Iptycene-Assisted Alignment of Chirality-Sorted SWCNTSs for Field-Effect Transistors
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Abstract

Single-walled carbon nanotubes (SWCNTSs) are ideal channel materials candidates for energy-
efficient nanoscale transistors; however, it is challenging to achieve uniform alignment of
semiconducting SWCNTs with homogeneous chirality. Here, we report the proof-of-concept of
using organized chirality-sorted SWCNTSs via the alignment relay technique (ART), where
iptycene molecules order the nanotubes through n-n interactions. Top gated field-effect transistors
(FETs) were fabricated with aligned (10,3) chirality SWCNTSs as channels to show an lon of 3.8
A, an lon/lorr ratio of 2.9x10, and a carrier mobility of 10.08 cm?/Vs, which is enhanced by two
magnitudes of order compared with a bundled SWCNTSs network channel. In addition, ART was
applied to align commercially available semiconducting SWCNTSs to fabricate a chemiresistive
gas sensor that showed prompt detection of 4 ppm ammonia (NH3) with a sensitivity of 0.43 £
0.04 %/ppm, demonstrating a general approach to align SWCNTSs for applications in electronic

devices.
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Introduction

Single-walled carbon nanotubes (SWCNTSs) are candidates as semiconducting (sc) channel
materials for field-effect transistors (FETS) in the post-silicon era because of their quasi-one
dimensional tubular structure, nanoscale thickness and high carrier mobility.! However, there are
still challenges regarding uniformity in the nanotube structure and alignment. Fundamentally, the
engineering of carbon nanotube chirality is crucial for their electronic applications.? Nanotubes
with homogeneous chirality and therefore uniform electrical properties need to be separated to
enhance the gating efficiency and reduce device-to-device variation. Furthermore, multiple

nanotubes need to be aligned between the source and drain electrodes to achieve a high current.®

Recent advancements have been made in the separation of SWCNTS by centrifugation, extractions
via polymers, small molecules, or aqueous two-phase separation, dielectrophoresis and gel
chromatography.**? For example, the gel chromatography method has allowed for large scale
separation of semiconducting and even single-chirality SWCNTSs.% ** A combination of hydrogels
and different surfactant-wrapped CNTs can extract sc-SWCNTs of specific chirality and
handedness.** 1 Another approach of density gradient ultracentrifugation (DGU) is based on the
density difference of CNTs with different diameters,'® leading to pure SWCNT of uniform
conductance and even enantiomers.* Dielectrophoresis (DEP) has also been developed for
separating and depositing specific metallicities of SWCNTSs. After the report by Krupke et al.,*?
the DEP production was subsequently upscaled.’® Using DEP, researchers have fabricated

CNTFETSs based on aligned CNT semiconducting networks.4

After separation, alignment methods have been developed to assemble SWCNTSs, either during or
after their growth.!” A nitrogen blowing method has yielded moderate alignment of the
semiconducting SWCNTs.2® Acid-functionalized SWCNTSs have been shown to adsorb slightly
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basic hafnia (HfO,) surfaces selectively.!® Alternatively, work by Sharma and Strano showed that
an alternating pattern of polar and non-polar self-assembled monolayers on an Au surface can
result in a highly aligned SWCNTs monolayer.?’ The process was possible due to droplets formed
from a SWCNTSs thin film placed on the functionalized surface. The droplets selectively migrated
to areas with polar parallel patterns.?’ Numerous other examples of highly-dense arrays of CNTs
for high-performance FETs have been extensively reviewed.?* Up to now, there is limited work on
the alignment of chirality-pure SWCNTs for transistor applications. By using a network of
chirality-sorted (10,3) SWCNTs, transparent flexible thin film transistors have shown an on-
current of ~50 nA, with a carrier mobility of 0.8 cm?/Vs and a subthreshold swing (SS) of 2.3
V/dec.?? To further enhance the transistor performance, improvements are needed on the device

configuration, nanotube surface chemistry and alignment.

