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ABSTRACT

The development of chemical doping methods for carbon nanotubes (CNTs) is essential for various electronic applications. However, typical
p-doping methods for CNT thin-film transistors (TFTs), using oxygen and water from the atmosphere, are quite sensitive to changes in
the surrounding environment, and thus, their poor temperature tolerance is a critical problem during device fabrication. As a p-dopant for
CNT-TFTs, we used 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HATCN), which is a strong electron acceptor aromatic compound.
The HATCN-doped CNT-TFTs exhibited p-type characteristics after exposure to a high-temperature environment of 200 °C, and prolonged
heating did not degrade the p-doping performance of HATCN. In addition, stable p-type characteristics even under ambient conditions were
obtained by encapsulating the surface of the device with a Parylene-Al, O3 bilayer.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0087868

Carbon nanotubes (CNTs) have attracted considerable sci-
entific and industrial attention due to their unique electronic,"”
mechanical,” and thermal™® properties. In particular, they are
used in thin-film transistors (TETs) "’ as the channel material
and in electronic devices.'”'" The intrinsic ambipolar (both the
hole and electron) charge-transport properties of CNTs remain a
substantial problem in fabricating p-/n-type transistors, which are
necessary for integrated circuits. In general, the carrier modula-
tion of CNTs can be achieved by metal-semiconductor contacts
at the source and drain electrodes'”'’ or chemical doping using
electron-donor/accepter molecules in the channel region. Whereas
metal-semiconductor contact engineering is effective for transis-
tors with a short channel length,'* chemical doping is suitable
for long channel transistors because the carrier concentration can
be controlled by the quantity of chemicals added. To date, mul-
tiple n-type'”"” and p-type’’ ' dopants have been developed.

Many researchers have focused on reliable n-type dopants
because most such dopants are readily oxidized by environmental
changes. Recently, guanidino-functionalized aromatic compounds'®
and dimethyldihydrobenzimidazole'” have been reported as air-
and thermal-stable n-dopants that can be utilized during device
fabrication.

Whereas researchers have developed many n-type dopants, the
p-type doping of CNTs is usually conducted by physical adsorp-
tion of oxygen or water from air.”””' However, this approach
has two problems: difficulty controlling the carrier concentration
and low-temperature tolerance due to vaporization. CNT-TFTs
applied in the aforementioned air-exposure process are suscep-
tible to atmospheric humidity, and changes in the carrier con-
centration affect the device characteristics.”’ Instead of small
molecules, organic oxidation reagents, such as 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4-TCNQ)** and silver bis
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(trifluoromethanesulfonyl)imide,”* have also been used as p-dop
ants on CNTs. These oxidants have a high redox potential, which
leads to highly degenerate states of CNTs and imparts difficulties in
controlling the carrier density. In addition, high-temperature condi-
tions readily degrade such organic molecules, and thus, one cannot
use the dopants during device fabrication. Therefore, researchers
would benefit from alternative dopants that do not have such
drawbacks.

In this study, we found that 1,4,5,8,9,11-hexaazatriphenylene
hexacarbonitrile (HATCN),” a chemical additive for the hole
injection layers in organic light-emitting diodes,”* > is a promis-
ing candidate for the p-doping of CNTs. HATCN has a strong
electron accepting ability originating from an electron-deficient
N-heteroaromatic skeleton and the inductive effect of six electron-
withdrawing cyano groups. We verified the doping ability of
HATCN to CNT-TFT devices by the transfer characteristics, includ-
ing the post-thermal treatment. We also demonstrated doped device
operation under atmospheric conditions by depositing passivation
films to prevent the permeation of oxygen.
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Initially, semiconducting single-walled CNTs (s-SWCNTs)
were separated for the fabrication of back-gate-type CNT-TFTs.
The s-SWCNT dispersions were obtained by aqueous two-phase
extraction based on our previous report.”” SWCNTs (Meijo Nano
Carbon, Meijo Arc SO type) (15 mg) were dispersed into 15 ml
of 1 wt. % sodium cholate (Sigma-Aldrich, 99%) aqueous solution
(aq.) with a bath sonicator (BM Equipment, Nanoruptor NR-350)
for 16 h. The dispersion was then centrifuged at 276000 g for 1 h
with an ultracentrifuge (Hitachi Koki S52ST), and the upper 80%
of the resultant dispersion was collected. The dispersion sample
(2500 pl) was added to a mixture containing 50 wt. % isomaltodex-
trin (Hayashibara Co., Ltd.) aq. (3000 ul), 50 wt. % polyethylene
glycol 6000 (Wako chemical) aq. (800 ul), 10 wt. % sodium dodecyl
sulfate (Sigma-Aldrich, 99%) aq. (100 ul), 5 wt.% sodium gly-
cocholate (TCI chemical) aq. (200 yl), and deionized (DI) water
(200 pl). The quantity of sodium glycocholate aq. and DI water
was optimized based on the target SWCNT dispersion. The resul-
tant mixture settled for 15 min and was then centrifuged at 4000 g
for 5 min with a microcentrifuge (Eppendorf MiniSpin plus) to
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FIG. 1. (a) Absorption spectrum of a separated s-SWCNT dispersion normalized at the maximum peak intensity in the Sy, region. (b) Typical AFM image of an s-SWCNT
thin film on an Si substrate. (c) Schematic of a HATCN-doped CNT-TFT (L = 100 um and W = 100 um). (d) Transfer characteristics of CNT-TFTs doped with HATCN at

