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Recent Progress in Obtaining Semiconducting Single-
Walled Carbon Nanotubes for Transistor Applications

Ahmad E. Islam,* John A. Rogers, and Muhammad A. Alam

High purity semiconducting single-walled carbon nanotubes (s-SWCNTs)
with a narrow diameter distribution are required for high-performance tran-
sistors. Achieving this goal is extremely challenging because the as-grown
material contains mixtures of s-SWCNTs and metallic- (m-) SWCNTs with
wide diameter distributions, typically inadequate for integrated circuits. Since
2000, numerous ex situ methods have been proposed to improve the purity
of the s-SWCNTs. The majority of these techniques fail to maintain the quality
and integrity of the s-SWCNTs with a few notable exceptions. Here, the
progress in realizing high purity s-SWCNTs in as-grown and post-processed
materials is highlighted. A comparison of transistor parameters (such as on/
off ratio and field-effect mobility) obtained from test structures establishes
the effectiveness of various methods and suggests opportunities for future

ties, and large surface to volume ratios;
promising potential applications are in
digital electronics,?*28  radio-frequency
electronics,22-33] flexible electronics,3%34-30]
optoelectronics,?738  sensors,B**  and
photovoltaics.>*] This article focuses
on electronics and sensing applications
of s-SWCNTs, where transistors act as
the basic building block. The s-SWCNTs
in transistors offer exceptionally high
mobilities*®*! in the thinnest possible
conduction path for excellent electrostatic
control.?>26 An efficient injection of elec-
trons and holes into s-SWCNTs is possible
using metal contacts that have appropriate
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improvements.

1. Introduction

Single-walled carbon nanotubes (SWCNTs) are tubular cyl-
inders of carbon atoms, whose discovery in 1993[1 inspired
much research on their synthesis and electronic/optoelectronic
device applications. A SWCNT can either exhibit metallic or
semiconducting properties, depending on the arrangement
of constituent carbon atoms. Metallic SWCNTs (m-SWCNTs)
have no bandgap; their high conductivity creates potential
for use as conductors,?! power cables,>3 interconnects,*!
field emitters,>'®1! batteries,'>1l and super-capacitors.['’-1%
Semiconducting SWCNTs (s-SWCNTs), on the other hand, have
variable bandgaps (defined by their diameter), high mobili-
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work functions®> when used with suit-
able gate dielectrics.?>3%1  Appropriate
surface treatments and materials choices
enable the operation of s-SWCNTs with
small hysteresis in the current-voltage characteristics.’’~%%
These collective capabilities allow the fabrication of relatively
complex digital electronic systems including microproces-
sors,l8 where aligned arrays of s-SWCNTs bridge the source
and drain contacts of each constituent transistor to maximize
performance. Random networks of s-SWCNTs can serve as
alternatives for aligned array s-SWCNTs with envisioned uses
in low-performance, flexible electronics,3#¢6% and sensor!*>%3l
applications. All transistor applications of s-SWCNTs, how-
ever, require further improvements in density, purity, and
doping, and in the reduction of current-voltage hysteresis
and performance variability. Several notable developments in
improving the density,?.¢+%] hysteresis,>’-6066-68] doping [69-7°]
and variability”*%2 of SWCNTs have appeared in recent litera-
ture. This review article focuses on achieving high purity of
s-SWCNTs needed to ensure high current modulation in tran-
sistors for most electronics applications (e.g., digital electronics
require transistors with >10* on-current to off-current ratio or
on/off ratio) 288384
Selective growth of s-SWCNTs by chemical vapor deposi-
tion (CVD), the most widely used technique for carbon nano-
tube (CNT) synthesis, 8>3 is extremely challenging. The chiral
index (n, m) of the SWCNTs determines the semiconducting
(with mod(n-m, 3) = 1, 2) or metallic (with mod(n-m, 3) = 0)
nature. On a statistical basis, therefore, two-thirds of synthe-
sized SWCNTs would be semiconducting and the rest (one-
third) would be metallic,®*%! unless the synthesis uses novel
catalysts,®191 engineered catalyst supports,®8100:102-106] o
specialized carbon feedstock.1971% In spite of much effort,
in situ growth techniques cannot still produce s-SWCNTs at
the required level of purity (>99.99%, as needed to fabricate
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transistors with >10* on/off ratio based on aligned arrays
of s-SWCNTs as the channel).®¥ The ex situ removal of
m-SWCNTs via post-processing, therefore, remains the only
viable route to high purity s-SWCNTs. Recent review articles
on such ex situ schemes® 119112 (including those that dis-
cuss post-processing, along with other aspects of SWCNT
electronics) 8113114 focus on the utility of selective chem-
istry of SWCNTs (based on their chiral index) in different
solutions to obtain different types of mono-disperse SWCNTs.
These articles discuss methods for selective in situ growth of
s-SWCNTs as supplementary to solution-based post-processing
methods, while techniques such as electrical breakdown of
m-SWCNTsB>11] and selective chemical etching,'% etc., are
deemed impractical and/or ineffective. Recent research shows,
however, successful use of electrical breakdown in nanoscale
transistors,®#117] even in large systems such as microproces-
sors.”8 In addition, we have recently presented ex situ strate-
gies that exploit nanoscale thermocapillary flows (thermocap-
illary-enabled purification; TcEP)!!'8-121] a5 a form of thermal
lithography for complete removal of m-SWCNTs. This article
summarizes both selective, in situ growth and ex situ, post-
processing methods in the specific context of enabled electronic
properties such as on/off ratio and charge transport character-
istics. The methods discussed here are listed in Figure 1, with
specific identifiers to corresponding sections. Section 2 pre-
sents the required electronic properties for different transistor
applications. Section 3 reviews CVD synthesis techniques with
in situ modifications that improve the population of s-SWCNTs
and compares the on/off ratios and charge transport properties
of transistors made with such SWCNTs. Section 4 summarizes
ex situ, post-processing methods with emphasis on the nature
and scalability of their operation and electronic properties of
transistors made with post-processed SWCNTs. A summary
for in situ (Figure 9, Table 1) and ex situ (Figure 25, Table 2)
methods allows easy comparisons.

2. Transistors with SWCNTSs: Application
Challenges

The SWCNTs that define the channel of a transistor may be
aligned parallel to the channel (aligned arrays of SWCNTs;
Figure 2a) or distributed randomly in a network configuration
(Figure 2b). Aligned arrays of SWCNTs have the potential to
replace crystalline channel materials (e.g., silicon, InGaAs) in
digital, analog, and radio frequency (RF) electronics; random
networks of SWCNTs, on the other hand, may replace amor-
phous silicon and organic materials in flexible electronics and
flat panel displays. In addition, SWCNTs can also be used in
novel applications, such as transparent electronics, biosensors,
and chemical sensors.

In digital electronics, silicon-based transistors operate with
an on-current of ~mA per pm width of the device and an
on-current (Ipy) to off-current (Iop) ratio of >10%[12884122123]
Specifically, Iy and Iopp are defined as the maximum and
minimum drain current Ip, respectively, during the sweep
of gate to source voltage Vs by keeping a fixed drain to
source voltage Vpg. To achieve the desired Ioy and Ion/Iopr,
one needs aligned arrays of s-SWCNTs as the channel
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at densities, Ng = 100 per pm (defined as the number of
SWCNTs per unit width of the transistor) and also needs
a field-effect mobility (ppg = 0Ip/dVis|max) comparable to
that of silicon (=500-1500 cm? V-1 §71).84122124] In this case,
even a few m-SWCNTs (with density Ny) can degrade the
purity of s-SWCNTs, defined as Ng/(Ns + Ny), and reduce
Ion/Iopr significantly (see Figure 2c), as follows.[2283107.108] [
a transistor with aligned arrays of SWCNTs as the channel,
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on. In real applications, the purity must sig-
nificantly exceed these estimated values to
ensure that all the transistors have Ion/Iorr
above a targeted level.

Aligned arrays of s-SWCNTs with high
density and purity are also desirable for
analog and RF electronics. These appli-
cations demand transistors with a wide
range of Lcy.['?l Moreover, high pgg and
Ion/Iopr are necessary to ensure large

current gain (short-circuit gain cut-off
frequency, fr) and power gain (maximum
oscillation frequency, fi..).'2¢1? Note
that if broadband performance (defined by

fr) is the only metric for a specific appli-

www.advmat.de
Methods for improving
semiconducting purity
In-situ (Sec. 3) I Ex-situ (Sec. 4) l
v v
Classical high Variation in Alcohol as
temp. CVD catalysis carbon feedstock
(Sec. 3.1) (Sec. 3.2) (Sec. 3.3)
| solution-based (Sec. 4.1) | [ Substrate-based (Sec. 4.2-4.6) |
v 2 v
Dielectrophoresis I Chromatography Ultracentrifugation
(Sec. 4.1.1) (Sec. 4.1.2)
Electrical breakdown Patterned removal Chemical Ablation Thermocapillary-
(Sec. 4.2) (Sec. 4.3) modification (Sec. 4.5) enabled purification
(Sec. 4.4) (Sec. 4.6)

cation, then materials such as a mixture
of s- and m-SWCNTs as the channel of a

Figure 1. A categorized list of methods reviewed in this article with specific identifiers to cor-

responding sections.

Ion = Nvlonm + Nslon,s and Iopr = Nuloprm + Nslor,s, where
Ionsm and Ioppsym represent the maximum and minimum
Ip, on average, for s-/m-SWCNTs. If we assume Ioys = Ionms
Ionym = Iorrm and Iopps = 0, the purity of s-SWCNTs can be
related to average Ioy/Iopr using the following equation:

o
ILNl | =1- Pun;[if)(;n % (for aligned arrays) (1)
IOFF ¢

Equation (1) suggests that transistors with aligned arrays
of SWCNTs as the channel will have Ion/Iopr | avg = 3 for
a s-SWCNT purity of 66.67% (2/3), Ion/Iorr | avg = 10 for a
purity of 90%, Ion/Iopr | avg = 100 for a purity of 99%, and so

(@

Arrays of

SWCNTs &
&

oxide

(c) 4

Inlp

lo

transistor with device properties such as
low Ion/Iopr and high ppp may perform
adequately.[126128:129)

Applications such as flexible electronics
and displays do not demand materials with high pgpg; there-
fore, amorphous silicon or organic semiconductors with
pee = 0.5-3 cm? V7! s7! are often sufficient for these applica-
tions.[130-132 Similarly, metal oxides (such as ZnO, indium-
doped tin oxide (ITO), In,0;, and SnO,) used in transparent
electronics are characterized by ppg = 10-50 cm? V-1 g71[132
which is significantly lower than the value for crystalline
silicon. Biosensors or chemical sensors use transistors as
transducers, but parameters such as pgg and Ioy/Iogr are not
critical for their performance.'33-13% Though the signal of a
sensor does not depend on pgg, the signal-to-noise ratio does.
These applications, therefore, have somewhat relaxed require-
ments on the purity, density, and alignment of s-SWCNTs
within the channel.

(b)

Random
networks of_J
SWCNTs /)

SWCNTs + m-SWCNTs

~
~
Sm_-

> Y/
Ves
L

Figure 2. Schematic illustrations of bottom-gated transistors that use a) aligned arrays of SWCNTs and b) random networks of SWCNTs as the channel.

c) Typical transfer characteristics (drain current Iy as a function of gate-to-

modulation of I via Vs is generally desired for such a transistor, which can

source voltage Vs) of a SWCNT-based transistor in semilog-y-scale. High
be obtained using s-SWCNTs as the channel (solid line). The modulation of

I is monitored using the ratio of on-current (Igy) and off-current (Iogf) marked in this figure as the maximum and minimum I in the characteristics.

Presence of m-SWCNTs in the channel can reduce current modulation and

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

hence the Ion/lofr ratio(dashed line).
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3. SWCNT Synthesis, the s-SWCNT Purity, and
Electronic Properties

CVD is the most popular method to synthesize SWCNTs on
planar substrates(8587-90.93.96.110113114.136.137] and it produces
SWCNTs in a simpler, cost-effective, and cleaner (i.e., with
fewer impurities) way compared to arc discharge!'*® and laser
ablation.'*) For a discussion on laser-ablation and arc-dis-
charge methods, see refs. [85,87-90,96,136]. Figure 3a shows
a schematic illustration of a CVD system for the synthesis of
SWCNTs from hydrocarbons or alcohol, or carbon monooxide
(CO) as the carbon feedstock, argon or helium as the carrier
gas, and hydrogen as the reducing agent (which also pre-
vents carbide formation.'**14ll These gas mixtures react at
temperatures ranging from 350-1200 °C to form SWCNTs
on the substrate. Nanoparticles of metals, such as Fe, Co, Ni,
and their compounds, act as nucleation sites or catalysts for

(a)

www.advmat.de

SWCNTs and play a crucial role in defining their type and size.
In some cases, short s-SWCNT segments having a particular
chiral index are also used as catalysts.[””14>-144 These “cloning”
approaches result in s-SWCN'Ts with the same chiral indexes as
the seeds, although at densities that are insignificant for mean-
ingful applications.

