsoNanotubes-
S) obtained from Nanolntegris, Inc. To remove the surfactant
involved in the CNT network, a brief rinse with toluene was
performed after the printed CNT films had dried. At this point,
the source and drain contacts for the top-contact geometry
were printed. Also, printing of the top portion of the sandwich-
like contact structure directly on top of the already established
bottom portion completed the double contacts. For the Ag and
Au contacts, commercial silver nanoparticle solution (Ag40X,
UT Dots, Inc.) and gold nanoparticle solution (UTD-Au2S,
UT Dots, Inc.) were used, whereas for CNT contacts, single-
walled metallic CNT powders (P3-SWNT, Carbon Solution,
Inc.) were dispersed in DI water followed by 2 h ultrasonication
to form a 0.5 mg/mL solution. A postprinting sintering step for
the electrodes was performed to achieve better conductivity. In
the double-contact design, the sintering step was performed
each time after the bottom and top portions were printed.

All printing in this work was carried out using an aerosol jet
printing system (Optomec, AJ-300). The aerosol jet process is a
versatile method for patterning a wide range of electronically
functional liquid inks, including precursor inks, nanoparticle
suspensions, diluted electronic pastes, and biological materi-
als.”® Feature sizes down to 10 ym can be printed with high
repeatability, good edge definition, high conductivity from high
metal loading, single-pass thickness from 10 nm to S pm, low
surface roughness, and strong adhesion with a variety of
substrates. With the use of aerodynamic focusing, the printer

allows for high-resolution deposition of colloidal suspensions
and/or chemical precursor solutions. The aerosol stream with
droplets of 1—5 um in diameter is focused using a flow
deposition head, which forms an annular, coaxial flow between
the aerosol stream and a sheath gas stream. The coaxial flow
exits the print head through a nozzle directed at the substrate.
The printer has a dual camera system monitoring substrate
alignment markers and the current printed layer to make fine
adjustments to the stage position and rotation before each
printing that ensures proper alignment between layers.

Details of the morphology of the as-printed, back-gated
CNT-TFTs are shown in Figure 2, showing both the CNT
channel region and the various source/drain contacts. The
scanning electron microscope (SEM) image of a representative
set of CNT-TFTs in the Ag bottom-contact design is given in
Figure 2a. The SEM image in Figure 2b and AFM image in
Figure 2¢ show the high density of the printed CNT channels.
As the print conditions can greatly affect the properties of an
aerosol jet printed film, we note that the semiconducting CNT
films were printed with a sheath flow rate of 40 sccm, carrier
flow rate of 23 sccm and speed of 2 mm/s (Figure S1). It can
be seen that the density of the CNT network is consistent and
approximated to be 45 CNTs/um?® based on the SEM and
AFM images. This density is comparable to those used in
previously reported CNT-TFTs.'”*” The optical microscope
image (Figure 2d) of as-printed silver lines with a width of ~40
um and thickness of ~0.6 ym shows good uniformity and line
edges. After sintering at 150 °C for 1 h, the Ag nanoparticles
were partially merged together (Figure 2ef) to give a much
smaller resistance (<20 €/sq). For the printed gold (Au)
source/drain electrodes (Figure 2gh), a much higher sintering
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Figure 3. Characterization of printed back-gated CNT-TFTs and the impact of contact geometry with Ag contacts. (a) Subthreshold and (b)
transfer characteristics (Id—Vgs) of a representative, Ag bottom-contact CNT-TFT device. (c) Output (I;—Vy,) characteristics from the same
device with L, = 100 gm and W = 160 um. (d) Subthreshold (Id—Vgs) characteristics from representative CNT-TFTs (all having the same
channel length L, = 100 gm and width W = 160 gm). (e) Output (I;—Vj,) characteristics of the same devices indicating the substantial boost
in on-current when moving from one contact geometry to another. (f) TLM plot of the total resistance (R, ) as a function of channel length
(Lg) for each type of Ag contact configuration. Error bars indicate the standard derivation from a set of nine tested devices.