various concentrations.
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promote phase separation. The upper polyethylene glycol phase
containing the desired s-SWCNTs was collected. The super-
natant was evaluated using the absorption spectra measured with
an ultraviolet-visible near-infrared spectrophotometer (JASCO V-
770). Figure 1(a) shows the ultraviolet-visible absorption spectra of
the separated semiconducting CNTs. The CNTs used in this study
were 1.4-1.6 nm in diameter; we assigned the peaks at 600-800 and
900-1100 nm to metallic CNTs (Mj;) and semiconductor CNTs
(S22), respectively.”’ The peak depression in the M;; region indicates
that we selectively extracted the semiconducting CNTs. We estimate
the purity of the semiconducting CNT's to be 99% based on previous
reports.”’

The heavily doped p-Si substrate, which had a 100 nm-
thick thermally grown SiO; layer and a back gate electrode, was
functionalized with 3-aminopropyltriethoxysilane (TCI Chemical).
The s-SWCNT dispersion (600 ul) was dropped onto the amine-
terminated substrate to cover the entire surface. Afterward, the
sample settled for 1 h, and it was then rinsed with DI water and
2-propanol. The substrate was immersed in hot DI water (90 °C),

(a)

scitation.org/journal/adv

and the surfactants and impurities on the surface were removed.
Atomic force microscopy (AFM) measurements were acquired with
a Dimension FastScan instrument equipped with a Nanoscope
V stage controller (Bruker). The AFM images of the fabricated
s-SWCNT thin films indicate that the s-SWCNTSs were uniformly
deposited [Fig. 1(b)].

Figure 1(c) shows a schematic of the fabricated device. All elec-
trodes were deposited via photolithography, electron beam depo-
sition, and lift-off. To enhance the contact with the CNT thin
film, 10-nm-thick titanium was deposited, followed by 100-nm-thick
gold. Finally, the s-SWCNT thin film was patterned by photolithog-
raphy and O, plasma etching to afford channel lengths and widths
of 100 ym each. The fabricated devices were measured with a probe
station connected to a semiconductor parameter analyzer (Keysight
Technologies, B1500A) at room temperature in an N, glovebox
(oxygen concentration: 0.3 ppm and dew point: ~—90 °C).

After placement in a glovebox, the fabricated CNT-TFTs were
annealed at 150 °C for 5 min to remove the adsorbed oxygen and
water from the substrate surface. The annealed devices were doped
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FIG. 2. (a) Energy level diagram for s-SWCNTSs, O,/H,0 redox, F4-TCNQ, and HATCN. (b) Transfer characteristics of CNT-TFTs before doping. The transfer characteristics
of CNT-TFTs doped with (c) 0.05 mM F4-TCNQ and (d) 3 mM HATCN after heating at various temperatures are shown.
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after the transfer characteristics had been measured and were con-
firmed to be ambipolar. A 200 4L solution of HATCN in acetonitrile
was dropped to cover the entire device and spin-coated at 5000 rpm
(MIKASA Opticoat MS-B100) for 30 s. Figure 1(d) shows the
transfer characteristics of the devices before doping (0 mM) and
after spin-coating with 0.3 and 3 mM HATCN solutions, respec-
tively. The device coated with 0.3 mM HATCN solution exhibited a
p-type characteristic, where the current flows only when one applies
a negative gate voltage. When we further increased the concen-
tration of HATCN solution to 3 mM, the on-current density was
26.6 uA mm™" and the on-off ratio was 3.92 x 10*. As we further
increased the concentration of HATCN, the threshold voltage
shifted in the positive direction. Therefore, we fixed the concentra-
tion of HATCN solution to 3 mM for further characterization of
HATCN-doped devices.

Figure 2(a) shows the work function of SWCNTs and the low-
est unoccupied molecular orbital (LUMO) of the reduction potential
of oxygen,”' F4-TCNQ,” and HATCN.*” The Fermi energy of semi-
conducting SWCNTs was ~4.8 eV;* and we estimated the energy
of the Sy transitions, equivalent to the bandgap, to be 0.6 eV by
using a Kataura plot’ based on the diameter of the CNTs used in
this work. Because the reduction potential of oxygen and the LUMO
level of F4-TCNQ are lower than the Fermi energy of SWCNTs, they
act as electron acceptors to induce hole injection into the SWCNTs.
HATCN had a lower LUMO level than F4-TCNQ, and the band
diagram indicates that HATCN is useful as a p-dopant.

