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ABSTRACT: We report hysteresis-free carbon nanotube
thin-film transistors (CNT-TFTs) employing a fluorocarbon
polymer (Teflon-AF) as an encapsulation layer. Such
fluorocarbon encapsulation improves device uniformity with
excellent operation stability in air and even in water. The
fluoropolymers possess high hydrophobicity for efficient
removal of water molecules from the vicinity of nanotubes,
which are known to induce charge trapping. In addition, the
strong dipole associated with the carbon—fluorine bonds can
provide effective screening of the charge carriers in nanotubes
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from various trap states in the substrate. We also report on the extended applications of encapsulation with Teflon-AF for the
realization of dual-gate CNT-TFTs, where one gate is used to control the threshold voltage and the other to switch the device.
The fluorocarbon encapsulation technique presents a promising approach for enhanced device reliability, which is critical for

future system-level electronics based on CNTs.
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B INTRODUCTION

Given their superb electrical, mechanical, and chemical
properties, single-walled carbon nanotubes (CNTs) have
been extensively explored for a number of electronic
applications.' % In particular, solution processing of random
networks of semiconductor-enriched nanotubes for thin-film
transistors (TFTs) has been shown to be highly promising for
large-area and/or printed electronics.">~** CNT-TFTs exhibit
high mobilities, well surpassing those of other TFT channel
materials such as amorphous silicon and organic semi-
conductors. As a result, high-current drives at low voltages
are obtained, making them suitable for low-power logic circuits
on plastics and active-matrix backplanes for a wide range of
systems, including flexible displays, imagers, and interactive
sensor networks.”>~>* However, instability of device character-
istics caused by environmental effects presents a challenge
toward further advancement of the field.””~>*

For any device technology, developing reliable encapsulation
layers is essential for removing interactions with molecules in
the environment, thereby providing stable operation over
time.>*~3 This is particularly important for material systems
with molecular-scale dimensions, such as single-walled carbon
nanotubes where all of the atoms are on the surface, hence
making them highly susceptible to the environment.>”*®
Specifically, large hysteresis has been commonly observed in
the current versus gate voltage characteristics of nanotube
devices. Hyteresis is highly undesirable for reliable transistor
operation and logic circuit design as it leads to a shift in the
threshold voltage, Vy, as a function of the voltage sweeping
direction and range. Hysteresis in a transistor can arise from
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multiple factors, including (i) trap states in the dielectric or
semiconductor/dielectric interface® and (ii) trap charges
induced by water molecules absorbed onto or in the vincitiy
of the semiconductor channel.**~***°~* A previous study of
transistors based on pristine single nanotubes grown by
chemical vapor deposition (CVD) on clean Si/SiO, substrates
has shown that the observed hysteresis is due to charge
trapping by water molecules near the nantoubes.*”** For such
devices, poly(methyl methacrylate) (PMMA) passivation was
shown to be effective in removing water molecules and hence
the hysteresis effect>"* However, the use of the same
encapsulation technique for TFTs based on solution-processed
CNT networks fails to remove the device hysteresis as shown
later in this work. For such devices, the surface of the substrate
is functionalized with amine groups for nanotube adhesion
from the solution suspension.** Amine functionalization
leads to a more hydrophilic surface as compared to pristine
SiO,, thereby facilitating stronger absorption and binding of
water molecules on the surface. As a result, efficient removal of
water molecules is challenging. Recent reports have also shown
that certain oxide dielectrics deposited on nanotubes can
reduce hysteresis by removing water molecules from the
surface.”® Others have proposed functionalizing the surface
onto which the CNTs are deposited to prevent adsorption of
water*” and trapped charges."*’ However, to date, minimal
attention has been given to the reliability of these techniques in
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terms of device to device variation and stability over time upon
exposure to ambient air or water. Given the rise of solution-
processed CNT-TFTs as a promising technology platform for
large-area sensor and electronic applications, there is a critical
need to develop a simple, reliable encapsulation technology for
these devices to enhance uniformity and stability.