temperature (>250 °C) was needed due to the higher melting
point of Au and the necessary additive of an adhesion
promoter. The SEM image in Figure 2i shows the printed
metallic CNT source/drain film, which has a very dense and
randomly distributed network. It is noted that in order to
obtain these films of metallic CNTs with sufficient density and
thus low resistivity, multiple printing passes (>10) were
essential. Details on the relationship between resistivity and
the number of passes for the metallic CNTs are given in the
Supporting Information (Figure S2). The TLM structures used
for all CNT-TFTs in this work have channel lengths (L) of
20, 30, 50, 100, 200, and 500 pum. It should be noted that the
ink properties, carrier flow rate, sheath flow rate, nozzle
diameter, stage speed, and platen temperature were the main
parameters adjusted for the optimization of each printed layer.
The printing details for each layer/material are summarized in
the Methods section.

As anticipated for CNT-TFTs that rely on percolation
transport through the channel, Iy increases while the Ioy/Iogr
ratio becomes smaller with decreasing channel length (Figure
S3). Electrical characteristics of a representative device with Ag
bottom contacts and a channel length of Ly = 100 ym and
channel width of W = 160 pym are given in Figure 3. It can be
seen from the subthreshold characteristics (Figure 3a) that the
transistor exhibits excellent on/off current ratio that is
consistent at various drain-source voltages (V). As shown in

Figure S4, the printed CNT-TFTs demonstrate a relatively
large hysteresis between the forward and reverse sweep, which
is attributed to charge trapping at the CNT-SiO, interface along
with adsorbed water molecules in CNT films.”*” On-state
performance of the device (Figure 3b,c) includes an on-current
at Vg = —2.0 Vaand V= —40 V of 6.05 pA, which corresponds
to a current density of 37.8 #A/mm. The Iqy/Iogp of the device
is approximately 10°, which is consistent with other printed
CNT-TFT devices (Figure SS5).

Field-effect mobility for these CNT-TFTs was calculated
using the following expression: y = (Lygm)/(WCxVy), where
Ly and W are the device channel length and width,
respectively, g is the peak transconductance, Vg4 = =2V,
and C,, is the gate capacitance per unit area and was calculated
by a modified parallel-plate model (C,, = €y€.,/t;,) as discussed
in previous work.”” On the basis of the peak transconductance
extracted from the transfer curves in Figure 3b, the device
mobility is 2.19 cm?/(V-s), which is on par with other CNT-
TFTs that have printed source/drain contacts and CNT
channels.”>~*" It is noted that the modified parallel-plate model
for determining the capacitance is likely an overestimation of
the actual gate capacitance value for the CNT network devices.
Thus, the calculated mobility value is a lower bound. A more
rigorous and sophisticated model to calculate the capacitance is
Cox = D/{CG' + In[sinh(22Dt,,)/7RD]/(2mese,,)},"" where Cq
is the quantum capacitance of a single CNT, D is the nanotube
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Figure 4. Comparison of key performance metrics from printed CNT-TFTs having different printed electrode materials (Ag, Au, and metallic
CNT) and contact geometries (top, bottom, and double). Average (a) contact resistance, (b) Iy, (c) peak transconductance g, and (d)
mobility of the CNT-TFTs with channel length L; = 100 gm and channel width W = 160 pm.

density, R is the average diameter of the CNTs, and £, = 90 nm
is the thickness of SiO,. This gives C,, = 3.56 X 10~® F/cm?,
and the mobility based on this value is 2.37 cm?/(V-s), which is
similar to the one calculated by the modified parallel-plate
model. This similarity agrees with the previous results reported
in literature.”" As discussed below, we were able to extract the
contact resistance for these CNT-TFTs, and thus we also
determined the intrinsic mobility for the CNT thin-film
channel, which was found to be, on average, 3.41 cm?®/(V-s).
More information about characterization (I,, and on/off ratio,
etc.) of the devices with printed Ag contacts in the various
geometries and at different channel lengths, as well as details for
the Au and metallic CNT contacted devices, can be found in
Figure S6 in the Supporting Information.