In this work, we explore a molecular approach for aligning chirality-sorted carbon nanotube to
fabricate CNTFETs by using the alignment relay technique (ART) with iptycene molecular
tweezers. In principle, the ART allows for alignment of nanotubes as well as sorting by length and
diameter. The method is operationally simple, free of metal contaminants, and can be carried out
without specialized equipment.?® 24 As the proof-of-concept, we demonstrate that CNTFETs with
aligned CNT channels could be fabricated by using the ART method. Chirality-sorted SWCNTSs
were assembled through a monolayer of aromatic tweezer molecules, leveraging the aligning
properties of liquid crystals. Enhanced ON-current and carrier mobility was achieved with
iptycene-aligned chirality-sorted SWCNTSs, compared to bundled network channels. This work
demonstrates the potential of applying ART to fabricate CNTFETS, marking a step forward in the

development of high-performance electronic devices via molecular assembly. Additionally,



investigating ART can yield valuable insights into the fundamental nanoscopic dynamics of carbon

nanotube behavior, liquid crystal interactions, and surface chemistry.

Results and discussion

SWCNT alignment

(10,3) SWCNTSs were sourced from work by Kataura et al. through gel chromatography?® with
possible residual species of (7,6), (10,2), (6,5) and (8,3). Subsequently, aligned SWCNTs were
produced with ART using the phosphonate ester iptycene molecules (Figure 1a).2% A UV-ozone
cleaned silicon (Si/SiO», SiO2= 200 nm) wad dipped into a newly prepared solution of the iptycene
dissolved in nematic liquid crystal 4-Cyano-4'-pentylbiphenyl (5CB) and left to functionalize for
24 hours. The contact angle for a silicon wafer cleaned with UV-o0zone (30 mins) was 12.143.7<

which became 36.821.4 °with an iptycene monolayer.

The iptycene-aligned substrate was then exposed to a solution of (10,3) SWCNTSs in a humid
environment and then characterized for alignment by atomic force microscopy (AFM) and
scanning electron microscopy (SEM). On average, the nanotubes were 1 pm in length and ~61.9%
were aligned (109, with a density of 0.35 SWCNTs/pm? as per SEM micrograph in Figure 1b.
Additional details for the alignment calculations are available in the Supporting Information (SI,

Figure S1).
Device fabrication

We fabricated transistors in bottom-gated (BG) and top-gated (TG) configurations, as shown in
Schematics in Figure 1a and 1c. Top-gated devices had a 20 nm Al.Os dielectric layer, whereas
bottom-gated ones had 200 nm of SiO.. The conditions for metal deposition are shown in Table

S1 (SI). The bottom-gated device used for gas sensor testing had ART aligned sc-SWCNTSs of



90% purity from Nanointegris, Inc (Canada).?” As from our previous work, the density of tubes on
the surface is 0.3 #0.05 CNTs/pm?.28 There appears to be a trade-off between alignment and
packing density, as evidenced by experiments showing improved alignment but decreased density

with sonication treatment.?’
FET performance

We compared the nanotube transistor performance of aligned arrays and bundled networks. A top-
gated aligned CNT transistor is shown in Figure 2a, along with the corresponding output plot
(Figure 2b). The aligned and bundled network (10,3) SWCNT devices are compared as both the
linear (Figure 2c) and log-plot (Figure 2d). Optimal results were achieved after annealing at

300<C for 3h and whilst the device was under vacuum.