In this work, we demonstrate hysteresis-free and highly
robust CNT-TFTs by encapsulation with solution-processed
fluoropolymers. Owing to their high hydrophobicity, fluoropol-
ymers effectively repel water molecules from the surface of the
substrate. Furthermore, due to the low permeability of
fluoropolymers to water molecules and other molecular species,
the devices exhibit excellent long-term stability in ambient
environment and can maintain their electrical characteristics in
a high-humidity environment or even under water. In addition,
we show the benefit of fluorocarbon passivation on improving
the performance uniformity of the devices.

B EXPERIMENTAL SECTION

The device schematic of a CNT-TFT encapsulated with a
fluoropolymer Teflon-AF (poly[4,S-difluoro-2,2-bis(trifluoromethyl)-
1,3-dioxole-co-tetrafluoroethylene]; Dupont Co. 400S2-100-1, 1%
solution) and its corresponding chemical structure are shown in
Figure lab, respectively. Teflon-AF exhibits excellent hydrophobicity

a Fluoropolymer E F2 F2
Ti/Pd Ti/Pd ,
CNTs
50 nm thick SiO2
F3C CF3

= 406 E . T T
C El 10 ‘ ' _CNT ‘ 2 10 "—_CNT (+- 5V sweep)

< 107 - ONT+Teflon-AF <10° — CNT+Teflon-AF (+/- 5V sweep)

=, - eflon- £ 10° CNT (+/-10V sweep)

o 10 % 107 CNT+Teflon-AF (+/-10V sweep).

5 4 .

§ 10 § 10':

N10™ N 10"

3 ©, 410

£ 10" §10

g B g 10711

% 0 13 'Efl’ 10712

210 ‘ —— =10™

=78 4 2 0 2 4 6 10

1086420246 810

Gate Voltage (V) Gate Voltage (V)

Figure 1. (a) Device schematic of a CNT-TFT encapsulated with a
fluoropolymer Teflon-AF and (b) its corresponding chemical structure
(m and n represent integers). (c) Transfer curves of representative
CNT-TFTs with and without encapsulation by Teflon-AF for a voltage
scan range of +5 V. (d) Hysteresis characteristics of CNT-TFTs with
different gate voltage sweep ranges (+5 and +10 V) with and without
Teflon-AF encapsulation.

with a water contact angle of 105°, water absorption of <0.01%, and
low gas permeability for most species, including water molecules.*

Our device fabrication starts with a 50 nm thick thermally grown SiO,
on a heavily doped p-type Si wafer which acts as the gate dielectric and
gate electrode, respectively. Wafers were rinsed with acetone,
methanol, and isopropyl alcohol, dried with nitrogen gas flow, and
baked in an oven at 120 °C for 10 min in order to remove organic
contaminants from the surface. The samples were then treated with
oxygen plasma at 120 W for 2 min followed by drop-casting of poly-L-
lysine (Sigma-Aldrich; 0.1% (w/v) in H,O) solution onto the surface
of the SiO, for 5 min, and a rinse with deionized (DI) water.
Following this surface functionalization, an as-supplied 99% semi-
conducting single-walled CNT suspension (Nanolntegris Inc.) was
drop-casted for 60 min followed by a rinse with DI water. This process
leads to a dense and uniform assembly of nanotube random networks
on the SiO, surface as we previously reported.** ¢ A 0.5 nm thick
titanium (Ti)/40 nm thick palladium (Pd) bilayer as source/drain
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electrodes was deposited by using a shadow mask and electron-beam
evaporation under a vacuum of ~107¢ Torr. Finally, a 100 nm thick
Teflon-AF encapsulation layer was formed on the surface by spin-
coating (2500 rpm for 1 min) and thermally annealed in an oven by
gradually increasing the temperature from 30 to 200 °C over a span of
1 h in a nitrogen atmosphere. The annealing was performed to remove
all of the solvents as well as water molecules on the surface of the
substrate, enhance the adherence of the polymer on the surface of the
substrate, and provide a smoother surface coverage. CNT-TFTs
fabricated for this study possess channel widths and lengths of 1000
and 50 um, respectively. Electrical characteristics for all samples were
measured in ambient air unless otherwise noted. The applied voltage
between drain and source electrodes was —5 V.