To compare the CNT-TFTs doped with these three types of
p-dopants, we conducted the measurements in a glove box to elim-
inate the influence of oxygen and water molecules in ambient air.
Figure 2(b) shows the transfer characteristics of the CNT-TFTs
after baking at 150 °C for 5 min under an inert N, atmosphere.
The devices exhibited bipolar behavior, not the p-type behavior
that is characteristic of doping with oxygen and water molecules.
However, we did not completely eliminate the hysteresis. It seems

(a)

3 ——200 °C, 5 min
——200°C,1h

HATCN

= ——200°C,24 h

-Ips / A-mm-1

Ves/V

AIP Advances ARTICLE

On-current density / A-mm-1

scitation.org/journal/adv

likely that simple annealing could not completely remove the sur-
face adsorbed water, on which the charging and discharging were
induced.”””

Figures 2(c) and 2(d) show the transfer characteristics of
CNT-TFTs spin-coated with 0.05 mM F4-TCNQ or 3 mM HATCN,
respectively, after heating at 50, 100, 150, and 200°C for 5 min.
The device treated with F4-TCNQ solution showed slight p-type
character after heating at 50 °C. However, when we heated the
device to 100 °C, it changed back to the ambipolar property because
the sublimation of F4-TCNQ starts at ~85°C.** We confirmed
stable p-type characteristics in the case of devices spin-coated with
HATCN solution even after heating to 200 °C. It is proposed that
the high-temperature tolerance of HATCN is due to its larger
molecular weight compared with F4-TCNQ.* As the heating tem-
perature increased, the on-current decreased and the threshold
voltage shifted to the negative direction. This is probably caused
by incorporation of water in acetonitrile in which HATCN was dis-
solved, and the evaporation caused by heating changed the transfer
characteristics.

We further investigated the time-dependent tolerance of
HATCN at 200 °C. We doped the fabricated CNT-TFTs in the same
manner as in Fig. 1(d), and we measured their transfer character-
istics after heating at 200 °C for 5 min, 1 h, 8 h, 24 h, and 72 h.
We obtained stable p-type behavior even after heating the substrate
at 200 °C for up to 72 h [Fig. 3(a)]. Figure 3(b) shows a graph
of on-current density and threshold voltage vs heating time. Both
the on-current and threshold voltage increased as the heating time
increased, but they became saturated after 72 h of heating. The
results also indicate the improvement of the transconductance and
carrier mobility with prolonged heating.

Finally, we measured CNT-TFTs doped with HATCN under
aerobic conditions. We passivated the top surface of the device
[Fig. 4(a)] to prevent the permeation of oxygen and water from air
to measure the desired characteristics as affected by HATCN only.
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FIG. 3. (a) Transfer characteristics of CNT-TFTs doped with 3 mM HATCN at various heating times. (b) On-current change (blue) and threshold voltage change (orange)

as a function of heating time.
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FIG. 4. (a) Schematic of a doped CNT-TFT passivated with a Parylene—Al,Oj bilayer. The transfer characteristics of doped CNT-TFTs (b) without and (c) with passivation

are shown.

When we directly deposited Al,O3 (commonly used as a passivation
layer for CNT-TFTs*) on the device, HATCN on the CNT can-
nel could be removed under high-vacuum conditions of an atomic
layer deposition system. After extensive trial-and-error, we found
that pre-coating with a polymer film suppressed the sublimation of
HATCN molecules. We deposited Parylene-C with a thickness of
300 nm at room temperature with a Parylene coater (SCS Labcoter
2 PDS 2010) and then continuously deposited Al,O3 with atomic
layer deposition equipment (Cambridge NanoTech, Savannah 100)
at 200 °C at a thickness of 50 nm. Although the transfer charac-
teristics of a HATCN-doped CNT-TFT without passivation layers
exhibited relatively large on-current density, we observed a decrease
in the on-off ratio and a predominantly on state, compared with the
measurement in inert N, atmospheric conditions due to the absorp-
tion of the environmental water and oxygen [Fig. 4(b)]. Figure 4(c)
shows the transfer characteristics of the encapsulated devices in air.
The device exhibited stable p-type behavior without the influence of
small molecules.

In conclusion, we revealed that HATCN is a valuable p-dopant
for CNT-TFTs that exhibit excellent temperature tolerance. We
readily doped the devices by straightforward spin-coating with
HATCN solution. The HATCN-doped CNT-TFTs exhibited stable
p-type character even after high-temperature treatment at 200 °C
for 72 h, a remarkable temperature tolerance compared with con-
ventional p-dopants, such as oxygen and F4-TCNQ. Furthermore,
the doped devices demonstrated stable p-type operation by encap-
sulation with Parylene-C and AL O3, preventing the influence of
oxygen from the surrounding environment. Such p-dopants with
excellent high-temperature tolerance will be developed into low-
consumption complementary metal-oxide-semiconductor circuits
and flexible thermoelectric device applications of CNTs with a pre-
cisely controlled doping concentration by combining them with
previously reported n-type dopants.
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