Devices were tested in both the TG and BG configuration, and the TG device showed superior
results. The FET with tube bundles had an lon of 0.02 pA, an Ion/loer of 2.1x10° and a mobility
of 1.3x102 cm?/Vs at Vsp = 1 V. The FET with aligned SWCNTs demonstrated an lon of 3.83 pA,
an lon/lorr 0f 2.9>108, a mobility of 10.08 cm?/Vs, and a subthreshold swing (SS) of 0.45 V/dec.
The aligned device had a high lon value, nearly 200 times higher than the bundled tubes, and the
lon/lorr ratio of the aligned tubes were one order of magnitude higher (10® vs 10°). Additional data
and micrographs pertaining to the bundled device with (10,3) SWCNTSs are available in the Sl,
Figure S2. These experimental results demonstrate that the aligned SWCNTSs have a higher carrier
mobility, on the order of two magnitudes higher than bundled SWCNTs do. This difference is
attributed to the scattering of electrons and resistance by the crossed CNTs in the bundled network.
Compared with the reported state-of-art CNTFETS, the performance of our devices is limited to

the low packing density. On the other hand, the low density allows us to compare the transport



properties of intrinsic and crossed CNT building blocks, and our data indicate that CNT crossings

could increase the resistance by 200 times.

Then, performance of the FETs under vacuum and air were compared (Figure 3). The performance
of our bundled CNT network-based device is comparable with the thin-film transistor device that
used the same single-chirality (10,3) SWCNTSs,?? while the aligned nanotube devices demonstrated
superior transport properties. Top gated devices obtained an average lon /lorr of 108 in air and in
vacuum for the aligned devices, yet the bundle devices peaked at 10° (Figure 3a). In addition, the
carrier mobility of the TG aligned devices was higher in both environmental conditions by 100x
compared to the bundled network. The overall performance was higher in terms of carrier mobility
and lon/lorr ratio for the top-gated aligned device in vacuum. However, when the same device was
tested under ambient air conditions the lon value increased from 3.8 pA to 4.9 pA as shown in

Figure 3, probably due to doping effects from oxygen in air.?®

When comparing the same device tested as both a top-gate (TG) and bottom-gate (BG) transistor,
the TG configuration outperforms its BG counterpart in terms of the lon/lorr value (108 in the top-
gate versus 10° in the bottom-gate; Table S2). On the other hand, the BG equivalent tested under
vacuum demonstrates only a slightly lower carrier mobility of 9.2 cm?/Vs and lon of 4.4 pA.
Additional observations can be found in Tables S2 (SI). These results indicate that iptycene
molecules located between the nanotubes and the oxide substrate have a relatively low impact on
carrier mobility. It's worth noting that after further annealing at 300<C in vacuum, there is a
noticeable decrease in carrier mobility, lon, and lon/lorr for both TG and BG configurations. This
decrease is likely due to the decomposition of the iptycene alignment molecules that degraded the
SWCNT device interfaces. To prevent such damage and deterioration, the devices should not be

exposed to a temperature higher than 300 <C and for a period longer than 3 hours.



Furthermore, the best device was compared with 10 other CNTFETS created through the ART,
fabricated and tested under the same conditions. The transport IV curves are shown in the SI, where
the number of CNTs are indicated where possible. Of the 11 devices in total (Figure 4, Table S3,
Figures S3-S14), quite large deviations were observed, though the devices were fabricated and
tested under the same conditions. The lon ranged from 5.27 nA to 3.83 pA. The lon/lorr ratio
varied from ~1E3 to ~1E6. The mobility was calculated to be in the range from 0.04 to 10.08
cm?/Vs, with an average value of 1.44 cm?/Vs. The large deviation for the lon could be attributed
to the contact of the nanotube with the source and drain electrodes. Some of the nanotubes were
wrapped by surfactant which increases dramatically the contact resistance. The added iptycene
layer in contact with the tubes could also be a source of charge trapping and oxide effects, leading

to the observed hysteresis in the Ve-1sp plots and additional device-to-device variations.

Based on the IV characteristics in Figure 2b, the CNTFETs with ART do not form good ohmic
contact with the electrodes but the performance is improved with annealing at 300 <C. The contact
junctions are evidenced by non-linear 1-V characteristics near zero Vg bias and asymmetric
conduction between positive and negative bias voltages, indicating the presence of Schottky
barriers at the metal-CNT interfaces. The I-V curve becomes near linear at a higher Vg, where the

transistor is at ON state, indicating that the Schottky barrier was overcome.