B RESULTS AND DISCUSSION

Figure lc shows the transfer curves of representative CNT-
TFTs with and without encapsulation by Teflon-AF. The
measurements were performed by sweeping the gate voltage
between —S and +5 V at a scan rate of 0.5 V/s in the forward
and backward directions as depicted by the arrows in the plot.
The device without encapsulation clearly depicts a large
hysteresis, with a threshold voltage difference of ~1.6 V
between the two scanning directions. This undesired hysteresis
is a characteristic that is often observed in nanotube transistors.
On the other hand, upon encapsulation with Teflon-AF, the
threshold voltage hysteresis is drastically reduced to <0.1 V for
the same voltage scan rate and range. Owing to its excellent
chemical properties, previous studies have shown that
fluoropolymers can minimize the voltage hysteresis for organic
transistors.”>> Hysteresis is affected by the magnitude of the
gate bias sweep because the number of initially trapped charge
carriers depends on the gate bias. Figure 1d shows the
hysteresis characteristics for gate voltage scans of +5 and +10
V, with and without Teflon-AF encapsulation. Without
encapsulation, the hysteresis window increases from 1.6 to
4.5 V as the scan range is increased from =+5 to +10 V. Here,
the hysteresis window is defined by the voltage difference
between the forward and the reverse sweep at the drain current
of 1077 A. However, upon encapsulation, the device exhibits
almost hysteresis-free characteristics with a hysteresis window
of less than 0.1 V and a constant threshold voltage, regardless of
the magnitude of the applied gate bias range.

In addition to the elimination of hysteresis, the Vg, of the
encapsulated device is shifted toward the negative gate voltage,
resulting in the device being fully OFF at V,, = 0 V. This
enhancement mode operation is highly desired for the use of
CNT-TFTs for active-matrix backplanes and digital logics. In
contrast, for the nanotube processing conditions used here, the
device without encapsulation shows a slightly positive gate
voltage, corresponding to depletion mode operation where the
device is still partially ON at Vi, = 0 V. This can be attributed to
the removal of various absorbed ambient molecules on the
surface of nanotubes by Teflon-AF that can induce surface
charge transfer which shift the threshold voltage in the positive
direction. Additionally, after encapsulation with Teflon-AF, the
subthreshold swing, SS, decreases from 0.61 V/decade to 0.13
V/decade compared to that of the original CNT-TFT without
encapsulation.

The improved SS by encapsulation can be attributed to the
suppression of the interfacial interaction between charge
carriers in the nanotube channel and trap charges related to
water molecules. The effective trap density of states
(Ntrap densiry) before and after encapsulation can be estimated
from the SS analysis using the following expression”’
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where k is the Boltzmann constant, T is the temperature, and
C.y is a capacitance per unit area of gate dielectric calculated by
using the analytical equation as follows:>**
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where 1/A, is the density of nanotubes which is counted from
atomic force microscopy, Co = 4.0 X 107'° F/m is the quantum
capacitance of nanotubes, €, is the relative permittivity, &,
3.9 is a dielectric constant of SiO,, ¢, is the effective oxide
thickness, and d is the diameter of the nanotubes, which range
from 1 to 1.4 nm. The calculated capacitance value is 3.1 X
107% F/m. After encapsulation with Teflon-AF, the effective
trap density decreases from ~1.8 X 10" to 2.2 X 10" cm™
eV~L. In addition to water removal, a possible explanation for
the origin of such improvement in CNT-TFTs encapsulated
with Teflon-AF can be the strong dipole—dipole interaction of
the carbon—fluorine bonds which serve to screen out the effect
of interfacial interaction between charge carriers and various
interface trap states, including those associated with the
hydroxyl and amine groups of the SiO, substrate.>>®
Optimization of the encapsulation process is critical. In this
regard, we explored the effect of Teflon-AF layer thickness as
well as its thermal annealing temperature. Figure 2a shows the
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Figure 2. (a) Double-sweep transfer characteristics for a CNT-TFT
without encapsulation and with 10 nm and 100 nm thick Teflon-AF.
(b) Transfer characteristics as a function of Teflon-AF annealing
temperature.