Metal catalysts are often formed using dewetting pro-
cesses in nm-scale thin films of metals on insulating sub-
strates (top row of Figure 3b).[2233104107109145146] [ other
cases, preformed catalysts dispersed in solution can be depos-
ited on a substrate (via drop-cast or spin-coating; bottom row
of Figure 3b).[B#108145147-199 Both strategies yield catalysts
of different shapes and sizes (Figure 3c—d) after subsequent
annealing at high temperature either in H, or Ar or He or
ambient air, or in their mixtures. The diameter of the cata-
lyst varies with the film preparation,”>*%-1>2 the annealing
conditions (duration, temperature),>*153-150] and the catalyst

Tube furnace

VW

CEANNNAAA

Carrier gas: Ar/He
Reducing agent: H,

Carbon feedstock:
Hydrocarbon or
alcohol or CO

(b)

%\Jeposit solution

i' 028000

g

Optional spin

3

Anneal substrate

Substrate with catalyst
nanoparticles

09 1.2 15 1.8 2.1 24 2.7 30
Catalyst diameter [nm]

400 nm —~—

200 nm’

Figure 3. a) A schematic representation of the CVD process used to synthesize SWCNTs on a substrate by heating a mixture of carbon feedstock, H,,
and carrier gas (Ar, He) at high temperature inside a tube furnace. b) Schematic representation of the formation of nanoparticles as catalysts for SWCNT
growth via thin-film metal deposition (top) and spin-coating or drop-casting (bottom). Thin-film deposition uses high-temperature annealing to form
nanoparticles. Drop-casting method uses preformed nanoparticles in a solution (with or without spin-coating) to obtain a thin coating. Subsequent
high-temperature annealing removes the solvent and leaves nanoparticles on the substrate. c) Atomic force microscopy (AFM) image of iron oxide
nanoparticles obtained by drop-casting ferritin solution on SiO, and then annealing the solution in air at 800 °C. d) The diameter distribution of iron
oxide nanoparticles imaged in Figure 3c. €) AFM imaging of SWCNTs grown from iron oxide catalysts of Figure 3c. The arrows point to the ends of
SWCNTs that attach to nanoparticles. c-e) Reproduced with permission.'1l Copyright 2001, American Chemical Society.

Adv. Mater. 2015, 27, 7908-7937 © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com
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Figure 4. The diameter (d) distribution of SWCNTs grown a) on ST-cut quartz using Fe thin-film as catalyst and ethanol vapor as the carbon feed-
stock,”?! b) on SiO, using drop-casted ferritin as catalyst and methane as the carbon feedstock,"!l c) on R-cut, d) on C-cut, and e) on A-cut sapphire
using Fe (obtained from thermal decomposition of Fe(CO)s in the presence of oleic acid) as catalyst and methane as the carbon feedstock.['4 ST-cut
quartz substrate have surfaces at a 42°45” angle with the Y-plane; R-, C-, and A-cut sapphire substrates have (1-102), (0001), and (11-20) surfaces,
respectively. a) Reproduced with permission.l”?! Copyright 2012, AIP. b) Reproduced with permission.['>1l Copyright 2001, American Chemical Society.
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c—e) Reproduced with permission.l52l Copyright 2005, Elsevier.

supports or substrates.'>3154157.158] After formation, catalysts
exposed to a suitable flow of carbon feedstock diluted with H,
and/or Ar yield SWCNTs. The catalytic efficiency is typically
low, as many catalyst particles do not yield any SWCNT (see
Figure 3d). An SWCNT attaches to a catalyst during growth.
As a result, the size and shape of the catalyst dictate the diam-
eter and influence the chiral index of the corresponding SWC
NT.[98:100.102,103,105110.155,159.160] The chemical kinetics of SWCNT
growth measured in situl'®'-1%% can be analyzed either by atom-
istic computational approaches!'®-1%l or by solving sets of
first-order differential equations.l'9170171] These models cap-
ture different aspects of growth as a function
of temperature, catalyst, gas pressure, and
composition.

3.1. Properties of SWCNTs in Conventional
High-Temperature CVD

3.1.1. CVD Growth of SWCNTs

Figure 4 shows the diameter (d) distribution
of SWCNTs grown on amorphous (SiO,)
and crystalline (quartz, sapphire) substrates
using Fe nanoparticles as catalyst at a tem-
perature >900 °C.7>1>1152] The distributions
have minimum values in the range of
0.5-0.7 nm, set by the energetics!'’>173]

Figure 5. a) Scanni
SiO, using spin-coated Fe/Co-based solutions as the precursor to catalyst particles and ethanol
vapor as the carbon feedstock. Reproduced with permission.'®1l Copyright 2006 Wiley-VCH.
b) SEM image of horizontally-aligned SWCNTs grown on ST-cut quartz using a Fe thin-film as
a precursor to catalyst particles and ethanol vapor as the carbon feedstock.??l The inset (inside
the blue rectangle) shows a magnified area where a single SWCNT is misaligned. Reproduced

with permission.l?2l

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and the smallest size of the fullerene cap!’’¥ that initiate the
growth. The range of the distribution, on the other hand,
depends on the catalyst type, catalyst support, and growth con-
ditions, as discussed later. Growth on amorphous substrates
yields random networks of SWCNTs (Figure 5a), whereas
growth on crystalline substrates such as quartz?2'7! or sap-
phirell76-178] yields aligned arrays of SWCNTs (Figure 5b).
The crystal orientations!™® or step-edges!'’”'7% on the sub-
strates lead to alignment, with the best alignment of >99.9%
(measured using scanning electron microscopy) achieved with
growth on stable temperature (ST)-cut quartz.[22180)

ng electron microscopy (SEM) image of networks of SWCNTs grown on

Copyright 2007, Macmillan.

Adv. Mater. 2015, 27, 7908-7937
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3.1.2. Electronic Characterization of Aligned Arrays of SWCNTs

Transistors can be fabricated in either top-, bottom-, or dual-gate
configuration to measure the electronic properties of SWCNTs.
Figure 6a shows a schematic illustration of a dual-gate tran-
sistor and Figure 6b shows an SEM image of a top-gated tran-
sistor (before dielectric and gate formation). Both approaches
use aligned arrays of SWCNTs as the channel, Pd as source and
drain contacts, and SiO, or high-x (i.e., high dielectric constant)
oxides as gate dielectrics. Use of Pd as source/drain contact
allows hole injection into SWCNTs and typically yields p-type
behavior for the transistor. Electron conduction in SWCNTs
requires the use of Ca, Sc, or Er source/drain contacts,’>~* and/
or electrostatic doping with high-x oxides).*>>® Figure 6c plots

Top-gate

() 10
=10 108
4” §o 10% -
N> 1025_ _ 107 -
£ E < 10% -
] ~15nm‘ »
H_-lm 3 10’“":Lcc:~300nmw
=T 401" Lon~3000 nm Fe
10°k 2.0-1.5 -1.0-0.5 0.0 0.5
E o Vs,
10’ 10? 10°
Lcy [nm]
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transfer characteristics (Ip as a function of Vgs) for top-gated
aligned-array SWCNT transistors having different channel
lengths (LCH) The ION/IOFF =~ 2-5 (Wlth ION/IOFF | avg = 3) for
these transistors suggest the presence of 66.67% s-SWCNTs
(with the rest m-SWCNTs), as per Equation (1). The transfer
characteristics also allow extraction of charge transport param-
eters of s-SWCNTs such as pgg using the following equation:

_ Ly al, )
WCoVos MVos @

Hre

In Equation (2), W is the width of the transistor and Cg is
the gate capacitance. As with the purity in Equation (1), this

(b)

(d) 3000
— Vps =-0.5V
\in Rigorous '
<, 2000 - g
N
£ .
S, °
w1000 |- g Parallel-plate
X A al

80
=
160
m
m_
(2]
40 3
N
<
20 @
—
1 1 i 1 1 0
0 10 20 30 40 50
Ly [um]

Figure 6. a) Schematic illustration of a dual-gated transistor that incorporates horizontally aligned arrays of SWCNTs as the channel. b) SEM image of
the channel region of a top-gated transistor collected before the deposition of a gate dielectric (SU-8; thickness, Tgp = 1.5 pm) and a gate of Ti (1 nm)/
Au (20 nm). The channel length (Lcy) for this device is =5 pm. c) Transfer characteristics measured from four representative transistors with different Ly
and a fixed width, W = 200 ym. a—c) Reproduced with permission.?Z Copyright 2007, Macmillan. d) Field-effect mobility (y¢) for transistors with different
L2281 Reproduced with permission.®] Copyright 2009, Wiley-VCH. Here, p¢ is calculated using Equation (2), where (915/0Vgs)|ma is the maximum
slope of the linear regions of the transfer curves (blue lines in panel (c)); blue triangles correspond to results that use a parallel-plate approximation for
Cg; red circles correspond to rigorous calculations of C..['®2 e) Plot of estimated pig vs Lcy for nanoscale transistors; inset: transfer characteristics of
the corresponding transistors used for pg calculation. Inset: Reproduced with permission.24l Copyright 2010, Macmillan. f) Calculated p¢ at different
Ley for transistors formed using random networks of SWCNTs as the channel.®] Reproduced with permission.®l Copyright 2009, Wiley-VCH.

Adv. Mater. 2015, 27, 7908-7937 © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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approach to calculate prg also presumes negligible current mod-
ulation for the m-SWCNTs. When Cg is calculated using a par-
allel-plate model (valid for transistors with thick gate dielectric
and/or with high density of s-SWCNTs as the channel®2), ppg
is =1000 cm? V! 57! for Ley = 30 pm (Figure 6d). A proper cal-
culation of Cg accounts for s-SWCNT density and the associated
fringing field effects?2182 and suggests pgg > 1000 cm? V7! 57!
for Lcy > 300 nm (Figure 6d,e). Irrespective of the methods
used to calculate Cg, the extracted pgg decreases with decreasing
Lcy due to effects associated with parasitic contact resistances
at the metal-s-SWCNT interfaces, which can dominate over the
channel resistance at small L. [24305285]

3.1.3. Electronic Characterization of Randomly Oriented SWCNTs

Current—voltage measurements on transistors built using
random networks of SWCNTs as the channel and with

Makies

www.MaterialsViews.com

rigorous calculation of Cg suggests pgpg = 70 cm? V-1 71 for
large Lcy (Figure 6 f)- a significantly lower value compared
to that in transistors with aligned arrays of SWCNTs as the
channel. The Lcy dependence of pgg in Figure 6f arises from
the effects of parasitic resistances at the metal-s-SWCNT
contacts, as discussed previously, and at the SWCNT-
SWCNT junctions.®3 Transistors with network SWCNTs
also show an Igy/Iopr ratio that varies widely (contrary to a
small variation in Ioyn/Iopr = 2-5 for transistors with aligned
arrays of SWCNTs) from 10°-10' in transistors with high
density (>35 pm™?) SWCNTs to 10°-10° in transistors with
low density SWCNTs.34184185] The lack of current percola-
tion from source to drain through m-SWCNTs results in a
high Ioy/Iopr ratio in low density network transistors.[!84
Table 1 summarizes these electrical parameters, along with
growth conditions and s-SWCNT purity, and compares them
to values obtained with improved SWCNT synthesis methods
discussed later.

Table 1. Summary of growth, s-SWCNT purity, and transistor parameters obtained using various growth strategies.