Comparison of the performance of the printed CNT-TFTs
with Ag source/drain electrodes in the three different contact
configurations (top, bottom, and double contacts) is also given
in Figure 3. All of the devices in Figures 3d,e have the same
channel length and width; hence, these representative curves
offer a perspective of how the contact geometry directly affects
the device performance. The off-state of the representative
devices is essentially consistent, with only small variation in
threshold voltage and subthreshold swing. The on-state,
however, is shown to change quite dramatically between the
different geometries. The initial hypothesis that the double-
contact geometry would yield the best on-state performance by
providing an increase in the metallic contact interfacial area to
the CNTs is indeed verified by the data for Ag contacts in
Figure 3d,e. It is further intriguing that there is a sizable
difference between the top- and bottom-contact geometries.
Historically, top contacts have been favored as they provide a
more complete wrapping coverage of the CNTs.*”~*" These
results reveal that the bottom contacts were able to boost the

on-current by nearly a factor of 2 compared to the top contacts,
a significant finding considering that the choice between one
contact arrangement and the other requires no difference in
overall process steps.

For further comparison of these different contact geometries,
the contact resistance was extracted using the TLM structures
with channel lengths ranging from 20 to 500 gm. As given in
Figure 3f, the total resistance (Ry.) is plotted as a function of
channel length (Lg,) for each of the Ag contact geometries.
Ry for the CNT-TFTs is R,y = 2R, + Ry, where Ry, is device
channel resistance, and 2R_ is the contact resistance from the
source and drain electrodes. Therefore, the contact resistance
between channel and electrodes, 2R, can be extracted from the
intercept of the linear fit to the TLM plot and the sheet
resistance of the channel is related to the slope of the linear
fit.** The total resistance for the TLM plots in this work was
taken in the on-state at V4 = —0.5 V. The average extracted
sheet resistance of the channel film is approximately 4.6 M/
sq. The extracted R, for the top-, bottom-, and double-contact
geometries with Ag are 79.9, 65.1, and 40.4 kQ-um,
respectively. In this case, the double-contact geometry reduces
the contact resistance between the printed Ag electrodes and
the semiconducting CNT channel by ~38% compared to
bottom contacts and ~49% compared to top contacts, a
significant performance enhancement for CNT-TFTs. Com-
pared to the top contact configuration, the reduction in contact
resistance by using bottom or double contacts is primarily
attributed to an increased contact area between the CNT thin
film and the contacts. This is an especially important point with
regards to the bottom contacts yielding better performance
than top contacts—a rather unanticipated result when
compared to most previous devices that used lithographically
patterned (rather than printed) contacts. In the case of the Ag
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Table 1. Comparison of Performance Metrics for CNT-TFTs with Printed CNT Channel and Printed Electrodes”

ref process method contact material contact geometry
this work aerosol jet Ag double
this work aerosol jet Au double
this work aerosol jet CNT double
7 gravure Ag top
24 screen print Ag top
27 inkjet CNT bottom
50 CVD/transfer CNT top

Lo (pm) Ve (V) lon (uA/mm) R, (kQum)  p (em®/(Vs))
100 -2 53.6 404 32
100 ) 102.5 23.1 53
155 -2 88.12 168 6.7
85 -5 29 - 8
105 -1 41 - 7.7
700 -1 0.11 25 1.6-4.2
10 -0.1 046 3-20

“If values were not explicitly provided in the manuscripts, then they were approximated from the given data and I-V curves. Metrics for devices from

this work are averages of 9 CNT-TFTs.