double-sweep transfer characteristics of a CNT-TFT without
encapsulation and with 10 nm and 100 nm thick Teflon-AF.
The hysteresis is drastically reduced as the thickness of the
Teflon-AF is increased with the hysteresis being nearly
diminished for a 100 nm thick layer. This represents the
minimal thickness that is needed to provide a pinhole-free film
with conformal coverage to effectively shield the nanotube
active channel from outside environmental effects.’” In
addition, the effect of the annealing temperature of the
Teflon-AF was explored. We examined different annealing
temperatures ranging from 100 to 250 °C, as shown in Figure
2b. From the transfer curves it can be seen that the sample
annealed at 200 °C exhibits hysteresis-free behavior while those
annealed at lower or higher temperatures exhibit larger
hysteresis, but still smaller than samples without encapsulation.
When the annealing temperature is below 100 °C, the solvent
residues are not completely removed and the coverage and
adherence of the polymer on the surface are not optimal. On
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the other hand, when the temperature is too high (e.g, ~250
°C), we speculate that incorporation of nanotube surfactant
residues and/or amine surface functional groups into the
Teflon-AF may result in degradation of performance. From this
result, it can be seen that thermal treatment at 200 °C is
optimal for Teflon-AF encapsulation of CNT-TFTs.

Figure 3 shows the statistic plots of the (a) threshold voltage,
(b) hysteresis window, (c) SS, and (d) mobility for 42 different
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Figure 3. Histogram plots of (a) threshold voltage, (b) hysteresis
window, (c) subthreshold swing, and (d) mobility for 42 different
TFTs fabricated in different batches at different times with and
without Teflon-AF encapsulation.

TFTs fabricated in different batches at different times. The
fluorocarbon encapsulation conclusively reduces the hysteresis
from 1.32 + 0.37 to 0 = 0.09 V for a V, scan range of +5 V and
shifts the V;, from 2.28 V + 0.43 to —0.2 + 0.13 V. In addition,
SS is improved from 0.76 + 0.16 to 0.28 + 0.04 V/decade
whereas the mobility is maintained from 17.85 + 7.12 to 17.26
+ 4.77 cm*/(V's). Importantly, the data depict the improved
uniformity of transistors upon Teflon-AF encapsulation,
especially in terms of Vy, mobility, and SS, which is critical
for practical use of CNT-TFTs.

Figure 4a shows the electrical characteristics of an
encapsulated TFT after long exposure time to ambient air.
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Figure 4. Electrical characteristics of an encapsulated TFT (a) after 15
and 30 days exposure to ambient air and (b) after immersion in water
for 24 h demonstrating the excellent operation stability.

The transfer characteristic remains nearly unchanged with no
hysteresis and a constant Vy,, even after exposure of the device
to ambient air for 30 days. Such long-term stability in CNT-
TFTs is a critical merit for passivation and/or packaging for
practical applications. Furthermore, the devices are waterproof.
After immersion of the encapsulated device under water for 24
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h, the device characteristics remain unchanged without
hysteresis, as shown in Figure 4b. This result highlights the
low permittivity of Teflon-AF to water molecules, again
highlighting its effectiveness as an encapsulation layer for
CNT-TFTs.

