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Carbon nanotubes (CNTs) are emerging materials for semiconducting channels in high-performance
thin-film transistor (TFT) technology. However, there are concerns regarding the contact resistance
(Reontacr) In CNT-TFTs, which limits the ultimate performance, especially the CNT-TFTs with the
inkjet-printed source/drain (S/D) electrodes. Thus, the contact interfaces comprising the overlap
between CNTs and metal S/D electrodes play a particularly dominant role in determining the per-
formances and degree of variability in the CNT-TFTs with inkjet-printed S/D electrodes. In this
work, the CNT-TFTs with improved device performance are demonstrated to enhance contact inter-
faces by controlling the CNT density at the network channel and underneath the inkjet-printed S/D
electrodes during the formation of a CNT network channel. The origin of the improved device per-
formance was systematically investigated by extracting R, in the CNT-TFTs with the enhanced
contact interfaces by depositing a high density of CNTs underneath the S/D electrodes, resulting in a
59% reduction in R,,,..;; hence, the key performance metrics were correspondingly improved with-

out sacrificing any other device metrics. Published by AIP Publishing.
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Carbon nanotubes (CNTs) have recently emerged as pro-
spective materials to provide high carrier mobility'™ and
excellent thermal conductivity,*> mechanical flexibility,*’
and chemical stability,®® as well as high strength.'®!" Due
to these superior material properties, CNTs have therefore
been used as semiconducting channels especially for high-
performance thin-film transistor (TFT) applications in analog
and digital circuits and display backplanes.'?”'* Nevertheless,
CNT-TFTs based on percolative CNT network channels still
have limitations for modulating on/off states due to the coex-
istence of both metallic and semiconducting CNTs in the net-
work channel.>'>™"7 The unwanted metallic CNTs in the
channel result in a low on/off current ratio for single device
operation and high static power consumption in logic circuit
operation. Thus, there have been tremendous advances in
obtaining high-purity semiconducting CNTs through the solu-
tion process that allows CNTs to be rapidly and cheaply sepa-
rated according to their electronics types, i.e., semiconducting
and metallic CNTs.'®!” Therefore, TFTs with record-breaking
performance have been demonstrated using CNTs achieved
from a density-gradient ultracentrifugation method with semi-
conducting purity above 99%.%**!

One of the most promising aspects of CNT-TFTs is their
compatibility with low-cost, high-throughput printing pro-
cesses. Inkjet printing is a very common and easily accessible
method for the fabrication of CNT-TFTs; hence, various CNT-
TFTs and their integrated circuits have been actively demon-
strated using the inkjet printing method.®***** However, worse
electrical properties have been reported in the CNT-TFTs,
especially with the inkjet-printed source/drain (S/D) contacts,
such as low carrier mobility and high operating voltage,
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originating from the non-uniform morphology of the printed
S/D layers and the resulting substantial contact resistance
(R ontace) than in the CNT-TFTs with evaporated S/D contacts.
Of interest, R ,uue: iIn CNT-TFTs comprised of the overlap
between semiconducting CNTs and metal S/D electrodes plays
a particularly dominant role in determining the performances
and degree of variability in CNT-TFTs, even with a long chan-
nel length.”*> Therefore, it is necessary to further improve the
electrical properties of the CNT-TFTs by optimizing the con-
tact interface.

The present work demonstrates the CNT-TFTs with
enhanced inkjet-printed S/D contact interfaces for better
device performance. For the enhanced contact interfaces, the
density of CNTs underneath the S/D electrodes was controlled
during CNT network formation. That is, a higher CNT density
was utilized for the region underneath the S/D electrodes, but
a lower CNT density was used to reduce the probability of
a metallic interconnection between the S/D electrodes for
enhanced on/off current ratios.'* !’ R contace Was systematically
investigated for different contact configurations in the CNT-
TFTs with the inkjet-printed S/D electrodes to uncover the
causes of improved device performance. The results revealed
that a high CNT density underneath the S/D electrodes can
enhance the contact interfaces by increasing the contact area
between the CNT thin film and the S/D electrodes; hence, a
59% decrease in R_.,.; Was obtained, and the electrical
performance was correspondingly improved, such as on-state
current (/py), transconductance (g,,), and carrier mobility
(urE). Therefore, this work can provide an efficient method
for improving the CNT-TFT performance without sacrificing
any other device metrics.