contacts, after curing they form smooth nanoparticle grains on
the order of 20—80 nm in diameter (see Figure 3f). When the
semiconducting CNTs (~1 nm in diameter) are printed onto
these amalgamated Ag nanoparticles, they are able to coat the
smooth surfaces, including interstitially between the nano-
particles, yielding a relatively large contact area between the Ag
and CNTs. In the case of the top contacts; however, the cured
Ag nanoparticles are simply settled on top of the very thin film
of CNTs, leading to a smaller contact area based on the many
gaps between Ag nanoparticles, hence, a R, from bottom
contacts that is a nearly 20% reduction from top contacts. This
same principle applies to printed Au electrodes with an even
more dramatic ~40% reduction in R, for the bottom contacts
compared to the top contacts (discussed below). The
semiconducting CNT film thickness may also impact the
contact resistance and is worth further investigation in future
work.

The same three contact geometries were studied for printed
Au nanoparticle electrodes as well as printed metallic CNT
electrodes, with corresponding extraction of contact resistance.
The sheet resistance of Au and metallic CNT films were ~8
and ~390 €/sq, respectively, when measured after the curing
process. A summary of the contact resistance from these
printed contacts in the different configurations is given in
Figure 4a. For the Au electrodes, the contact resistances are
57.3, 34.6, and 23.1 kQ-um, for top-, bottom-, and double-
contacts, respectively. While the metallic CNT electrodes
yielded R of 32.3, 21.7m, and 16.8 kQ-um for top, bottom, and
double contacts, respectively. For all three of the electrode
materials, the top contacts generate the highest contact
resistance while double contacts exhibit the lowest. Interest-
ingly, the metallic CNT electrodes resulted in the lowest
contact resistance overall, which is attributed to the unique
structure and electronic properties of the metallic CNTs.*"
For one, the high aspect ratio of the CNTs results in a more
focused electric field at the nanotube—nanotube junctions, thus
thinning the Schottky barrier.*® Additionally, compared with Ag
and Au, the surface dipole barrier of metallic CNTs is much
lower, leading to more effective carrier injection.Ar6 Finally, the
similar nanometer-scale size and overall malleability of the
metallic CNT thin-film contacts is postulated to provide a
higher interfacial contact area to the similarly malleable thin
film of semiconducting CNTs; the metallic CNTs effectively
interweaving with the semiconducting CNTs rather than just
lying on top or bottom (or both) as with the metal nanoparticle
contacts.

With the improvement at the contact interface between the
thin-film CNT channel and printed electrodes, it can be seen
from Figure 4b that the on-state currents for double contacts
were much larger compared with only bottom or top contacts

for all three kinds of electrodes, evidence for the dominant role
that contact resistance plays in determining the performance of
CNT-TFTs. In addition, the average peak transconductance
(Figure 4c) and average mobility (Figure 4d) exhibited a similar
trend when comparing the contact geometries, indicating
improved overall performance for double contacts with respect
to all key metrics.

To compare the performance of the CNT-TFTs with printed
double contacts in this work to printed CNT-TFTs in the
literature, a summary of key metrics is given in Table 1. All
devices in the table have contacts that were printed, albeit using
diverse printing approaches. Note the substantially higher on-
current from the double-contact devices cornzpared to previous
studies that used the same contact materials.”””**~>" It is found
that all of the fully printed CNT-TFTs from a variety of
printing methods (gravure printing, screen printing, inkjet
printing and transfer printing) exhibited mobilities within a
fairly tight distribution between 3 and 10 cm*/(V s). The only
referenced work to provide an extraction of contact resistance is
the all-nanotube TFT with bottom contacts from inkjet
printing (R. ~ 25 kQum)?’ and the aerosol jet printed
CNT-TFTs with double contacts in this work have a lower
contact resistance (~16.8 kQ-um). The on-current difference
between these two all-nanotube TFTs shows a more dramatic
difference with the double-contact device having over 2 orders
of magnitude higher current than the inkjet printed device;
however, this could largely be attributed to the much longer
channel length for the inkjet printed device (700 vs 155 ym for
the double-contact device). Ultimately, this comparison among
the few other reports on printed contacts to printed CNT thin
films gives clear evidence of the need for more studies on
contact effects and efforts like those reported in this work that
seek to minimize the impact of contacts on performance in
these fully printed TFTs.