Growth Catalyst/ Carbon feedstock ~ Growth s-SWCNT purity Transistor parameters Refs.
process Support (Growth pure) temp. (having multiple SWCNTs)
rd Test method? Purity Major lon/loFF Ure Configuration
chiralities [ecm?V1s™]
Laser ablation - - - Electrical =~30% - - - - [145]
Laser ablation - - - PL+AFM =55% - - - - [191]
HiPco Fe(CO)s/Gas CO (1-10 atm) 1200 Electrical ~61-63% - <5 0.5-1 Random [190,191]
phase network
CVD Fe/Quartz Ethanol (1 atm) 925 Raman ~64% - 2-5 =2500°) Aligned array [22]
cvD Fe/SiO, Ethanol (1 atm)  900-925 - - - 2-10 ~ 70% Random [60,85]
network
CW CVD Co/MgO CO (1 atm) 500 PL+ED+ ~90% (6.5) - - - [102]
Raman
D Co,Mn/silica CO (5.8 atm) 600  PL+Raman  =93% (6,5) - - - 98]
CVD (CoMoCAT) Co,Mo/Silica CO (5 atm) 750 PL+AFM =92%  (6,5), (7,5) - - - [80,105]
CcVvD Co/Silica CO (6 atm) 800 - - (9,8) 10'-10°9 =1 Random [100]
network
CVD (Commercial ~ Co,Mo/Silica  CO (1-10 atm) 850 PL+AFM =52%  (7,6), (8.7), =3 =300 Random  [185,188]
CoMoCAT) 6,6), (7,7 network [189,191]
Low-P PECVD Fe/SiO, CHy,4 (0.5 Torr) 600 Electrical ~89% - - - - [145]
Low-P PECVD Fe/Al,O3 C,H, (30 mTorr) 750 Raman ~96% (7,5), (7,6), =1029 =10 Random [104]
(8,4) network
CvD Fe,0,;/SiO, CH,4 (1 atm) 900 Electrical ~67% - - - - [145]
CvD Fe/Quartz Ethanol (1 atm) 900 Electrical ~67% - 1-10 =1500°) Aligned array [107]
CvD Fe/Quartz IPA (1 atm) 900 Electrical ~87% - 2-100 =1700°) Aligned array [107]
CvD Co/Quartz IPA (1 atm) 800 Electrical ~85% - - - - [109]
CVD Co/Quartz 2-butanol (1 atm) 800 Electrical =70% - - - - [109]
CVD Co/Quartz CH, (1 atm) 864 Electrical =32% - - - - [109]
CVD Cu/Quartz  Ethanol + Methanol 900 lon/lofF =95% - =20 - Aligned array [108]

(1 atm)

List of abbreviations: chemical vapor deposition (CVD), cold-wall CVD (CW CVD), plasma enhanced CVD (PECVD), photoluminescence (PL), electron diffraction (ED).
AThe purity determination for the “electrical” method uses Ip—Vss measurements on transistors having a few SWCNTs as the channel.'*’] The purity determination for the
“Ion/lore” method uses Equation (1). Y These mobility numbers use rigorous Cg calculations that consider the density of s-SWCNTs.22132 9A high Ioy/lofr ratio can arise
from the lack of percolation through m-SWCNTs in the channel, as expected for SWCNT density < 35 pm2, Lepy/W > 5, and W/Lgyent < 1.25.11%4
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3.2. Properties of SWCNTs Grown Using Heterogeneous
Catalysis

The Ion/Iopr ratio in transistors made with aligned arrays
of SWCNTs or with high density random networks can be
improved through the use of heterogeneous catalysis for
SWCNT growth. Control in the composition, shape, and size
of the metal catalysts available using heterogeneous catalysis
enables the synthesis of improved purity of s-SWCNTs with
a narrowed diameter distribution. In general, heterogeneous
catalysis requires the use of active oxide supports such as silica
(Si0,), alumina (AlO,), and magnesium oxide (MgO) that have
a high porosity, surface area, and basicity.[9¢:102:104.153,158,186-189]
These properties ensure strong interactions with the catalyst
and hence enhanced dispersion and stability of the catalyst
during growth.

Among different metal catalysts used for selective growth of
s-SWCNTs, Co forms catalysts with uniform size and shape on
supports such as MgOI[19218] and silica.[98100.103,105.189] Thege
Co catalysts yield SWCNTs with a few chiral indices and with
s-SWCNT purity of >290%, when synthesized below a tem-
perature threshold with a flow of CO as the carbon feedstock.
(SWCNT synthesis with CO uses high pressure for conver-
sion of CO to active carbon via the Boudouard reaction. [1%9))
The temperature threshold to maintain the catalyst size/shape
and hence the high purity in s-SWCNTs depends on the cata-
lyst support. A MgO support interacts strongly with the cat-
alyst, forms anchoring sites for the Co catalysts, and allows
growth of (6,5)-SWCNTs at 500 °C using CO after calcination
of the Co catalysts at 1000 °C.[1%2] Figure 7a shows a chiral
index map of SWCNTs obtained from electron diffraction
analysis, which suggests semiconducting properties for 51 out
of 57 SWCNTs. The tight diameter distribution (Figure 7b)
and the dominance of the single chiral index (6,5) in the
photoluminescence (PL) spectra (Figure 7c) and transmis-
sion electron microscopy confirm the high degree of con-
trol afforded by this approach. Silica supports, on the other
hand, have low interaction with Co and, therefore, must be
mixed with Mo to increase the stability of the catalyst. This
Co/Mo mixture is reduced at 500 °C in a H, ambient and
then used to synthesize high purity (CoMoCAT) s-SWCNTs at
750 °C with chiral indices (6,5) and (7,5).[10319518 The domi-
nance of these indices are confirmed using PL measurements
(Figure 7d) and a s-SWCNT purity of =92% is detected using
PL and AFM topography of SWCNTs placed on mica slides.l]
(In one case, Mn in the catalyst support stabilizes the size of
Co catalysts during H, reduction at 700 °C and then growth at
600 °C; the process results in growth of (6,5) SWCNTs.®l In
another case, a special type of porous silica (TUD-1) ensures
the stability of Co catalysts without the use of Mo. After reduc-
tion at =500 °C and growth at 800 °C, these catalysts yield
(9,8) SWCNTs.[100]

An increase in the temperature beyond the values discussed
above randomizes the catalyst size, favors formation of diverse
range of SWCNTs, and results in SWCNTs with reduced
S-SWCNT purity.98100,103,105110,159,160.188,191] Figyre 7e plots sim-
ilar trends for SWCNT growth, for which a Co catalyst on silica
supports is stabilized at 600 °C in the presence of Mn, thereby
resulting in the formation of =93% s-SWCNTs. An increase
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in growth temperature up to 800 °C reduces the s-SWCNT
purity to =61%. Similar to Co, the Fe-based catalysts mostly
used with silica or alumina supports yield =90% s-SWCNTs
at a lower growth temperature of =600-750 °C.'%14] The
s-SWCNT purity reduces towards the ideal =67% (2/3) limit
at a higher growth temperature and/or for a longer growth
time.[22.34.99,104,107,148,181)

Transistor characterization is generally difficult for SWCNTs
formed from heterogeneous catalysis. A few studies use tran-
sistors with random networks of as-grown SWCNTs as the
channel.M90104185] Trangistors made with dense SWCNTs
(density =60 pm~%; unpurified, commercial-grade CoMoCAT
SWCNTs; s-SWCNT purity =52%)1°U show low Ioy/Iopr ratios
(= 3) and ppg values (=30 cm? V-1 571,118 whereas transistors
made with sparse SWCNTs (density <20 pm 2100194 . SWCNT
purity =969%)1%4 show high Ioy/Iops ratios (=10'-105).1100.104185]
As percolation dictates the channel conduction for these net-
worked SWCNT transistors,?+184185] 3 systematic trend in the
Ion/Iopr ratio with variation in s-SWCNT purity cannot be
established from these studies. Fabrication of network transis-
tors having channels with similar SWCNT densities, or align-
ment of SWCNTs in the channel area will be needed to under-
stand the extent of s-SWCNT purity enabled by heterogeneous
catalysis.

3.3. Properties of SWCNTs Grown Using Alcohol
as the Carbon Feedstock

As discussed in the last section, carbon feedstocks such as
hydrocarbons and CO cannot yield a high purity of s-SWCNTs
at growth temperatures of 800-900 °C. Recent studies, how-
ever, suggest that s-SWCNT purity at these temperatures can
be improved by using alcohol vapor as the feedstock. Alcohol
vapor was primarily introduced to reduce the growth temper-
ature (which was above 1000 °C at that time) relative to that
needed for other carbon feedstocks and also to minimize the
formation of amorphous carbon and soot.'®? Subsequent
studies suggested that high s-SWCNTs purity can result from
growth either with alcohols having larger molecules such as
isopropyl alcohol (IPA)1971%] and 2-butanol,'*! or with a mix-
ture of alcohols having smaller molecules such as an ethanol—
methanol mixture. Use of IPA, in particular, can yield =87%
s-SWCNT even at =900 °C,'%] as confirmed using electrical
measurements on transistors built using individual, isolated
SWCNTs where 33 out of 38 transistors exhibited Ion/Iorr
> 10 (Figure 8). This purity is significantly higher than the
~64-67% s-SWCNTs and Ioy/I opp = 2-5 obtained using eth-
anol.[223460.107 Simjilar electrical measurements for SWCNTs,
which are grown using 2-butanol and an ethanol-methanol
mixture (Figure 9),1%! show =70-95% s-SWCNT purity. A
mass spectroscopy analysis at the outlet of the CVD reactor
suggests higher water to hydrocarbon ratios for the growth
with IPA compared to ethanol, thereby clarified the origin
of improved purity.l'%”] In support of this observation, a con-
trolled level of water exposure during growth induces selective
etching of m-SWCNTs,['47149193] thereby increasing the yield
of s-SWCNTs. Additional details on this in situ water-assisted
etching of m-SWCNTs appear in Section 4.4.
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Figure 7. a) Chiral index map, b) distribution of d, and c) photoluminescence (PL) contour plot of SWCNTs grown using Co catalyst on porous MgO
in a CVD process at 500 °C with CO as the carbon feedstock. a—c) Reproduced with permission.[12 Copyright 2013, Macmillan. Figure 7a,b is obtained
from electron diffraction analysis of 57 SWCNTs. In (), the occurrence of SWCNTs with the chiral index (n, m) is labeled in its corresponding hexagonal
cell (red for s-SWCNTs and green for m-SWCNTs). The PL contour plot in (c) shows a high chirality selectivity of (6, 5) s-SWCNTs. d) PL contour plot of
CoMoCAT SWCNTs grown using Co catalysts stabilized with Mo on silica suggests dominant presence of (6,5) and (7,5) s-SWCNTs. The catalysts are
annealed in H, ambient at 500 °C and then used to grow SWCNT at 750 °C, 5 atm using CO as the carbon feedstock. Reproduced with permission.[1%]
Copyright 2003, American Chemical Society. ) Number of m- and s-SWCNTs grown at different temperatures using a Co catalyst stabilized with Mn on
silica and CO (5.8 atm) as the carbon feedstock. The SWCNT types are identified using PL and Raman spectroscopy. Reproduced with permission.®l

Copyright 2010, American Chemical Society.