Overall, from the trends observed in Figures 2 to 4, the aligned top-gated devices showed
improved FET performance and enhanced properties compared with the bundled devices.
Currently, the performance of our aligned devices is limited by the lower packing density

compared with state of art CNT transistors.3% 3



DFT calculations

To understand the interaction of the iptycene molecules with the CNTs, ab initio calculations
within density functional theory (DFT) were conducted. We calculated the valence band maximum
(VBM) and the conduction band minimum (CBM) levels of SWCNTs with the diameters close to
the experimental one of 1 nm ((11,0), (8,4), (10,3), (13,0) and (10,5)). Then, the obtained values
were compared with the highest occupied molecular orbital (HOMO) and the lowest occupied
molecular orbital (LUMO) levels of the iptycene molecule and the precursor molecules from the
synthesis of our iptycene such as Triptycene, 1,4-Dichloro-2-butene (CsHsCl2), 11,12-
Bis(chloromethyl)-9,10-dihydro-9,10-ethanoanthracene (C1sH16Cl2), Bis(diethoxyphosphoryl)

acetylene (C1o0H2006P2) and 1,2,4,5-Tetrabromobenzene (CéH2Bra), see Figure S15 in S1.%

The energy diagram of HOMO/LUMO levels for individual semiconducting (10,3) SWCNTSs with
the iptycene relative to the vacuum level in comparison with VBM/CBM of SWCNT/Iptycene is
presented in Figure 5. We found that in all the cases the VBM and CBM of SWCNTs lie in
HOMO/LUMO gaps of molecules present in the system which indicates Type | alignment. In the
meantime, the interaction of SWCNT with iptycene does not lead to the significant shift of
VBM/CBM compared with the individual SWCNT (right panel “SWCNT + iptycene” in Figure

S15in SI).

We analysed the electron density redistribution in the SWCNT/Iptycene interface area (see Figure
S16 in Sl). At the interface, an electron loss for SWCNT was observed (cyan clouds) while the
area closer to the iptycene molecule is characterized by an electron excess (yellow clouds). To
compensate the electron loss, carbon atoms of the SWCNT located at the interface pull on the

electron density from the SWCNT region located beyond the area of intersection, indicated by



yellow areas on the SWCNTSs surface (bottom panel in Figure S16 in Sl). Based on bands
alignment and charge redistribution in SWCNT/Iptycene hybrid system, the influence of the ART
tweezer molecules to the electronic structure of SWCNT is negligible, which is consistent with

experimental results of the similar carrier mobility measured from the TG and BG devices.

We calculated the binding energy between the iptycene and CNT via the equation: Ep = Etotal)-
Emolecute)-E(cnT), and the estimated values distributed from -1.15 eV to -1.43 eV per considered
unit cell (or from -48.07 meV/carbon atom up to -55.01 meV/carbon atom), in dependence on the
CNT diameter and chirality, which are correlate with our previous studies of van der Waals
heterostructures.3> ** Due to the van der Waals nature of the interaction between a molecule and a
nanotube, the contribution to the mechanical interaction in such structures is determined by the
interaction area. We performed an estimation of the interaction between the iptycene and CNT
surface. The values of the binding energy per surface area in molecule/CNT interface were varied
from -9.33 meV/A? up to -13.82 meV/A?. Effective surface area of interaction was determined as
from 98.7 A?up to 123.4 A% These values correlate with the van der Waals interaction between

the iptycene molecule and CNT.
Ammonia sensor

SWCNTs have been showcased in various sensory applications due to their entire surface atom
structure.3*3" Since monitoring of NHs is important for health, agricultural and environmental
applications,®° we investigated the potential of gas sensors with our aligned CNT device, used
as a chemiresistor. The device was prepared and arranged as shown in Figure S17a, using
commercially available semiconducting SWCNTs to demonstrate the versatility of the ART

method.
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The resistance of one bottom gated CNT transistor (Figure S17b) was measured under exposure
to NHs at room temperature. The NHs vapor was introduced by passing a N2 gas through a glass
bottle of a 0.28% aqueous ammonia solution. The detailed experimental setup process is described
in the SI, Figure S18. With only 2 ppm of NHs, the current dropped 2.7 % within 100 s (Figure
S17c). After switching the gas to pure N, the drop of current simultaneously ceased. By exposing
the sensor again to the NHs gas again, the current dropped again, but with a smaller response (~1

%).