As the field of printed electronics is one with strong ties to,
and potential near-term realization in, industry, it is especially
important to consider not only the scientifically best materials/
approach based on performance, but also the impact of cost and
stability. In this case, when comparing the Ag and Au
electrodes, Au offers considerably better performance in the
studied devices for all contact geometries, yet Au is
considerably more expensive and has many issues with
adhesion to different surfaces that could affect its utility as a
printed electrode material. From a cost standpoint, the metallic
CNT electrodes are somewhat comparable to the Ag and offer
the lowest contact resistance. Yet, in spite of their low contact
resistance to the semiconducting CNTs, the metallic CNT
electrodes exhibited the worst conductivity of the three
materials, which could have adverse effects on the stability of
printed circuits if the printed metallic CNT's are used for more
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than just the contact regions of TFTs. Another important
aspect of the cost for the metallic CNT electrodes is that they
require multiple printing passes to reach an acceptable
conductivity (CNT film density), which is time-consuming
and thus costly in terms of throughput. A final point regarding
the Au ink is that it requires sintering at much higher
temperature (>250 °C), which is not suitable for most available
substrates (e.g., Kapton, PET, and other polymers) for flexible
electronics. Hence, there are several trade-offs that must be
considered when determining the most optimal printed
electrode material for use in printed electronics applications.

CONCLUSIONS

In summary, we have shown that the most favorable simple
contact geometry for fully printed CNT-TFTs is to have the
metal contact below the printed CNT thin film channel rather
than above or on top of the channel. Meanwhile, employing a
combination of these bottom and top contacts to form a
double-contact structure was shown to further lower contact
resistance and boost CNT-TFT performance for all three
printed contact materials that were studied: Ag, Au, and
metallic CNTs. The metallic CNTs proved to be the best
overall material for enhancing performance in the fully printed
CNT-TFTs. The bottom contacts were able to boost the on-
current by up to 50% compared to the top contacts, a powerful
result for advising all future work on CNT-TFTs from any
electrode material. These findings for the contact resistance of
printed CNT-based transistors can help minimize the impact of
contacts on the performance of nanomaterial-based devices and
guide further development of printed nanomaterial electronics.

METHODS

Substrate Cleaning. The silicon wafers were rinsed with
deionized (DI) water for 1 min, and further sonicated in acetone
and isopropyl alcohol (IPA) for 10 min each (25 °C) and blown dry
with N, gas. The wafers were subsequently subjected to 3 min of
oxygen (O,) plasma (Emitech K-1050X) at 100 W under low vacuum
(0.6 Torr).”

Functionalization of Si Wafers. Prior to CNT channel printing,
the cleaned wafer was immersed into poly-L-lysine (PLL) solution
(0.1% w/v in water; Sigma-Aldrich) for S min to functionalize the SiO,
surface for increasing the adhesion between printed CNT films and
substrate.”*” The functionalized wafer was then rinsed with DI water
to remove the unattached monomers, and blown dry thoroughly using
N, gas.”’

Printing CNT Channels. The semiconducting CNT ink (IsoSol-
$100) with a purity of 99.9% semiconducting single-walled CNT and a
concentration of 0.05 mg/mL was purchased from Nanointegris, Inc.,
Canada. It was further diluted with toluene to 0.01 mg/mL for aerosol
jet printing by an AJ-300 aerosol jet printer (Optomec, Inc.), followed
by 30 min ultrasonication to eliminate the aggregation of CNTs
formed in the dilution process. The average length of the CNTs is
about 1 ym. The as-prepared CNT ink was printed using a 150 pm
diameter nozzle, and the sheath gas and carrier gas flow rates were set
to be 40 and 23 sccm, respectively. The printing speed was fixed at 2
mm/s. The water bath for ink vials was kept at 20 °C. All printing was
carried out in air at room temperature while the platen was maintained
at 50 °C to accelerate ink drying.