3.4. Summary of s-SWCNT Growth Results

Studies of heterogeneous catalysis for SWCNT growth across a
wide range of catalyst supports, metal catalysts, temperatures,
pressures, and carbon feedstocks have identified conditions for
growing =90% s-SWCNTs. Table 1 summarizes the growth con-
ditions and electrical parameters for several of the best results.
Figure 9 plots s-SWCNT purity as a function of growth tem-
perature for a wide range of growth conditions. These results
suggest that growth below 800 °C with hydrocarbon and CO
as the carbon feedstock yields SWCNTs with semiconducting
purity that exceed the 66.67% (2/3) value expected for a random
growth process. One direction that emerged from these studies

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is the synthesis of SWCNTs at minimum temperatures (350 °C
is the lowest reported SWCNT growth temperature)'** by use
of plasmas to decompose the feedstock!1%+143:194193] and without
the high temperature annealing steps generally used to prepare
the catalysts. High temperature annealing and growth reduce
control over heterogeneous catalysis and lead to SWCNTs with
mixed purities and wide diameter distributions. Use of alcohol
as the carbon feedstock, however, enables good s-SWCNT purity
even at temperatures of 800-900 °C possibly due to the role of
OH radicals from the alcohol decomposition in the removal of
m-SWCNTs and small diameter s-SWCNTs.[197:1%] The process,
therefore, is expected to have low catalytic efficiency and also
may lead to substrates with large diameter s-SWCNTs (as for

Adv. Mater. 2015, 27, 7908-7937
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Figure 8. a) SEM image of a transistor with a single SWCNT (grown on quartz in a standard CVD at 900 °C using Fe as catalyst and isopropyl alcohol
vapor as the carbon feedstock) bridging source and drain contacts. b) Transfer characteristics of 38 of such transistors; the red traces represent those
with a single m-SWCNT; the blue traces represent those with a single s-SWCNT. c) Distribution of Ign/lopr among the 38 transistors of (b) showing
that 33 of them (=87%) have Ion/lorr > 10 and =80% have Ion/lorr > 100. Reproduced with permission.'%l Copyright 2012, American Chemical Society.

the growth with water vapor,}*?! discussed later) undesirable for
transistor applications due to their low bandgaps. Additional
exploration of the vast parameter space for heterogeneous catal-
ysis either via Edisonian or computer-controlled!'*! approaches
and an improved understanding of the relevant processes (at
the atomic level and then scaled up to transistors) from an
experimental and computational point of view will be essential
to determine optimum conditions for reliable and reproducible
synthesis of s-SWCNTs.
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Figure 9. Semiconducting (or s-SWCNT) purity in SWCNTs synthe-

sized using a wide range of CVD conditions at different temperatures
and carbon feedstock. The growth conditions for each of these methods
appear in Table 1. The theoretically expected purity of =66.67% is also indi-
cated by the horizontal line. SWCNTs formed with hydrocarbons as the
carbon feedstock use data from plasma enhanced CVD (PECVD) growth
at 600 °C using CH,"*) and at 750 °C using C,H,,['% regular CVD growth
at 864 °C using CH,['% and at 900 °C using CH,.[*8 SWCNTs formed with
carbon monoxide as the carbon feedstock use data from cold-wall CVD
growth at 500 °C %% and regular CVD growth at 600 °C, 700 °C, 800 °C,*®l
750 °C,1105191] 850 °C,[188.189.191] and 1200 °C.0451901911 SWCNTs grown
with alcohols as the carbon feedstock use data for ethanol and meth-
anol mixture (EtOH+MeOH) at 900 °C,'% |PA at 700-900 °C,['%l
and 900 °C,'%1 2-butanol at 800 °C,'%! and EtOH at 900 °C,[%1 and
925 °C.l22
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4. Ex Situ Methods for Enhancing the Purity
of s-SWCNTs

As none of the in situ techniques produce nanotubes with
electronic-grade s-SWCNT purity of >99.99%, various post-
processing methods have been proposed to improve s-SWCNT
purity in ensembles of SWCNTs and hence to increase Ioy/Iopr
ratios in transistors made with them. These methods either sep-
arate m-SWCNTs in solution and then disperse the remaining
s-SWCNTs on substrates (solution-based purity enhancement)
or chemically remove and modify the m-SWCNTs grown on
substrates as a mixture (substrate-based purity enhancement).
Among the solution-based methods reviewed in ref. [87],
those based on density-gradient ultracentrifugation!’”l are
most commonly used for transistor applications that require
high Ion/Iopp ratios. The substrate-based methods, on the
other hand, remove and modify m-SWCNTs (locally or along
its length) by heating them optically or electrically or by selec-
tive chemical reaction. For transistors with network SWCNTs,
instead of selective removal of m-SWCNTs, a general removal
of SWCNTs in patterned areas within the channel can also
increase the Ioy/Iopp ratio. The processing details for each of
these methods and the electronic properties of the remaining
s-SWCNTTs are reviewed below.

4.1. Solution-Based s-SWCNT Sorting

Selective chemical functionalization of SWCNTs based on
their electronic type and diameter has inspired the develop-
ment of solution-based SWCNT sorting techniques. 87112198199
The s-SWCNTs can be self-sorted as random networks on
dielectric surfaces treated with (3-Aminopropyl)triethoxy-
silane (APTES),?% which show selective absorption towards
s-SWCNTs.2002011 Transistors fabricated with these network
s-SWCNTs have Ioy/Iopr = 10°-10° (=95% of the devices have
Ion/Iopr > 10%) and pgg = 0.5-6 cm? V=1 5712000 Among other
methods, non-covalent functionalization of SWCNTs in solu-
tion and subsequent placement under the influence of an
electric field,2%22%] in a chromatography column,?9+2131 or
a centrifuge,197198214222] enable the separation of different
types of SWCNI5. The electric field based approach to SWCNT
sorting uses a variable frequency AC electric field to separate
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m-SWCNTS in solution.[222%%] The high dielectric constants of
the m-SWCNTs compared to that of the solvent, which either
can be sodium dodecyl sulfate (SDS) or sodium dodecylbenzene
sulfonate (SDBS), ensure a positive dielectrophoretic force for
the m-SWCNTs and align them between the electrodes used
to apply the electric field. The s-SWCNTs, along with some
m-SWCNTs, remain in solution with unknown purity. Many
attempts have been made to improve the s-SWCNT purity
using dielectrophoretic sorting.”1'!l  However, none has
resulted in transistor demonstrations. (In spite of its ineffective-
ness in SWCNT sorting, dielectrophoresis is routinely used to
align sorted s-SWCNTs from solution placed in between two
electrodes.?23-22%)) In the following, we discuss the chromatog-
raphy- (Section 4.1.1) and centrifugation-(Section 4.1.2) based
SWCNT sorting techniques. The transistor results using sorted
SWCNTs obtained from these two methods are discussed sepa-
rately in Section 4.1.3.

4.1.1. Chromatography

Two types of chromatography techniques have been used to sort
SWCNTs. In ion-exchange chromatography (IEX), SWCNTs
mixed in a DNA solution are injected into an exchange column
containing anions that are thought to bind to the negatively
charged phosphate groups of DNA.1?7:208 The m-SWCNTs have
carriers near the Fermi level and are easily polarized by these
same phosphate groups. DNA-wrapped m-SWCNTs, therefore,
have no net charge and only weakly interact with the anions in
the exchange column. They exit the column with the flow of a
low concentration NaSCN solution. By comparison, s-SWCNTs
are difficult to polarize and hence, DNA-wrapped s-SWCNTs
have an effective negative charge, enhanced attraction to the
anions, and require a higher NaSCN concentration for their
extraction from the column. Recent advances in the IEX tech-
nique with optimizations of the DNA construct and the choice
of anion yield SWNCT solutions with 60-90% purity and spe-
cific chiral angles.?!% The implication of these purity improve-
ments in transistor parameters is yet to be studied.

In gel chromatography, SWCNTs dispersed in aqueous solu-
tions of SDS pass either through a single column(?04-206212.213] oy
through a series of columnsi?!!l containing allyl dextran-based
size-exclusion gel that interacts specifically with s-SWCNTs
based on their diameter d.?'l As illustrated in Figure 10a,b,
the single column version inserts the m- and s-SWCNT5s into
the column and can only achieve SWCNT-type selectivity with
up to 99.9% s-SWCNTs after three iterations?'’ using a con-
tinuous flow of SDS (and sometimes sodium cholate (SC)?2'%)).
The m-SWCNTs are first eluted from the column, as they have
less interaction with the gel, followed by the s-SWCNTs. The
multi-column version, on the other hand, can achieve diameter-
selectivity for the s-SWCNTs in addition to type-selectivity. The
s-SWCNTs with smaller d have higher interaction with the gel
and are collected in the upper column, while those with gradu-
ally increasing d are collected downstream in the subsequent
columns. The solution collected from the bottom-most column
contains all m-SWCNTs and some s-SWCNTs (with d > 1.4 nm)
that show no interaction with the gel, presumably because of
complete SDS coatings.
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4.1.2. Ultracentrifugation

The basic technique was pioneered by Svedberg in the 1920s
and is now widely used in biology and life science.??”] In the
past decade, ultracentrifugation has also been studied for
sorting s-SWCNTs.[198:214-222.228] The choice of polymers such
as poly(9,9-dioctylfluorene) (PFO) and its compounds, poly(9,9-
dioctylflourene-alt-(1,4-benzo-2,10,3-thiadiazole) (F8BT),
regioregular poly(3-alkylthiophene) (rr-P3AT), regioregular
poly(3-dodecylthiophene) (r-P3DDT), poly(dithiafulvalene-flu-
orene-co-m-thiophene) (pDTGG-mT), etc. are critical for disper-
sion of the s-SWCNTs in a manner that allows them to appear
selectively as supernatant after ultracentrifugation. Raman
analysis (radial breathing modes, RBMs) confirms enrichment
of s-SWCNTI5 in the supernatant (Figure 10c,d).

In comparison with classical ultracentrifugation techniques,
sorting of s- and m-SWCNTTs is possible using density-gradient
ultracentrifugation (DGU)!*" to yield s-SWCNT purity of up
to =99.9%.12%] This technique disperses as-grown SWCNTS,
obtained from CoMoCATI!8230] or laser ablation’3? processes
that synthesize SWCNTs with a few chiral indices, in solu-
tions containing surfactants such as SC, SDS, or their com-
binations. The dispersion unbundles the SWCNTs and encap-
sulates them with surfactants. The dispersed SWCNTs are
remixed with iodixanol and inserted at an isopycnic region
(region with same density) using a syringe needle inside a den-
sity gradient made with layers of iodixanol and SC mixtures
at different concentrations (Figure 10e). After ultracentrifu-
gation, the surfactant-wrapped SWCNTs populate different
regions of the centrifuge tube according to their buoyant den-
sity. SWCNTs with smaller d, having a lower density, populate
the upper part of the tube, while larger diameter SWCNTs
and their bundles with higher density populate the lower
part (Figure 10f). With a suitable choice of starting SWCNT
(CoMoCAT) and surfactants (a mixture of SC and SDS), it is
possible to extract s- and m-SWCNTs from different regions
of the centrifuge tube (Figure 10g). The s-SWCNT purity after
DGU varies from 90% to 99.9% depending on the number of
successive iterations.[%7:22%]

4.1.3. Transistor Properties: Solution-Based Sorting

Gel Chromatography: Transistors containing high density,
short (= pm) aligned s-SWCNTs (purity =99% after column
chromatography) as the channel exhibit higher Ioy/Iopr
ratios for larger Lcy/W ratios (Figure 11a,b),’] consistent
with the percolation theory.?”34184 For Loy = 100 nm, only a
few devices (10-20%) yield Ion/Iopr > 10%, as trace amounts
of short, aligned m-SWCNTs (with purity =1%) bridge the
source and drain contacts. This observation confirms the need
for >99.99% purity for high-performance electronics with Lcy
<< 100 nm. The extracted values of ppg = 16-27 cm? V-1 571
for these transistors (Figure 11b) suggest a small increase with
decreasing Lcy, as more s-SWCNTs directly bridge the source
and drain contacts. These values of upg are comparable to
those obtained for transistors with pristine SWCNT networks
(Figure 6 f); however, the variation in the degree of alignment
of the SWCNTs (i.e., higher alignment for transistors in
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Figure 10. Optical images of a column a) before and b) after gel chromatography using a continuous flow of aqueous 1% SDS solution. The s-SWCNTs
move slowly in the column compared to the m-SWCNTs. After certain durations of SDS flow, two distinct bands appear at the top and bottom of the
column in (b) that correspond to s- and m-SWCNTs, respectively. a,b) Reproduced with permission.?'3l Copyright 2013, American Chemical Society.
Radial breathing mode (RBM) Raman spectra taken using 633 nm excitation before (as-received) and after (supernatant) SWCNT sorting via ultra-
centrifugation with c) rr-P3DDT and d) a PFO-compound!'®82% as the solvent. The spectrum obtained for the supernatant has no m-SWCNT signals.
c) Reproduced with permission.?'® Copyright 2011, Macmillan. d) Reproduced with permission.'*8l Copyright 2014, American Chemical Society.
e) Schematic illustration of SWCNT placement before density-gradient ultracentrifugation (DGU). A linear gradient of iodixanol is formed in between a
dense underlayer and a buoyant overlayer. SWCNTs dispersed in surfactant solution are inserted inside the gradient at an isopycnic region. f) Optical
image of SC-encapsulated CoMoCAT SWCNTs after DGU shows colored bands along the gradient. Nanotube bundles, aggregates, and insoluble mate-
rial sediment form the lower part of the gradient, while SWCNTs of different d form the upper part of the gradient. The absorbance spectra on the right
indicate SWCNTs with increasing d, having smaller bandgap and higher wavelength of absorption, are more concentrated at larger densities near the
bottom of the gradient. SWCNTs with chiral indices (6,5), (7,5), and (9,5)/(8,7) are concentrated at different regions of the gradient. g) Optical image
of laser ablation grown SWCNTs separated in a co-surfactant solution (1:4 SDS/SC). The top (orange) and bottom (green) band correspond to regions
of highly enriched s-SWCNTs and m-SWCNTs, respectively. The absorbance spectra for these two bands are shown on the right. M11, S22, and S33
correspond to first-order metallic, second-, and third-order semiconducting optical transitions (see Figure 21). e~g) Reproduced with permission.[%’]
Copyright 2006, Macmillan.