The sensitivity was calculated as follows: at 4 ppm of NHsz gas the sensitivity was 0.49 £0.11
%/ppm for an exposure time of 60 seconds; at an exposure to 2 ppm NHz3 gas for 100 seconds, the
sensitivity was 0.97 0.21 %/ppm (Table S4 and S5 in SI). We speculate that the smaller response
and slow recovery is due to the strong adsorption of NHz to SWCNTs surfaces.*™ #2 The error in
standard deviation is due to partial irreversible adsorption, where the first response is higher as it
occurs onto a fresh carbon nanotube surface which has a strong response to NH3 that cannot be
fully restored.*? By omitting the first response in calculations for sensitivity, the values are 0.44 +
0.04 %/ppm and 0.89 +0.13 %/ppm for the 4 ppm and 2 ppm gas exposures, respectively. Our
data is comparable to that of reported ammonia sensors based on sc-SWCNT networks, such as
reported by Cuniberti et al. that observed a sensitivity of 2.4%/ppm for long exposure (ca. 900 sec)

to 2.5 ppm NH3.*®
Conclusions

As a proof of concept application, CNTFETSs were fabricated with chirality-sorted (10,3) SWCNTs
aligned by ART. Top-gated FETs demonstrated an lon/lore of 2.9 <108, carrier mobility of 10.08
cm?/Vs, an lon of 3.8 PA, and a SS of 0.45 V/dec. Compared with the bundled network, the aligned

CNTs show a 100x improvement on mobility, as the carriers can transport from source to drain
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directly, rather than being impeded by the nanotube contacts. An NHz sensor based on aligned
commercially available semiconducting SWCNTs showed a detection response to 2 and 4 ppm
NH3 exposure. The work shows the potential of uniformly aligned, chirality-sorted SWCNTs for

their applications in FETs and gas sensors.
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Experimental

Transistor fabrication

Single-walled carbon nanotubes were either 90% semiconducting purity in sodium dodecyl
sulfate/sodium cholate (1%) aqueous buffer sourced from Nanolntegris Inc (Canada) or high purity
(10,3) semiconducting SWCNTs separated from HiPco SWCNTs (Nanolntegris, Inc) by gel
chromatography in a 0.5% sodium cholate aqueous solution. The average length of tubes was 0.73
um. The iptycenes were synthesized using previously established protocols.?® A contact angle
meter (CA-XP, Kyowa Interface Science) was used to evaluate the wettability of the silicon wafers

after UV-ozone treatment and functionalization with an iptycene monolayer.

Bottom-gate (Figure 1a) and top-gate (Figure 1c) CNTFETSs were fabricated using electron
beam lithography (EBL). Top gates were constructed with a Cr/Pd/Au (1/10/50 nm) on a 20 nm
atomic-layered deposited (ALD) Al.Os insulating layer. Doped Si wafer was used as the back
gate, with an oxide thickness of 200 nm. The devices were annealed at 300 <C under argon for 3
hours to improve contact between SWCNT and substrate. An Elionix ELS-7500 DEX electron
beam writer was employed with an electron acceleration of 50 kV and a beam current of 600 pA.
A 575 C/cm? electron irradiation dosage at 0.95 s was applied to deposit large electrodes. The
smaller electrodes that were in direct contact with the SWCNTSs used a 600 pC/cm? electron

irradiation amount at 1 5. The single pixel size was 10 nm x 10 nm (x,y).