Figure 1 illustrates the details of the fabrication processes
of the CNT-TFTs with the enhanced inkjet-printed S/D

Published by AIP Publishing.
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FIG. 1. Process flow of the CNT-TFT with enhanced inkjet-printed S/D con-
tact interfaces. (I) Preparing silicon wafer by first cleaning; (II) CNT deposi-
tion with a high density of CNTs for increasing the overlap area between
semiconducting CNTs and S/D electrodes; (III) Ag printing at the S/D elec-
trodes and PVP printing at both ends of the channel region; (IV) CNT etch-
ing using oxygen plasma; (V) PVP removal and CNT deposition with a
lower density for the formation of the CNT network channel; (VI) PVP
printing to define the exact channel width; and (VII) CNT etching using oxy-
gen plasma to remove unwanted CNTs, followed by PVP removal.

contact interfaces using a high CNT density underneath the
S/D electrodes. Highly purified, pre-separated, 99% semicon-
ducting CNTs were utilized for the formation of the perco-
lated network. First, CNT-TFT fabrication was started on the
silicon substrate, which was highly p-doped to serve as the
global back gate, with a thermally grown 55-nm-thick silicon
dioxide (SiO,) layer. Next, the substrate was cleaned by oxy-
gen plasma treatment (30 W) for 1 min and was then function-
alized with a poly-L-lysine solution (0.1% w/v in H,O; Sigma
Aldrich) by dropping the solution onto the SiO, surface to
introduce an amine-terminated adhesion layer for the deposi-
tion of the semiconducting CNTs. The poly-L-lysine solution
is biocompatible with the CNTs and has a plentiful active
amino group; hence, the effective adhesion layer was formed
on the SiO, surface.®*127142639 The gsubstrate was thor-
oughly rinsed with deionized (DI) water and dried with
flowing nitrogen gases. After that, to form the CNT networks,
the substrate was immersed in the CNT solution with high
semiconducting purity (99%) (IsoNanotubes-STM, provided
from Nanolntegris, Inc.) for 18 h. Note that for the enhanced
contact interfaces caused by the large overlap area between
semiconducting CNTs and metal S/D electrodes, a high den-
sity of CNTs was selected for underneath the S/D electrodes
but not in the channel region by keeping a relatively low CNT
density. To form the S/D electrodes, a silver (Ag) nanoparticle
ink (Tec-1J-060, InkTec) was printed using a commercial ink-
jet printer (Unijet UJ200MF) after the substrate was rinsed by
DI water and isopropanol. Thereafter, the printed S/D electro-
des were sintered at 150 °C for 10 min to merge the particles
for the reduced resistance. Next, poly-4-vinylphenol (PVP,
Sigma Aldrich) was printed only at both ends of the channel
region by marginally overlapping with the printed S/D
electrodes, followed by through annealing at 80 °C for 30 min
to harden PVP. Then, the CNTs were removed by an oxygen
plasma-etching step (80 W) for 3 min, except for the areas
where PVP and S/D electrodes were printed, followed by
thorough removal of the printed PVP with acetone at 70°C
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for 1h, isopropanol, and flowing nitrogen sequentially. Then,
the substrate was again immersed in the same 99% semicon-
ducting CNT solution during 13h for the formation of the
CNT network channel comprised of a low CNT density and
rinsed with DI water and isopropanol. Note that the percolated
network composed of semiconducting CNTs was only formed
on the SiO, substrate, not on the Ag S/D electrodes because
the CNTs were selectively deposited on the amine-terminated
SiO, surface. PVP was also printed again to define the chan-
nel width, followed by one more oxygen plasma-etching step
to remove unwanted CNT paths outside the channel region.
PVP was also printed again to define the channel width,
followed by one more oxygen plasma-etching step to remove
unwanted CNT paths outside the channel region. Finally,
PVP was removed using acetone, isopropanol, and flowing
nitrogen.