Figure 11b compared to those in Figure 6f) prevent quantita-
tive conclusions.

Transistors containing single s-SWCNT as the channel with
Lcy = 100 nm using SWCNTs obtained from single-column
multiple-cycle gel chromatography exhibit pgg = 20 cm? V-1 571
(average values, with a maximum of =80 cm? V! s71).1213]
Similar measurements on different sets of transistors
with Ley = 200 nm yield ppp = 40-150 cm?V ! 571231 In
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comparison, transistors that use pristine, as-grown s-SWCNTs
and similar Lcy exhibit significantly higher ppg (Figure 6e),
thereby suggesting the potential for improving such solution-
based approaches.

Ultracentrifugation: Transistors made with s-SWCNTs puri-
fied by ultracentrifugation with purity =94-99% and then
deposited in random networks as the channel exhibit a range
of Ion/Iopr = 10'-10° (Figure 11c,d), depending on the purity,
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Figure 11. a) Transfer characteristics and b) calculated pige and Ion/loff ratios for transistors with a high density of chromatography-sorted, short-length
(=pm) aligned SWCNTs as the channel. The inset of (b) shows AFM image of the channel area. In (a), the transfer characteristics are plotted in a linear
scale (left axis) for different Lcy, and in a logarithmic scale (right axis, blue dots) for Lciy =10 pm. a,b) Reproduced with permission.[?’l Copyright 2013,
Macmillan. c) Sheet conductance vs Vs characteristics of two transistors fabricated using networks of DGU-sorted s-SWCNT (red) and m-SWCNT
(blue) as the channel. Insets show s-SWCNT characteristics in linear scale (bottom-left) and an representative AFM image of the SWCNT network
used as the channel for transistors (top-right). The maximum slope of the linear scale plot allows calculation of pgz = 20 cm? V=' s7'. Reproduced
with permission.'"l Copyright 2006, Macmillan. d) The variation in the Ion/lor ratio and pge (inset) with Ley for transistors made using DGU-sorted
s-SWCNTs as the channel. Reproduced with permission.?3 Copyright 2012, American Chemical Society. e) Calculated pre and Ion/lofe for transistors
that use pDTFF-mT sorted SWCNT networks as the channel. Increase in SWCNT densities (with =94-96% s-SWCNTs) increases g, but reduces the
Ion/lorr ratio. Reproduced with permission.?22l Copyright 2013, American Chemical Society.

density, alignment, and length of the sorted s-SWCNTs and the =~ SWCNTs. The extracted values of ppg for the sorted s-SWCNTs
device dimensions.3%126:197.216:217.220,222.223] Following the percola-  ranges from 1-50 cm? V! s71 in transistors with Ly = 1-100 pm
tion theory,3*184 these transistors show higher Ioy/Iopr ratios  (Figure 11d,e),[81:210217,220222223,228232] eyen after SWCNT align-
for larger purities and Lcy/W ratios, and for smaller densities  ment using dielectrophoresis??’l and self-assembly.??!] Though
and W/Lswent ratios, where Lgwent is the average length of  consideration of contact effects suggests intrinsic mobilities of

7920 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2015, 27, 7908-7937



ADVANCED
MATERIALS

M \].0:’5

www.MaterialsViews.com

=200-300 cm? V! s7! for any Lcy,BY these
values are significantly lower than pgg of
>1000 cm? V! 57! obtained in transistors with
pristine SWCNTT5 as the channel (Figure 6d,e).

Improvements in mobility and s-SWCNT
purity remain the key focus for electronic
applications of  solution-based  sorting
methods. The presence of residual sur-
factants and defects,BV1®  high resist-

www.advmat.de

Before
breakdown

ance tube—tube junctions,?’** and short
SWCNT lengths?”233 are presumed ori-
gins for low intrinsic mobilities in solution-
sorted s-SWCNTs. Additional contributions
from contact resistances will also require
consideration.

4.2. Electrical Breakdown of m-SWCNTs

The first demonstration of substrate-
based m-SWCNT removal employed selec-
tive electrical breakdown of m-SWCNTs
using transistors with multiple SWCNTs
as the channel.'™ During this process, the
s-SWCNT5 in a p-type transistor (that allows
hole conduction) are electrostatically turned-
off using positive Vg in a bottom-gated
device geometry. An application of high Vpg
then induces Joule heating selectively in the m-SWCNTs and
raises their temperatures significantly.?**2%% Once the tem-
perature reaches Typ (breakdown temperature) =600 °C, the
m-SWCNTs are oxidized and are broken down near the center
of the channel."723>241] Heat dissipation into the contacts
limits the temperature near source and drain(?3>2%2l and does
not allow breakdown in those regions. The application of elec-
trical breakdown on transistors with both m- and s-SWCNTs
(Figure 12a) increases the Ioy/Iopr ratio from =10! to >10°
(Figure 12b,c).

Electrical breakdown cannot selectively remove m-SWCNTs
in transistors with random networks of SWCNTs. For these
transistors, heat conduction within neighboring SWCNTs
raises their temperature and causes correlated breakdown of a
set of m- and s-SWCNTs across the width of the transistor.[*43]
The process, however, is effective for transistors with aligned
arrays of SWCNTs. For these transistors, electrical breakdown
at a gradually increasing Vpg causes corresponding increases
in Ion/Iopr (Figure 13a), as the m-SWCNTs with higher con-
ductivities are broken first followed gradually by the ones
with lower conductivities.®¥] For these transistors (and also
for transistors with a single m-SWCNT), the voltage Vgp
required to induce breakdown varies linearly with Lcy for Loy
> 1 pm 17234236 1n this regime, Vgp = g(Tsp — To)Len/Isp
(Figure 13b), where Ipp is the breakdown current for a single
m-SWCNT (=20 pA #4)), ¢ is the thermal coupling coefficient
for the m-SWCNT/dielectric interface and T, = 300 K.[?3% For
Ley < 1 pm, the “hot-phonon” effect reduces the current in the
m-SWCNTs and increases Vg above the linear asymptote, 239
as observed in the measured Vyp vs. Lcy for transistors with
different gate dielectrics (Figure 13b,c).[''7:234230] Like Vgp, the
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Figure 12. a) SEM image of a transistor, in which a few SWCNTs bridge source and drain con-
tacts. b) Conductance (Gp = dlp/dVps) modulation as a function of Vs in a transistor like the
one in (a) before and after removal of m-SWCNTs from the channel using electrical breakdown.
c) Plot of Gon/Gorr Vs Gon before and after electrical breakdown for a set of transistors. Here,
Gon=Gp@ Vs =-10V and Gopr =Gp@ Vs = 10 V. Reproduced with permission.[''’] Copyright
2001, American Association for the Advancement of Science (AAAS).

power required to induce breakdown Pyp also shows a non-
linear trend for Ley < 1 pm. For Loy > 1 pm, Pyp increases
linearly at 0.1 mW pm™ with an increase in L¢y (Figure 13d).
One can explain the nonlinearity of the Pgp variation with Ley
for Lcy < 1 pm by solving the heat equation for the m-SWCNTs
after considering contributions from the thermal resistances
at the m-SWCNT/source—drain contacts.?*4 In transistors
with high density of aligned arrays of SWCNT5 as the channel
and with Tep > 1/Ngwent Where Ngwenr is the number of
SWCNTs per unit width of the transistor, a breakdown in one
SWCNT can propagate to neighboring ones.**>24% The use of
Tep < 1/Nswent avoids such  correlated breakdown
(Figure 13€)?*] and enables the application of electrical break-
down even with Ngycnt = 100 pm™1.[64]

The location and size (=20-300 nm) of the breakdown
for this m-SWCNT removal method varies randomly,?4-247]
which limits the ability to define device and circuits with
source/drain contacts at predefined locations.B*!71 Along
with this fundamental disadvantage, breakdown also requires
SWCNT heating at powers of =0.1 mW pum™ for Ley > 1 pm;
this value increases for smaller Loy (Figure 13d). Such high
powers induce conduction in the s-SWCNTs with large d via
band-to-band tunneling%28! and results in their removal via
electrical breakdown.[832%9] Breakdown can also cause avalanche
effects?% and subsequent failure in gate dielectrics with signif-
icant heat sinking at the contacts.?34 All these effects in com-
bination degrade the performance of transistors fabricated with
the remaining s-SWCNTs. The extracted pgy is =350 cm? V-1 57!
for Ley = 1 pm transistors with low density SWCNTS,!®
whereas the value is =75 cm? V7! 57! for Ley = 400 nm tran-
sistors with high density SWCNT5,[®!l both of which are lower
than the pristine values (Figure 6d,e).
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Figure 13. a) Transfer characteristics obtained after successive iterations of electrical breakdown using a gradually increasing Vps in a transistor that
uses aligned arrays of SWCNTs. Inset: SEM image of the channel area. Panel (a) is replotted using information from ref. [83]. Breakdown voltage (Vgp)
as a function of Ley for m-SWCNTs in a transistor configuration made on b) SiO,23¢ and c) HfO,["""] gate dielectric. Panel (b) is reproduced with per-

mission.[23¢] Copyright 2007, IEEE. Panel (c) is reproduced with permission.

71 Copyright 2013, American Chemical Society. Inset of (c): Fluctuations

in measured Vgp for smaller Lcyy. d) Power (Pgp) required to induce electrical breakdown for different Lcy. Reproduced with permission.234 Copyright

2008, IOP. e) Simulated design criteria to avoid correlated breakdown (i.e.,

propagation of breakdown from one m-SWCNT to a neighboring one) in

terms of Tgp and number of SWCNTs per unit width (Nsycnt) for an applied electric field of 5 V pm™ across the m-SWCNTs. The breakdown electric

field used in simulation is calculated using Pgp = 0.1 mW pm™' (d) and Igp

4.3. Patterned Removal of SWCNTs from Random Networks
of SWCNTs

In transistors that use random networks of SWCNTs, the
Ion/Iopr ratios can be increased by introducing thin, parallel
striped patterns of SWCNTs along the channel length.[34184
This lithographic patterning of the SWCNT network can
increase its percolation threshold to levels beyond the density of
the m-SWCNTSs in the device, thereby eliminating current con-
duction purely through the m-SWCNT pathways. Figure 14a—d

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

= 20 pA. The figure is replotted using data from ref. [244].

schematically illustrates this concept, where the introduction
of thin stripes with width W in a transistor with m-SWCNT
density Dy, greater than the percolation threshold density Dp
before striping removes conduction through m-SWCNTs.
Striping, therefore, modifies the percolation threshold of the
SWCNT network to Dp and increases Ioy/Iopr to various levels
(10'-10%* depending on W (Figure 14e) and Lcy (Figure 14f).
A detailed theoretical model based on stick percolation theory
identifies that ratios such as Lcy/Ws, Ws/Lswent (Figure 15a,b;
where Lgwcent is the average length of SWCNTs) and SWCNT

Adv. Mater. 2015, 27, 7908-7937
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Figure 14. Schematic illustrations of conduction paths and plots of Gp vs SWCNT density (Dsycnt) @,b) before and c,d) after striping in a transistor
with random networks of SWCNTs as the channel. The blue and red lines in (a,c) represent s- and m-SWCNTs, respectively. In (a,b), both Dgycnt and
m-SWCNT density (Dy) are higher than the percolation threshold density (Dp) and, hence, all of the SWCNTs contribute to Gp. Introduction of striping
(width Ws) defines a new percolation threshold density (Dp’) in panel (c,d) and breaks conduction through the m-SWCNTs. a-d) Reproduced with
permission.['8 Copyright 2009, Springer. e) The measured (filled) and simulated (open) variations of the Ioy/loff ratio and normalized transconduct-
ance (gu/gmo, Where gy represents the response without strips) with Ws in transistors with Lcy = 100 pm and networked SWCNTs as the channel.
f) Variations in pre and Ion/lope With Ly in transistors with Ws = 5 pm. Here, pigg is calculated in linear (lin.) and saturation (sat.) regions using
Vps =-0.2 V and -2V, respectively. e,f) Reproduced with permission.4 Copyright 2008, Macmillan.

density (Figure 15c¢,d) are controlling factors of Ion/Iopr. A
reduction in conduction through the SWCNT network (moni-
tored using electrical parameter maximum transconductance,
gm = 0Ip/0Vis|max in Figure 14e) is an obvious consequence of
striping due to the elimination of source to drain conduction
through the m-SWCNTs. The reduction in conduction can
be controlled at various levels and minimized up to 40-60%
by adjusting the widths of the regions where SWCNTs are
removed down to sub-pm level.B¥ A similar current reduction
is typical for any post-processing scheme, 3119120 which sug-
gests that striping is a good technique to exclusively remove
conduction through m-SWCNTs without compromising the
performance of s-SWCNTs in networked transistors.