Next, we explored other polymer encapsulation layers for
CNT-TFTs. In addition to the Teflon-AF discussed above, we
explored a 90 nm thick fluoropolymer CYTOP, 400 nm thick
PMMA, and 500 nm thick parylene-C, as shown in Figure Sa.
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Figure 5. (a) Chemical structure of encapsulants Teflon-AF, CYTOP,
PMMA, and parylene-C explored in this study (m and n represent
integers). (b) Double-sweep transfer characteristics for CNT-TFTs
employing different encapsulants. The results show only fluoropol-
ymers are effective encapsulants in removing the hysteresis.

The first two polymers were deposited by spin-coating and
thermally annealed in vacuum at 200 °C while parylene-C was
deposited at room temperature using a vapor-phase transport
process. As can be seen from Figure Sb, the fluoropolymer
CYTOP is also a promising encapsulant with the passivated
devices exhibiting minimal hysteresis, although slightly larger
than that measured from the Teflon-AF devices. On the other
hand, both PMMA and parylene-C encapsulation are ineffective
for complete removal of hysteresis in the CNT-TFTs. This is in
contrast to the results obtained from single-nanotube
transistors that were grown by CVD directly on the substrate.
We speculate that the existence of surface functionalization on
the surface of the substrate (e.g, amine groups)45’46 cause
strong binding of water molecules onto the surface which do
not get readily removed or repelled by PMMA and parylene-C.
Instead, highly hydrophobic fluoropolymers, such as Teflon-AF
and CYTOP are more effective in removing the various
environmental effects.

It should be noted that polymer residues, such as photoresist
contaminants on the surface of nanotubes can cause additional
hysteresis.”>~* In this regard, if photoresist is used for
nanotube processing, careful attention needs to be paid to
the surface cleaning steps to ensure that the surface is as clean
as possible. In this work, we focused on the use of shadow mask
for the metal contact patterning of nanotube devices, without
the need to use photolithography. Therefore, the nanotubes are
not exposed to photoresist during processing.

Finally, we extended the use of the Teflon-AF encapsulation
layer as a top-gate dielectric for dual-gate operation by
fabricating a patterned gate electrode on the top surface.
Figure 6 shows that the transfer characteristics of the CNT-
TFTs measured by sweeping the back-gate voltage while
stepping the top-gate voltage in 2 V increments. It can be seen
that the top-gate voltage modulates the threshold voltage of the
device. This resembles the operation of Si-based dual-gate
transistors,”® where one gate is used for switching operation of
the device (in this case, the back-gate) while the second gate
(i, top-gate) is used for modulating the threshold voltage.
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Figure 6. Transfer characteristics of CNT-TFTs configured into a
double-gate structure measured by sweeping the back-gate voltage
while stepping the top-gate voltage in 2 V increments.

Using this dual-gate structure, we demonstrate that we can
obtain both depletion and enhancement mode device
operations by simply applying the proper top-gate voltage.
Specifically, the CNT-TFTs are operating in the depletion
mode for a top-gate voltage of <—2 V and in the enhancement
mode for >0 V. This provides more flexibility in designing
complex integrated circuits based on CNT-FETs in the future.

B CONCLUSION

In summary, we have demonstrated hysteresis-free CNT-TFTs
employing a solution-processed fluorocarbon polymer, Teflon-
AF, as an encapsulation layer. By optimizing fabrication
conditions, we observed improvement in the key device
metrics including the uniformity and stability, even when the
devices are immersed under water. The effective encapsulation
by Teflon-AF is attributed to the removal of water from the
vicinity of the nanotubes while screening the various trap states
through its strong dipole—dipole carbon—fluorine bonds. The
work presents an important advance toward further control of
the device properties of CNT-TFTs with excellent operation
stability through proper encapsulation and can enable
exploration of more sophisticated electronic systems in the
future.
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