Figure 2(a) presents a schematic illustration of the CNT-
TFTs with enhanced inkjet-printed S/D contact interfaces.
Note that the CNT densities were controlled for the regions at
the network channel and underneath the S/D electrodes. A
high density of CNTs underneath the S/D electrodes pro-
duced from a deposition time of 18h is expected to enhance
the contact interfaces by increasing the overlap between the
semiconducting CNTs and S/D electrodes, resulting in the
lowered R4 In addition, it is expected that a low CNT
density in the network channel produced from a deposition
time of 13h would result in a higher on/off current ratio by
reducing the probability of the percolative transport through
metallic CNTs. Figure 2(b) depicts the optical image of the
global back gate CNT-TFT with the printed Ag S/D electro-
des. The CNT network channel defined by O, plasma has
an approximate width (W) of 400 yum * 25 um and a channel
length (L) of 250 um = 25 um. Figure 2(c) shows atomic
force microscopy (AFM) images of the percolative CNT net-
work constructed from the 99% semiconducting CNTSs. In the
AFM images, it was clearly confirmed that the CNT density
underneath the S/D electrodes was higher than at the network

- CNT network

FIG. 2. (a) Schematic illustration of the CNT-TFT with enhanced inkjet-
printed S/D contact interfaces. (b) Optical microscopy image of the fabri-
cated CNT-TFT with inkjet-printed S/D electrodes. (c) AFM images
(2.5 x 2.5 pum, the z-scale is 10 nm) of the CNT network channel constructed
from a 99% semiconducting CNT solution with deposition times of 13 h and
18h.
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channel. The average CNT densities formed at each deposi-
tion time were carefully calculated manually as 70 =5 and
98 + 2 tubes/um? for 13 and 18 h, respectively. Importantly,
the AFM images also confirmed that the standard CNT den-
sity deviation was evidently reduced with a longer deposition
time. This would be expected to greatly improve the unifor-
mity of the contact interfaces in the CNT-TFTs.

The transfer characteristics (i.e., drain current, Ipg Vvs.
gate voltage, Vsg) of the representative CNT-TFTs with
the enhanced contact interfaces at a drain voltage (Vps) of
—0.5V are shown in Fig. 3(a). The control CNT-TFTs, i.e.,
conventional CNT-TFTs, in which the CNT densities were
identical through all regions in the channel and underneath
the S/D electrodes, were also compared. Interestingly, the
CNT densities were exactly the same, i.e., the network chan-
nels in two devices were produced from the same deposition
time of 13h; overall, device performances were enhanced
for the CNT-TFTs with a longer deposition time of 18h
underneath the S/D electrodes without any sacrifices com-
pared with CNT-TFTs with a shorter deposition time of 13 h.
Most representatively, 99% improved on-state current was
obtained, which is mostly attributed to the enhanced contact
interfaces. The output characteristics (i.e., Ipg vs. Vpg) of the
CNT-TFTs with and without the enhanced contact interfaces
are shown in Fig. 3(b). Importantly, the output characteristic
curves appeared to be linear at small Vg values, indicating
that ohmic contact was well formed between the Ag S/D
electrodes and CNT networks, regardless of the contact con-
figuration. The Vg value was negatively increased, while
Ipg became a constant value, that is, the device exhibited the
saturation behavior, indicating the reasonable field-effect
operation.

There was a slight threshold voltage (V) variation in
CNT-TFTs with different CNT densities underneath the S/D
electrodes. V; was extracted using a linear extrapolation
method as approximately —20V =0.15V for the control
CNT-TFTs, but the CNT-TFT with the enhanced contact inter-
faces showed a V- value of —19.75V = 0.18 V. Therefore, the
device performances were compared based on the overdrive
voltage, i.e., Voy=VgsVr, for a fair comparison. The key
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metrics of the devices, such as normalized on-state current
Uon), 1., —loy X LIW (Ipy is defined at Vyoy=—-5V and
Vps=—0.5V), on/off current ratio, i.e., log(lon/lorr) (the
off-state current, Iogp, is defined at Vo =10V and Vpg
= —0.5V), normalized transconductance (g,,), i.e., g, X L/W,
and carrier mobility (uyg) were compared in Fig. 3(c). For the
extraction of pyf, the following equation was used:

- L 1 GIDS - L m
Hre = W CgVps Vs W CgVps'

ey

where Cg is the gate capacitance per unit area. The gate
capacitance was also calculated by using a sophisticated
cylindrical model,®" as shown in the following equation:

1 in &sinh(Zntox/Ao)
2TE0Eyy R s

—1
Co={Cp' + Ay, @)

where A, stands for the density of the CNTs, Cy is the quan-
tum capacitance (4.0 x 10~'°F/m), R is the average radius of
the CNTs (in our case, 0.7 nm), ¢,, is the dielectric constant
of SiO, (3.9), and ¢, is the permittivity in vacuum (8.854
x 10~'?F/m). The off-state of the representative devices was
essentially consistent without any significant variations. The
on-state, however, was shown to change substantially between
different contact configurations. The on-state currents for
CNT-TFTs with the enhanced contacts were much larger, i.e.,
96% increased normalized Iy, compared with the conven-
tional CNT-TFTs, which is evidence for the dominant role that
contact interfaces play in determining the performance of
CNT-TFTs. In addition, other key metrics of the device perfor-
mance exhibited a similar enhancement, indicating improved
overall device performances for CNT-TFTs with enhanced
contact interfaces resulting from a high CNT density under-
neath the S/D electrodes.

Different contact configurations were also compared by
extracting R one: Using the transmission line method
(TLM)***? for CNT-TFTs different L values ranging from
150 um to 350 um. As given in Fig. 4(a), the total resistance
(Rioar) of CNT-TFTs with the enhanced contact interfaces

4.5 - 5.9

= -O-ts/D-13h >t = 13 h
33_0 .'.'t =18h \ES.S | = ts/D =18h FIG. 3. (a) Transfer characteristics (/pg-
§ \g "~ Vs) and (b) output characteristics (/pg-
I " -:; Vps) of the CNT-TFTs (L =250 um)
x15[- gs5.1 .\/ with different CNT densities underneath
S the S/D electrodes and with the same
o . . G 0.obs i a7l R R density of CNTs at the channel. g,
-25 -20 -15 -10 -5-25 -20 -15 -10 -5 ' indicates the deposition times of CNTs
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(b) trodes. The CNT deposition times for
30 0.9 a5 the network channel formation were
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FIG. 4. (a) Representative TLM plot of the R, of the CNT-TFTs with
enhanced contact interfaces as a function of L at overdrive voltages
(Voy=—4V, =3V, and —2V). (b) Normalized R4+ for the CNT-TFTs
with different densities of CNTs underneath the S/D electrodes.

was plotted as a function of L for different Vy values of
-2V, =3V, and —4V. R,,, for the devices can be
expressed by the following equation:

Vs
Rtotal (VGS) = % = Rconmct + Rch = Rmmart + L x Tehy (3)
DS

where R, is the device channel resistance and 7., is a Vg~
dependent channel resistivity. Therefore, R,.,,;..; between semi-
conducting CNTs and S/D metal electrodes could be extracted
from the intercept of the linear fit to the TLM plot. The normal-
ized R ppac: With respect to W (i.e., Reppac: X W) for CNT-
TFTs with and without the enhanced contact interfaces was
extracted as approximately 3.2 MQ-um and 8.0 MQ-um,
respectively, as shown in Fig. 4(b). That is, CNT-TFTs with a
higher CNT density underneath the S/D electrode reduced
R contact BY 59%, compared to the conventional CNT-TFTs.

In conclusion, the facile method was demonstrated to
improve the performance of CNT-TFTs with the inkjet-
printed S/D electrodes by controlling the CNT density under-
neath the S/D electrodes. A higher CNT density was utilized
underneath the S/D metal electrodes to increase the contact
area for improving the contact interfaces. On the other
hand, the CNT density at the network channel was lowered
to decrease the probability of a metallic interconnection
between the S/D electrodes. As a result, R4 Was reduced
by 59%, thereby improving the key performance metrics,
such as Ipn, Ion/lorF,s &ms and pgg. Therefore, these findings
for the contact configuration can provide an easy method for
improving CNT-TFT performance and guide further devel-
opment of printed nanomaterial electronics.
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