In addition to patterned striping of SWCNT networks,
removal of SWCNTs from patterned holes also increases

Adv. Mater. 2015, 27, 7908-7937
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Ion/Iopr in associated transistors.?»%2l The process here
involves creation of nanoscale holes via electron-beam (e-beam)
lithography within the SWCNT network (Figure 16a,b) made
with presorted SWCNTs with =90% s-SWCNT purity and
shows increase in Ioy/Iopr from 102 to 10° (Figure 16¢,d) with
a significant reduction in Iyy (Figure 16e) with increasing
hole density. Though a detailed theoretical analysis is lacking
for these transistors, removal of current percolation paths
through m-SWCNTs using nanoscale holes is the likely origin
of Ign/Iopr increase for this case.*>?l Overall, patterned removal
of SWCNTs offers a simple and effective way to increase the
Ion/Iorr ratio in transistors with networked SWCNTs as the
channel. Improvement of this method can be aimed at lim-
iting the loss of conduction by optimizing the areas of SWCNT
removal.
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4.4. Selective Chemical Modification of m-SWCNTs

Among the postprocessing methods to improve Ioy/Iogg, selec-
tive chemical etching offers, in principle, the simplest and the
most scalable way to remove m-SWCNTs from as-grown sub-
strates. The challenge, however, is to find a chemical compound
that exclusively reacts with the m-SWCN'Ts. A diazonium rea-
gent (aqueous solution of 4-bromobenzenediazonium tetra-
fluoroborate with pH = 10) was among the first compounds
to be explored for this purpose.[?>>?>4 For this method, a sub-
strate with as-grown SWCNTs is immersed in the reagent. The
proposed reaction of the reagent with a SWCNT requires elec-
tron transfer from the SWCNT to the molecules (Figure 17a,b),
which is most probable for m-SWCNTs due to adequate charge
carriers near the Fermi level.2>! The reaction eliminates con-
duction in the m-SWCNTs, thereby allowing the fabrication of
transistors with large Ioy/Iopr ratios (Figure 17c). The concen-
tration of the solution and the duration of stirring, however, are
critical to avoid undesired reactions with the s-SWCNTs. The
s-SWCNTs are mostly p-type due to surface-bound hydroxyl
groupsP’°90025] and have sufficient charge carriers near the
Fermi level. These carriers potentially induce chemical reac-
tions between the s-SWCNTs and the reagents for long dura-
tion stirring particularly at high concentrations. The proposed
reaction of SWCNTs with the diazonium reagents presumes an
availability of electrons as charge carriers.[?>! The role of holes
and density of states, in general, during the reaction remains
unclear. These reactions with the s-SWCNTs result in devices
with low Ioy.2> This loss of selectivity in chemical reaction
suggests uncontrollable removal/damage of s-SWCNTs even at
the most optimized condition, as is evident from the extracted
pee = 5 cm? V7! s7! in Figure 17c for the transistor with
Lcy =5 pm (curve D).
Methane plasma has also been studied for selective etching
of m-SWCNTs over a narrow diameter range
of 1.4-2 nm.['*® Figure 18a illustrates the pro-

Nanomesh
Network channel

cess where transistors with a few SWCNTs as
the channel are exposed to methane plasma
at 400 °C followed by 600 °C annealing in
vacuum. The methane plasma selectively
etches m-SWCNTs at multiple locations
along their length and increases Ion/Iopr
from =10! to >10° (Figure 18b). Conduction
in transistors containing only s-SWCNTs is

10°®

107

10° |-

also affected during the plasma treatment

Unpatt.
] (Figure 18c), as also evident from the
W 1364 nim extracted ppg = 100 cm? V1 57! (more than an
212 nmis order of magnitude less than that in as-grown
142nm @ substrates; Figure 6e) for Loy = 300 nm
T N - in the associated devices. A detailed study

142 212 354 0
Distance between holes

Figure 16. a) Schematic illustration of a bottom-gated transistor with a nanomesh SWCNT
network as the channel. b) SEM and AFM (inset) images of the device show =50 nm diam-
eter holes where SWCNTs have been removed using e-beam lithography and O, plasma. The
average distance between the holes is =212 nm. c) Transfer characteristics and d,e) lon/logr
ratios for various distances between the holes (142 nm, 212 nm, and 354 nm) are compared
with transistors with unpatterned SWCNT network as the channel. W =3 ym and Lcy =4 pm
for all the devices. Reproduced with permission.[°] Copyright 2014, Springer.
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of 244 transistors containing a few (=1-3)
SWCNTs suggests that the plasma treat-
ment is effective for SWCNTs with d in
between 1.4 nm and 2.0 nm. For d < 1.4 nm,
all the SWCNTs are affected, while the pro-
cess is ineffective for d > 2 nm SWCNTs
(Figure 18d). Similar to the reactions between
the diazonium reagent and m-SWCNT,*>4
an abundance of delocalized electronic

IONIIOFF
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selective etching of m-SWCNTs.26U In other
cases, the catalyst support in the form of
ceria, which contains active oxygen, enables
growth of =95% s-SWCNTs, Ion/Iorr = 15,

and ppg = 1000 cm? V7' s7! for Loy = 1 pm
transistors that use arrays of SWCNTs as the
channel.[1%]

As opposed to ex situ removal of
m-SWCNTs using water vapor at =6000 ppm,
in situ etching of m-SWCNTs can occur
at much lower water concentrations.'*]
The effectiveness of this process requires
SWCNT growth at a low rate, achieved by

20 0

Figure 17. a) Proposed reaction of diazonium reagents with a SWCNT. The reagents extract
electrons from the SWCNT and form a stable C—C bond at its surface. The extent of electron
transfer depends on the availability of charged carriers near the Fermi level and hence is more
probable for m-SWCNTs. b) The functionalized SWCNT forms a radical cation and can fur-
ther receive electrons from neighboring SWCNTs or react with fluoride or diazonium salts.
a,b) Replotted using information from ref. [254]. c) Transfer characteristics of a transistor (SEM
image is shown at the top) before (A) and after diazonium reagent treatments (B-F). The
curves (B,C) are after first and second reactions with 5.3 X 107'* m solution, (D-F) are after
third, fourth, and fifth reactions with 3.7 x 1073 m solution, respectively. c) Reproduced with

permission.?>3l Copyright 2004, American Chemical Society.

states in the m-SWCNTs[**?! explains their enhanced chemical
reactivity with the methane plasma. The loss of selectivity for
d < 1.4 nm SWCNTs apparently arises from the higher radius
of curvature and higher strain in the C-C bond of SWCNTs
that leads to enhanced chemical reactivity.?°”?! The absence
of etching for d > 2 nm SWCNTs remains unexplained. In the
future, the effectiveness of this approach will require a tighter
diameter distribution (with d = 1.4-2 nm) of the as-grown
SWCNTs and a better selectivity for m-SWCNT etching without
affecting the s-SWCNT5. In a recent paper, hydrogen is used
as an in situ etchant for the m-SWCNTs.?>% The process yields
=93% s-SWCNTs and Ion/Iopr > 104 pgg = 10 cm? V-1 s71 for
Ley = 100 pm transistors that use network SWCNTs as the
channel. The extracted ppg is an order of magnitude lower than
the pristine values (Figure 6f).

A few recent studies suggest the effectiveness of using
oxidants such as water vapor to selectively etch m-SWCNTs
from substrates with horizontally aligned SWCNTs.[147:149.193]
Figure 19 shows an example of this approach on a substrate with
a few s-SWCNTs (and 90% m-SWCNTs). The entire catalyst area
(stripes at the top of Figure 19a) and all m-SWCNTSs are removed
after =6000 ppm water treatment at 750 °C (Figure 19c).
Availability of electronic states near the Fermi level and a
higher enthalpy change during the reaction of m-SWCNTs with
hydroxyl groups explain this preferential etching.[198193.2601 A
transistor made with water treated SWCNTs shows Ioy/Iopr
=~ 3000 (Figure 19e). The low Iy in this transistor might be
due to the low concentration (=10%) of s-SWCNTs on the
pristine substrate and also due to the damage to some of the
s-SWCNTs during water treatment.l')l In some cases, a trace
amount of oxygen, a stronger oxidant than water, suggests

Adv. Mater. 2015, 27, 7908-7937
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using a controlled flow of Ar through the
ethanol bubbler, to ensure prolonged prox-
imity of SWCNTs to catalysts and, hence, an
enhanced possibility of m-SWCNT etching
with the water vapor.147149:262-264 Tyansis-
tors made with SWCNTs synthesized using
=307 ppm water vapor show moderate
Ion/Iopr = 101102 (Figure 20a—c).l'*! One
interesting feature of water-assisted growth
is revealed at increased concentrations of the
carbon feedstock; in this case, the increase
in water concentration leads to increases in
SWCNT density, along with an improved
Ion/Iorr (Figure 20d.e). Increase in water
concentration beyond an optimum value (=508 ppm), however,
etches all the SWCNTs with no selectivity, reduces the SWCNT
density and the Ioy/Iopr ratio (Figure 20f). Even for the
optimum water concentration of =508 ppm, SWCNTs with d <
1-1.5 nm are etched with no selectivity.'#’193] High local strain
due to increased curvature in the small d SWCNTs explains
such non-selective etching.”°8 High local strain is also pre-
sent in random SWCNTS near the catalyst area of aligned arrays
of SWCNTs,22108123147] which inspired the use of multiple-
cycle growth with intermittent water treatment in Ar ambient
to remove random SWCNTs from the quartz substrate and
increase the density of SWCNTs from 1-2 per pm to =10 per
pm.[*71 The diameter of SWCNTs grown in this manner, how-
ever, increases after multiple cycles due to coarsening of catalyst
sizes via Ostwald ripening.[1*715+156.157] ge of substrates, such
as alumina, silica, or MgO that have higher catalytic activity to
limit the sizes of the catalysts may become useful to avoid this
coarsening. Overall, the applicability of chemical etching of
m-SWCNTs with specific chemicals requires improvement in
selectivity towards m-SWCNTSs across broad ranges in diameter
without affecting the s-SWCNTs.

4.5. Optical Excitation and Ablation of m-SWCNTs

Optical absorption in SWCNTs depends on the energy separa-
tion between different Van Hove singularities in the density of
states—energy diagrams of SWCNTs (Figure 21a).126>2661 The
magnitude of this energy separation depends on the type and
diameter of SWCNTs (Figure 21b; Kataura plot),?®®! a property
that is routinely used in Raman spectroscopy?®’l and PLI26826%]
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Figure 18. Etching of m-SWCNTs using methane plasma. a) SEM (top left) and AFM images (top right) of transistors containing a few SWCNTs as
the channel. Schematic illustration of the methane plasma treatment is shown at the bottom. Transfer characteristics of transistors containing b) one
m- and one s-SWCNT and c) one s-SWCNT before (black circle) and after (red circle) plasma treatment. Insets in (b,c) show AFM images (scale bar =
100 nm) of each device after the plasma treatment. White arrows in (b) highlights the etched m-SWCNT in the device. d) Schematic illustrations of the
effect on m- and s-SWCNTs of different d during plasma treatment. Reproduced with permission.[''®l Copyright 2006, AAAS.

to identify SWCNTs. A few recent attempts have also explored
the selective optical absorption of m-SWCNTT5 to induce heating
at levels sufficient to induce oxidation and ablation.?7%-272] Ag
per Figure 21b, optical excitation at energies < 0.4 eV (i.e.,
wavelength A > 3 pm) should selectively excite most of the
m-SWCNTs. Ablating these m-SWCNTs by heating them up to
temperatures necessary for oxidation in air (=600 °C) requires
electrical powers of =0.1 mW pm™! (assuming SWCNTs are
placed on a silicon substrate with a =200 nm thick thermal
oxide).?3] This corresponds to an equivalent optical intensity
of =0.1 MW mm™ for ablation; the calculation assumes perfect
absorption (i.e., infinite absorption coefficient) and a diameter
d=1nm for the SWCNTs.