Printing Ag Electrodes. The Ag ink (Ag40X, UT Dots, Inc.)
contained 40 wt % Ag nanoparticles, with particle diameters ~20 nm,
dispersed in a solvent mixture of xylene and terpineol (9:1 by volume).
The prepared ink was printed on SiO,/Si substrates. A 100 pm
diameter nozzle was used for printing, and the flow rates of sheath gas
and carrier gas were set to 25 and 15 sccm, respectively. The
temperature of chilling water bath was kept at 15 °C and platen
temperature was set to 60 °C. The printed samples were further

sintered at 150 °C in air for 60 min in an oven (MDL 281, Fisher
Scientific Co.) to enhance the conductivity.

Printing Au Electrodes. The Au ink (UTD-Au25, UT Dots, Inc.)
contained 25 wt % Au nanoparticles, and was dispersed in a
proprietary mixture solvent. The prepared ink was printed on SiO,/
Si substrates. A proprietary adhesion promoter (BOL from UT Dots,
Inc.) was added into the Au ink to increase the adhesion strength of
Au on the SiO,. A 100 ym diameter nozzle was used for printing, and
the flow rates of sheath gas and carrier gas were set to 25 and 20 sccm,
respectively. Platen temperature was maintained at 80 °C, while the
temperature of the chilling water bath was kept at 20 °C. The printed
samples were further sintered at 280 °C in air for 1—2 h in an oven.

Printing Metallic CNT Electrodes. The P3-SWNT was
purchased from Carbon Solution, Inc.. The as-received P3-SWNT
powder was dispersed in DI water followed by 2 h ultrasonication to
form a 0.5 mg/mL solution. The prepared ink was printed for the
source and drain electrodes on SiO,/Si substrates by the AJ-300
printer. A 150 pm diameter nozzle was used for printing, and the flow
rates of sheath gas and carrier gas were set to 25 and 1S sccm,
respectively, with a printing speed of 1 mm/s. To ensure a satisfactory
conductivity, multiple printing passes (>5) were necessary. The water
bath was kept at 25 °C and platen temperature was 30 °C. The printed
samples were further sintered at 100 °C in air for 30 min in an oven.

Characterization of Printed Devices. Optical images of devices
were taken by a Zeiss Axio Lab microscope configured with 2.5X to
100X objective lenses and a digital camera for image capture and
analysis. SEM images of printing patterns and devices were acquired
with FEI XL30 (SEM-FEG) with varied magnifications and beam
conditions. AFM images of nanotubes were taken with a Dimension
3000 instrument in tapping mode.

Device Fabrication and Testing. The CNT-TFTs for the TLM
measurement were printed with the AJ-300 printer with the specified
parameters. For each set of devices, six different channel lengths were
used: 20, 30, 50, 100, 200, and 500 ym. In printing CNT-TFTs with
top-contacts, CNT channels were first printed and then followed by
printing source/drain electrodes; in contrast, for CNT-TFTs with
bottom contacts, source/drain electrodes were first printed on the
cleaned SiO,/Si wafers, followed by printing CNT channels on top of
the source/drain electrodes, as shown in Figure 1. To fabricate the
CNT-TFTs with double-contacts, another layer of contact electrodes
was further printed on the bottom-contact CNT-TFTs to form a
sandwich structure. After CNT channel printing, the samples were
rinsed with solvent to remove residual surfactant. Electrical character-
ization of the printed transistors was carried out in air using a
Lakeshore probe station (Lakeshore CRX-6.5K) along with an Agilent
B-1500 Semiconductor Parameter Analyzer. The sheet resistance was
measured with four probe methods using a Keithley 2400 and 236
source measuring units.
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