The patterning resist material was 950 PMMA-A4 (MicroChem Corp.) and the top conductive
layer used Espacer-300Z (Showa Denko K.K). Samples were spin-coated at 2000 RPM and baked
at 180 <C for 3 minutes with the 950 PMMA-A4. The Espacer 300Z was deposited on the top after

baking the PMMA, then the sample was once again subjected to spin-coating at 2000 RPM. No
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further baking followed. Sample was then dipped in MilliQ H20 for 10-15 s to remove the Espacer
300Z. Then, the PMMA layer was eliminated in a 3:1 solution of methyl isobutyl ketone (MIBK):
isopropyl alcohol (IPA) for 45 seconds then washed immediately with IPA for 30 seconds and
dried up under N2 gas. An e-beam heating vacuum evaporator by ULVAC, Inc. was used to deposit
the metals at 1 nm Cr/10 nm Pd/50 nm Au on the samples. The lift-off process used ZDMAC N,N-

Dimethylacetamide liquid, followed by an IPA rinse to attain the EBL CNTFET devices.

The dielectric layer of 20 nm AlOs was deposited with Atomic Layer Deposition (ALD,
SUNALER-R-150 ALS, Picosun). The layer was deposited via 170 cycles of alternating
trimethylaluminum (TMA) and H>O at 200<C. Thickness of the deposited alumina was verified
with spectroscopic ellipsometry (DekTak 6M, Bruker) to be 20.9 nm on an individual Si (100)
sample treated simultaneously with the fabricated devices. An Eiko multi-pocket e-beam

evaporator was used to place the metals on the surface.

Electrical testing and analysis

The CNTFETSs were analyzed using a Keithley 2636B source meter connected to an Agilent 4284A
and an Appoloware M20 micro positioner. The CNTs connecting the source (S) and drain (D)
electrodes were first detected using HR-SEM. Vacuum conditions were made possible with a
Semi-auto Agilent 4156C measurement system at 22 <C with a chamber pressure of approximately
107 Pa. The back gates were made via scratching the top of the wafers or employing conductive
Ag paste on the sides of the substrate adhered to a Cu platform. The carrier mobility was extracted

using the following equation:*

= % 21\ .
= vy, Lem/Vsl Equation 1
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Where u is the carrier mobility, Lsp is the gap length from the source and drain, Gm is the

transconductance, C is the capacitance and Vsp is the bias from source to drain electrodes.

DFT calculations

Quantum chemical calculations were carried out using the density functional theory (DFT) 4+ 4
implemented in Vienna Ab initio Simulation Package (VASP) program.*-8 The exchange-
correlation functional was calculated through generalized gradient approximation (GGA) in
Perdew-Burke-Ernzerhof (PBE) parameterization®® within the projector-augmented wave
(PAW) basis set technique was used. The energy cutoff of plane waves was set to be equal 400
eV. The first Brillouin zone was sampled according to Monkhorst-Pack scheme.®® The atomic
structure relaxation was carried out until the maximum value of interatomic forces became less
than 0.05 eV/A, and the energy variation between two steps of electronic loop became less than
10 eV. A vacuum region of at least 10 A was chosen to avoid an artificial interaction between
structures in non-periodic directions. To take into account van der Waals interactions we applied

the Grimme correction (DFT-D3).%?
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Figures

Red = Anchoring Group
Blue = Core for SWNTs binding

c) Cr/Pd/Au
(1/10/50 nm)
Gate

Figure 1. Alignment process and configuration of the device. a) Schematics of ART iptycene
molecule on the bottom-gated device configuration, b) SEM image of ART aligned (10,3)
SWCNTSs on the silicon surface with gold dot and square markings, c) schematic of a top-gated

CNTFET.
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Figure 2. Characterization data of top gated (10,3) ART CNTFET. a) Scanning electron

microscopy image of the carbon nanotube top-gated transistor with 4 aligned CNTSs, b) Ids—\Vds

output curves and c-d) 1ds—\Vgs transport plots.
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