SWCNT ablation experiments via irradiation of the substrate
with 4 = 2 pm pulsed laser suggests removal of m-SWCNTs
at an optical intensity of =1.8 MW mm=?’2 This is an
order of magnitude higher than the electrical equivalence of
=0.1 MW mm™ calculated above, presumably because of the
finite absorption coefficient for SWCNTs,273-273] dissimilarities
in heat dissipation under DC electrical stress,?** and pulsed
optical excitation.””?l The process implemented on transistors
with low density of SWCNTs yields insignificant improvement
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in the Ioy/Iorr ratio. This may appear to contradict the Kataura
plot (Figure 21b), which suggests selective ablation for A > 3 pm.
Our recent experiments with optical excitation of m-SWCNTs
also suggest loss of selectivity at higher optical intensities for A
> 2.5 pm.[11812%] These results indicate that the Kataura plot is
not the only factor that defines the optical selectivity of m- and
s-SWCNTs. Consideration of optical excitation due to the pres-
ence of free carriers from unintentional doping®”>%%2>l may
also be important. The removal of this doping may improve
selectivity for the ablation process.

Other studies used in situ UV (A = 200-400 nm) radia-
tion®’! and ex situ xenon-lamp (A = 0.18-11 pm) irradia-
tion?’% to selectively remove m-SWCNTs. The irradiation
intensity of = 75-80 mW cm 2 was smaller than the calculated
electrical equivalence presumably because of the use of heated
substrate during irradiation. Transistors made with aligned
arrays of SWCNTs suggest the possibility of increasing
Ion/Iopr up to 103 with pgg = 180 cm? V' 57! (for Ly = 3 um)
after 45 min Xe irradiation. These UV and Xe irradiations
are expected to excite a range of s-SWCNTs (according to
Figure 21b) in addition to m-SWCNTs. Additional work will
be needed to confirm and refine these results as well as to
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Figure 19. a) SEM image and b) Raman analysis (RBMs) of aligned arrays of SWCNTs before water treatment. c,d) The same after 6000 ppm water
treatment at 750 °C. Raman analysis suggests complete removal of m-SWCNTs in the red rectangle marked with M. e) Transfer characteristics of a
transistor fabricated with aligned-array SWCNTs suggests Ion/lorr = 3000 after water treatment. Adapted with permission.l%3l Copyright 2011, Royal

Society of Chemistry.

explore the underlying chemical and physical mechanisms
behind the process.

4.6. Thermocapillary-Enabled Purification

Thermocapillary-enabled purification (TcEP) is a very recent
technique that offers exceptional effectiveness for selective
removal of m-SWCNTs from as-grown substrates with hori-
zontally aligned arrays of SWCNTs. The process involves three
steps (Figure 22a): 1) formation of a molecular resist layer
on a substrate with SWCNTs, 2) selective, but mild heating
of m-SWCNTs to pattern co-located openings in the resist
by thermocapillary (Tc) flow, and 3) etching of m-SWCNTs
through these patterns using an O, plasma. The choice of a
molecular resist such as o,a,0/-tris(4-hydroxyphenyl)-1-ethyl-
4-isopropylbenzene is critical to the process to ensure narrow
patterns at the positions of the m-SWCNTs and to protect the
s-SWCNTs against damage during O, plasma etching."” The
heating of the m-SWCNTs induces Tc flow in the resist (hence-
forth called a Tc resist) and forms trenches at the locations of
the m-SWCNTs (Figure 22b). The widths (Wry) and depths (Hry)
of the trenches can be controlled by the extent (duration, input
power) of m-SWCNT heating, the substrate temperature, 11276l
and the viscosity of the resist.*’"l In general, a Tc resist heated
to an optimum temperature forms complete trenches (i.e.,
throughout the thickness) with a Wy, that decreases from the
top to the bottom of the trench (Figure 22c¢). Simulation of the
process of trench formation using the one-dimensional lubri-
cation equation captures the experimental trends (Figure 22d)
and suggests that the trench results from sharp gradients in
temperature and at rates that increase with decreasing vis-
cosity or increasing temperature coefficient of surface ten-
sion. The geometry of the trenches follow the positions of the
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m-SWCNTs (Figure 22b), thereby enabling selective removal of
the m-SWCNTs using O, plasma without causing any damage
to s-SWCNTs, which remain masked by the Tc resist. The
removal of Tc resist using acetone leaves a highly pure array of
s-SWCNTs.

A critical aspect of the TcEP process is selective heating
of m-SWCNTs. This selective heating is currently achieved
using electricall!’®121l or electromagneticl!!®120 excitation.
The electrical excitation of m-SWCNTs uses two metal con-
tacts connected at the two ends of the SWCNTs and involves
elimination of conduction through the s-SWCNTs by appli-
cation of a positive Vgg in partial-gate transistor geometry
(Figure 23a)'% or by use of interdigitated contacts made with
Til'2!l or metals having similar workfunctions (Figure 23b).
The partial-gate geometry is beneficial over conventional
full-gate geometry for the TcEP process as full-gate geom-
etry allows conduction via band-to-band tunneling near the
cathode end in some of the s-SWCNTs with large d.119248
The second option eliminates the complexity associated with
the partial-gate structure and relies on contacts with work-
function near the mid-bandgap of s-SWCNTs instead, thereby
resulting in high Schottky barriers that block electron and
hole injection into s-SWCNTs and hence ensure good selec-
tivity for the TcEP process.[121]

The electromagnetic approach to heat m-SWCNTs uses
microwave irradiation with direct-contact (Figure 23c) or
removable (Figure 23d) metallic dipole antennas?l or uses
infrared (A = 2.5 pm) laser light (Figure 23e)."'8 The dipole
antennas enable use of desktop microwave ovens by amplifying
the microwave fields to compensate for the small absorption
cross-section =107-10"* of the m-SWCNTs.?’4 Antennas
(Figure 23 ¢,d) with <100 pm gaps between the antenna arms
show an induced electric field across the antenna arms strong
enough to yield significant current injection from the arms
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Figure 20. a) SEM image, b) transfer characteristics, and c) distribution of Ion/loff ratios in transistors made with aligned arrays of SWCNTs grown
on a Y-cut quartz substrate using Cu catalyst, ethanol vapor as the carbon feedstock, and 307 ppm water vapor as the m-SWCNT etchant. d,e) SEM
images of SWCNTs on as-grown substrates and Ion/lofr distributions (insets) of associated transistors made using various concentrations of water
vapor at a higher concentration of the carbon feedstock compared to that used in (a—c). The SWCNT density and Ion/loff ratios increase with an
increase in water vapor from =347 ppm to =508 ppm and then both decrease for =736 ppm water vapor. Reproduced with permission.l*’l Copyright

2012, American Chemical Society.

into the m-SWCNT5.12% When these antennas are in direct
contact with the SWCNTs (Figure 23c) and are made with
metals, such as Ti, Mo, or Al that have work functions near
the mid-bandgap of s-SWCNTs, current flow through the
s-SWCNTs is insignificant due to the presence of Schottky
barriers at the metal/s-SWCNT interfaces. This direct-contact
microwave-based TcEP process, therefore, exclusively cre-
ates Tc flows and, therefore, trenches at the m-SWCNTs. The
results indicate s-SWCNT purity of >99.9925%, limited only
by the statistics of the measurement. As there is no experi-
mental indication that any of the m-SWCNTs remain in any
of the cumulative sets of studies on TcEP, it is likely that the
purity is even much closer to 100%.

The contactless TcEP is a more scalable process for the
removal of m-SWCNTs. The microwave-based contactless

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

process uses removable antenna printed on a glass substrate,
which is separated from the substrate coated with Tc-
resist using poly(dimethylsiloxane) (PDMS) micropillars
(Figure 23d). Subsequent microwave irradiation leads to trench
formation on m-SWCNTs and also on =40% of the s-SWCNTs,
as it does not have the metal/s-SWCNT Schottky barrier.['2%]
The laser-based contactless process uses A = 2.5 pm laser
light, which is raster scanned over a wide area. Laser irradia-
tion forms trenches on m-SWCNTs and also on =15% of the
s-SWCNTs.['8 The choice of laser wavelength for this process
is inspired by the Kataura plot of Figure 21b that suggests
insignificant absorption of laser light by the s-SWCNTs at that
wavelength. The TcEP process also excludes use of pulsed
laser sources with <5 ns pulse width for the 25 nm thick Tc
resist.[118]

Adv. Mater. 2015, 27, 7908-7937



AN ADVANCED
M oS MATERIALS

www.advmat.de
www.MaterialsViews.com

() 1 ‘ ' | (b) 35 of TcEP over the extensively used electrical
breakdown techniquel?®¢+83117] ig its ability
—_ — 3.0} to completely remove m-SWCNTs over a
=] . E M E wide area, which allows fabrication of arbi-
S, E,,M I c 25+ trary dimension transistors within that
¢ I<€ —>N\] 8 area.%120] Moreover, TcEP requires much
E L/ J‘\__e g 2.0+ lower SWCNT heating with an input power
2 f . T o of =0.01-0.02 mW pm™!, compared to elec-
: E.S || $ 15} trical breakdown that requires =0.1 mW pm™
= |l EMs = l'\Jl § or higher.®*123234 This reduces the occur-
g i eE3+> ' \ 3 1.0+ rence of avalanche effects and gate dielectric
o 1 ' i failure for the TcEP process.[?"
L/ 'JL ’(__Eﬂs,r \_ . 0.5 An important limitation of the TcEP pro-
! T ! cess arises from the value of Wr. Recent
- 0 1 0'00.6-‘ OB 1.0 1—-2 14 1.6 1.8 experimental demonstrations'®12% involve
Energy [eV] d [nm] a Tc resist with =25-35 nm thickness and

Wi = 200-300 nm, which limits the effec-
Figure 21. a) Density of states vs energy plot obtained using a tight binding model for an  tiveness of arrays that have densities of larger

armchair (10,10) m-SWCNT (top) and a zigzag (22,0) s-SWCNT. Energy separations between  than 3-5 m-SWCNTs per pm (corresponding
different Van Hove singularities are marked using E;*/™ for the i-th Van Hove singularities in  , 9_15 SWCNTs per pm for arrays that
s- or m-SWCNTs. Reproduced with permission.[2%¢l Copyright 2003, IOP and Deutsche Physika- have 1/3 m-SWCNTs and 2/3 s-SWCNTs)
lische Gesellschaft. b) “Kataura” plot of energy separation vs d for different types of SWCNTs. The limitation can be relaxed by usiné

Reproduced with permission.?53 Copyright 1999, Elsevier. -
arrays grown with enhanced s-SWCNT

After completion of the TcEP process, transistors made with  purityl®®100102:103,107-10% o1 by reducing the thickness of the Tc
the remaining s-SWCNTs show Ion/Iopr = 10°-10°% which is  resist to enable reductions in Wy, (as Wy, scales with the thick-
a significant improvement over the values =10°-10' obtained  ness of the Tc resist).['1>27¢]
before m-SWCNT removal (Figure 24a,b), and an average pgg =
1700 cm? V- 571 (Figure 24c,d) comparable to that obtained in
pristine s-SWCNTs (Figure 6d). Transistors also show good cur-  4.7. Summary of Post-Processing
rent saturation at large Vpg (Figure 24e). All of these properties
suggest that the process completely removes m-SWCNTs and  Table 2 summarizes the general requirements, type of pre-
preserves the quality of the s-SWCNTs. A critical advantage  served SWCNTs, and key transistor parameters (Ion/lopr and
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Figure 22. a) Schematic illustration of the three steps in the TcEP process for selective removal of the m-SWCNTs. Heating of the m-SWCNTs induces
Tc flow in the resist and creates trenches of width Wy, and depth Hr.. b) Temporal evolution of AFM topographies of the surface of the resist (thickness
=25 nm) coated on top of a m-SWCNT. Here, the m-SWCNT is Joule heated by applying an electric field of 0.66 V pm~" along its length through elec-
trodes connected to its ends. c) Averaged (along the length of a m-SWCNT, y) cross-sectional profiles along x extracted from AFM measurements like
those shown in (b). d) Theoretical simulation of normalized profiles of the resist as a function of normalized x qualitatively captures the experimental
trends in (c). b—d) Adapted with permission."" Copyright 2013, Macmillan.
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(b) Printed, interdigited Ti
electrodes with AC pulses

(a) Transfer SWCNTs on a partial-
gated transistor and then use +ve
Vgs and a suitable Vpg

(d) Microwave irradiation
with removable antenna

2.45 GHz

Figure 23. Five different ways of heating m-SWCNTs (brown ones in the figures) for the TcEP
process. The heating can be done by a) transferring SWCNTs on a partial-gate transistor and
then applying positive Vs and a suitable Vps,['' b) applying AC pulses across interdigitated
Ti electrodes,'?! ¢) using lithographically defined Ti antennas and microwave irradiation,['?0l
d) using removable antennas and microwave irradiation,?% and e) using infrared light.''® The
removable antenna in (d) is printed on a glass substrate and is separated from the substrate
coated with the resist on top of SWCNTs using poly(dimethylsiloxane) (PDMS) micropillars.
Laser exposure in (e) uses pulsed laser with A =2.5 pm, pulse width = 10 ns, repetition rate =

1 kHz and is raster scanned over a wide area.

prg) for the post-processing methods discussed above. Three
of the main features—preserved s-SWCNTs, lowest Ion/Iofr,
and lowest ppg—for different methods appear as a spider chart
in Figure 25. Transistor parameters in this figure are obtained
from devices that use aligned arrays of SWCNTs as the channel,
except for results from the patterned removal method where
random networks of SWCNTs are used. Moreover, the values
of ppg are compared below by considering their dependence on
Ley (Figure 6d-f). Maximizing all the three parameters of the
spider chart in Figure 25 in a simple, scalable process repre-
sents the main goal for any post-processing method.

Solution-based sorting methods, more specifically DGU!'"]
and chromatography?’-13], can yield suspensions of s-SWCNT
to purities of up to 99.9%.22°1 These approaches can process
several grams of material in a single batch for deposition and
alignment into arrays using techniques such as dielectropho-
resisl??-22] and Langmuir-Schaefer.””] For high performance
and analog applications, solution-based sorting will require
improvements in ppg and on the length of s-SWCNTs after
processing. For low-performance applications such as bend-
able integrated circuits,3*3% conformal tactile sensors,/®’]
display electronics,?”%7:%78] and biological and chemical
sensing,[*042279 sorted s-SWCNTs can be arranged in random
networks to ensure high Ioy/Iopr ratios. A competitor for solu-
tion-based sorting in these random network applications is the
patterned removal method,B418+251.252] a5 it offers a simpler
way to increase the Ioy/Iopr ratio with a better pgg.

Among other methods of post-processing, selective chem-
ical etchingl!16:147.149193.253] and ablation’%?’2 of m-SWCNTs
are attractive for large-scale implementation, but they require
improved control of the selectivity. In their current forms,

(c) Microwave irradiation
with printed Ti antenna

(e) Laser irradiation

3§83
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many s-SWCNTs are either removed or
partly damaged during the process. Transis-
tors fabricated with the residual s-SWCNTs
generally show low ppg. The method that
grows SWCNT on ceria catalyst supports!'?!
removes m-SWCNTs via chemical etching,
but demands further studies to ensure its
repeatability and scalability.

Electrical breakdown, another method for
selective chemical etching of m-SWCNTs,
results in transistors with a better ppg com-
pared to the solution-based sorting methods.
This method yields transistors with values of
prg that are lower, compared to those obtained
using TcEP. However, as the apparent values
of upg can vary with Loy due to contact
effects (Figure 6d,e), the intrinsic mobilities
of the s-SWCNTs for these methods may be
similar. A detailed characterization of con-
tact resistance and intrinsic mobility will
allow improved comparison between these
methods and will reveal any degradation of
the s-SWCNTs induced by the processing. In
addition, the breakdown method only allows
the development of devices and circuits
with source/drain contacts at a predefined
location, thereby limiting its scalability.'1?
Although recent work demonstrates the
applicability of electrical breakdown for removal of m-SWCNTs
in nanoscale transistors,[*#117249 mitigating origins of low pgg
with improved scalability should be the topic of future research.

TcEP is a recent method that can completely remove all
the m-SWCNTs from aligned arrays of SWCNTs.!18121] The
method yields transistors with the highest pgg, similar to the
value obtained for transistors with as-grown s-SWCNTs. The
process maintains the integrity of the s-SWCNTs and, there-
fore, offers promise for all forms of SWCNT-based electronics.
Experimental demonstration of this approach offers high-
quality s-SWCNTs with purity arbitrarily close to 100%, when
the m-SWCNTs are heated using electrical contacts either for
current injection!!-121l or for amplification of electromagnetic
signals.l'?] The noncontact based implementation!!®120] pre-
serves as much as =85% of the s-SWCNTs in the case of the
laser-induced process.'® Improved s-SWCNT preservation
requires reduction in the conductivity of these s-SWCNTs via
elimination of unintentional doping,”2%% which is also impor-
tant for the practical use of s-SWCNTs in electronic circuits
with a reduced hysteresis.

For the substrate-based sorting methods, except for the pat-
terned removal of SWCNTS, the elimination of m-SWCNTs can
increase the variability in the density of the aligned arrays with
potential adverse effect on device-to-device repeatability in their
properties. These and other undesireable effects might poten-
tially be addressed through advanced circuit designs.®2

5. Conclusions and Outlook

This paper summarizes significant, recent progresses toward
obtaining substrates with high purity of s-SWCNTs. As-grown

Adv. Mater. 2015, 27, 7908-7937
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Figure 24. a) Transfer characteristics and b) Ion/lorr VS Nager/ Naefore fOr transistors made with aligned arrays of SWCNTs as the channel before and
after the direct contact, microwave-based TcEP process. The transistors use Ti contacts as source/drain; these contacts also serve as antennas to
amplify microwave during the TcEP process; Inset: schematic of the transistors. Here, Nager and Ngefore refer to the number of SWCNTs in a transistor
before and after TcEP, respectively. c) Typical transfer characteristics at two different Vps, d) extracted effective mobility (e = Ley/WCcVps X 9lp/0Vis)
averaged over 12 transistors vs Vs — Vr at low Vps (Ure = Yefr | max S€€ Equation (2), and e) typical output (Ip—Vps) characteristics at different Vg in
transistors made with aligned arrays of s-SWCNTs as the channel. These transistors use Pd contacts as source/drain and SU8 (50 nm)/HfO, (5 nm)
as gate dielectric; Inset of (c): device schematic. Reproduced with permission.2% Copyright 2014, Macmillan.

s-SWCNTs may achieve purity levels up to =96% when formed
using Co or Fe catalysts on supports such as silica, alumina,
and magnesium oxide at temperatures below 600-700 °C with
hydrocarbons as the carbon feedstock. Similar high purities can
be achieved at higher process temperatures on silica supports
with alcohol as the carbon feedstock. Aligned array transis-
tors fabricated with these s-SWCNTs show excellent field-effect
mobility and on-current, but low on/off ratio. These processes,
therefore, are inadequate for modern transistors. For high-
performance digital, analog, and RF electronics, s-SWCNT

Adv. Mater. 2015, 27, 7908-7937
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purity in as-grown substrates needs further improvements
towards values reaching up to and beyond 99.99%. Additional
exploration of heterogeneous catalysis and an improved under-
standing of the relevant process will be essential to increase
s-SWCNT purity to values larger than those presently possible.

The ex situ post-processing approaches, on the other hand,
can enhance the purity of s-SWCNTs by selectively removing
or chemically modifying the m-SWCNTs. These methods
allow better transistor operation with improved on/off ratios.
However, most fail to maintain the integrity of the remaining

wileyonlinelibrary.com

7931




MATERIALS

www.advmat.de

ADVANCED ol
M“h';w)}

www.MaterialsViews.com

Table 2. Summary of SWCNT post-processing methods and resultant transistor parameters.

Post-processing method General requirements Preserved SWCNTs Transistor parameters Refs.
lon/lore Mre[em?VT s Loy [pm] Configuration

Electrical breakdown « High power =~95% s-SWCNTs 103-10* 752b) =0.4 Aligned array [64]

« Electrostatic gating 3502b) -1 Aligned array 83]

Source/drain in predefined

locations, as used for purification

Solution-based « Surfactant/polymer >99% s-SWCNTs and 10'-107 16-27% 1-10 Aligned network [27]

(centrifugation, « Centrifuge <1% m-SWCNTs 12162 -2 Aligned array [223]
chromatography, etc.) « Self-assembly for better ) )

. performance 1-80 =0.1 Single [213]

46 =9 Random network  [228]

Patterned removal « Random network of SWCNTs All SWCNTs 10%-10* =70% =100 Random network [34]

Source/drain in predefined

locations, as used for purification

Chemical etching « Diazonium salt - 10*-10° ~53) =5 Random network  [254]
« Methane - 10° =100 =0.3 Single [116]
- H,0 - 108 - =2 Aligned array [193]
« Ceria supports - 15 ~1000% =1 Aligned array [106]
Ablation « Radiation source d>1nm s-SWCNTs 10 ~180% =3 Aligned array [271]
Thermocapillary- « Molecular resist =100% s-SWCNTs 103-10° >1000% 5-150 Aligned array ~ [118-120]
enabled purification (TcEP) « Heating source (electrical or (contact based)
electromagnetic) =85% s-SWCNTs

(non-contact based)

AThese mobility numbers use rigorous Cg calculations that consider the density of s-SWCNTs.[22'82 blCalculated pigg from Ip—Vs characteristics measured at Vps =1 V. All
other values use Ip—Vss measured at a lower Vpg of <0.1 V.

s-SWCNTs and result in transistors with low
field-effect mobility and on-current. For tran-

LOWSS-E 4 -0- Solution-based sistors that use networked SWCNTs as the
Hee oM V7sT] -O- Breakdown channel, the post-processing method with
s -A\- Patterning SWCNT removal using striped or hollow pat-
10 ~\/- Etching (Ceria) terns is promising; on the other hand, for

. transistors with aligned arrays of SWCNTs as
Ablation (Xe-lamp) the channel, TcEPgshows tge best potential.
~<] - Contact TcEP Obtaining a cost-effective and scalable pro-
_D_ Non-contact TCEP (g5 that maximizes transistor parameters
p such as high on/off ratio and mobility with
0 reduced device-to-device variability is a gen-
eral target for practical application of all the
proposed methods.
With these advanced methods for

10'

3
10 s-SWCNT purity improvement, s-SWCNT

can compete effectively with the recently

proposed two-dimensional (2D) materials as

potential replacements for low-performance

Preserved 100 Lowest materials like amorphous silicon, polycrys-
s-SWCNTSs [%] |0N/|0FF talline silicon, and organic materials for

applications in flexible electronics, trans-
Figure 25. Comparison of three key parameters associated with different post-processing  parent electronics, and flat-panel displays.
methods. Solution-based sorting uses results from refs. [27,81,197,223,229]. The breakdown  The utility of high Ioy/Iopr ratios and pgg
data uses results from ref. [83]. The patterning data uses results from ref. [34]. The etching data
uses results from growth on ceria catalyst supports, which have active oxygen for in situ etching . 1 th P ]
of m-SWCNTs.[%] The ablation data uses results from Xe-lamp irradiation.[?’" TcEP data uses SENsors 1s unclear, as the per Ormancej‘ p.?lra
results from refs. [118,120]. Except for the pattern removal method, pre and Ion/lofe ratios are meters for these sensors are mostly limited
obtained from transistors having aligned arrays of SWCNTs as the channel. To compare pigg for by the diffusion and capture of biomolecules
different methods, one should consider its Lcy dependence, as discussed in the text. or chemical molecules.?89 The s-SWCNTs

using s-SWCNTs in biosensors or chemical
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have no dangling bonds, surface states and, in contrary to 2D
materials, they have no grain boundaries,?8282 which make
them ideal for these applications. However, in addition to high
purity s-SWCNTs, these applications will also demand pre-
dictable and highly uniform transistor performance via pre-
cise control of current conduction, threshold voltage, contact
resistance, hysteresis, and sub-threshold (off-state to on-state)
switching. All these outcomes can be ensured with s-SWCNTs
that have a narrow diameter distribution, a suitable dopant,
and a high density. The presented post-processing methods can
achieve such diameter distribution, although at an expense of
s-SWCNT density and, hence, will require the use of additional
methods®”%4 for density improvement. To overcome use of
any post-processing, the development of in situ methods with
adequate control on heterogeneous catalysis is desirable, which
will enable growth of s-SWCNTs with a narrow diameter dis-
tribution at a high density. Successful further development of
approaches to high purity s-SWCNTs with the added feature
of controlled s-SWCNT doping offers the prospect to reignite
the excitement for high-performance electronic applications of
s-SWCNTs as a replacement of silicon.
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