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arbon nanotubes (CNTs) are poten-

tial materials for future nanoelec-

tronics owing to their exceptional
electrical properties and one-dimensional
structure. They have been used to make
field-effect transistors, chemical sensors,?
memory devices,* and elements in transpar-
ent electronics.” Currently, the highest per-
formance CNT devices are fabricated from
CNTs which were grown by chemical vapor
deposition (CVD). These devices demon-
strate a charge carrier mobility () of up to
100000 cm?/(V s), where the highest value is
found from a CNT device with an extremely
long channel,® and a conductance close to
quantum conductance (G = 4e*/h = 155
uS).” The highest on/off ratio reported re-
cently is 1078 However, the high-growth
temperature during the CVD process can
damage the electrodes, substrates, or other
components of complementary metal-
oxide-semiconductor (CMOS) technology.

Devices of solution processed CNTs can

be made at room temperature and are com-
patible with CMOS technology and flexible
electronics.® Solution processed CNTs can
also be separated into their semiconduct-
ing and metallic counterparts by density
gradient ultracentrifugation'® or substrate
surface modification." Dielectrophoresis
(DEP) has been used to fabricate a large
number of CNT transistors simultaneously.'?
However, the device performance of
solution-processed CNT devices is gener-
ally poorer than that of CVD-grown ones,
possibly due to defects in the CNTs induced
by intense acid treatment at the purifica-
tion stage, surface contamination, and sub-
sequent aggressive sonication at the disper-
sion stage.'® Solution processed devices
fabricated by Stokes et al. using DEP have
mobilities of 1380 cm?/(V s) and the on-
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ABSTRACT Nanoelectronic field effect transistors (FETs) are produced using solution processed individual

carbon nanotubes (CNTs), synthesized by both arc discharge and laser ablation methods. We show that the

performance of solution processed FETs approaches that of CVD-grown FETs if the nanotubes have minimal lattice

defects and are free from surface contamination. This is achieved by treating the nanotubes to a high-temperature

vacuum annealing process and using 1,2-dichloroethane for dispersion. We present CNT FETs with mobilities of

up to 3546 cm?/(V s), transconductance of 4.22 .S, on-state conductance of 9.35 S and on/off ratios as high as

10%. High-resolution transmission electron microscopy is used to examine the presence of catalyst particles and

amorphous carbon on the surface and Raman spectroscopy is used to examine the lattice defects, both of which

lead to reduced device performance.

KEYWORDS: carbon nanotube - solution processed - high-performance - TEM -

transistor

state conductances of 6 wS,'? which are an
order of magnitude improvement over pre-
vious solution-processed devices produced
by DEP (Gon, = 1.0 wS),™ by drop casting
(Lmax = 60 cm?/(V s))'® and by dip-pen li-
thography (. = 67 cm?/(V s)).'¢ Recently a
high-performing CNT device produced by
spin coating also showed a conductance of
2.5 uS, transconductance of 1.27 uS, and an
on/off ratio of 108."7

The improvements to CNT device perfor-
mance have been mainly focused on the
design of device'” or the materials used for
electrodes’ and dielectrics'® rather than the
control of the structures and environments
of the CNTs. Here, we show that solution-
processed CNT devices can have large mo-
bilities and on/off ratios, similar to CVD-
grown CNTs. We use transmission electron
microscopy (HRTEM) and Raman spectros-
copy to characterize the structural proper-
ties and correlate this to device
performance.

RESULT AND DISCUSSION
More than 50 devices were produced
from the FHP CNTs and the PtRhRe CNTs
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Figure 1. Characterization of a FHP CNT device (device 1). (a) SEM
image of device 1 showing its channel length (L) to be 2.72 pum,
where “S” and “D” denote source and drain, respectively. (b) AFM
image of the device. (c) Current—voltage (/V) characteristics of the
device, where Isp and Vsp denote the current and the voltage be-
tween the source and drain, respectively. (d) Transfer characteris-
tics of device 1 showing dependences of Isp and the mobility on the
gate voltage (Vg), when Vsp = 1 V.

using EBL with a yield over 90%, demonstrating that a
reliable way of fabrication of CNT devices has been es-
tablished. We found that eight of the FHP devices dis-
played semiconducting behavior, while the rest were
metallic. The large portion of metallic FHP devices is at-
tributed to the device containing single metallic CNTs
or small bundles containing metallic CNTs. For the
PtRhRe CNTs, we found the majority exhibited metallic
behavior and only two showed semiconducting proper-
ties. We believe that this is due to the doping of the
SWNT by the residual metal catalyst and its interaction
with the host solvent. In this report the focus on the
electrical properties of devices that exhibit semicon-
ducting behavior and have potential for field effect
transistors. A high-performing field effect transistor de-
vice (device 1) made from FHP CNTs is shown in Figure
1. The channel length of the device was measured to be

i (b)

2.72 pm from the SEM image in Figure 1a, and the di-
ameter of the CNT was measured to be 1.5 nm from the
AFM image in Figure 1b.

The transfer characteristics of the device are illus-
trated in Figure 1¢,d. The CNT conducts well at nega-
tive Vg but becomes almost insulating at high positive
Ve, indicating that the CNT is p-type semiconducting.
The peak conductance and the peak transconductance
are calculated to be 9.35 S and 4.22 pS, respectively,
where the transconductance (gy,) is given by

9p = dlgp/dVg (1)

The mobility shown in Figure 1d is determined using
the equation'®

_ L d
B = VoCdve

)

where L is the device channel length between the
source and the drain and C; is the gate capacitance
per unit length of the CNT. C; can be calculated from

2me
oX (3)

<= @ w)

where g, is the effective dielectric constant of SiO,
(3.9 &), tox is the oxide thickness (300 nm), and W is
the diameter of the CNT measured by AFM. The mo-
bility determines how fast the device switches and
limits the speed of the device. In Figure 1d, the peak
mobility of the device is 3546 cm?/(V s). The conduc-
tance, the transconductance, and the mobility of de-
vice 1 are in the same order of magnitude as those of
the highly performing CVD-grown CNT devices re-
ported in ref 18 and ref 19. A second device (device
2) of an isolated FHP CNT with a diameter of 1.3 nm
(AFM image and its height measurements in the sup-
porting materials), shown in Figure 2a, also exhib-
ited high mobility, conductance, and transconduc-
tance. In particular, it had an on/off ratio as high as
10°, as shown in Figure 2b.

Device 3 was fabricated using PtRhRe CNTs, and
the SEM image is shown in Figure 3a. This device
was the best performing semiconductor among the
PtRhRe CNT devices examined. Its transfer character-
istic is illustrated in Figure 3b. The de-
vice has an on-state conductance of 0.39

11000 uS, a transconductance of 0.14 pS, a

g mobility of 52 cm?/(V s) and an on/off ra-
Z  tio of approximately 10. These values
1500 § are considerably lower than those of de-
i.“ vices 1 and 2, but are similar to previ-
0 e«  ously reported values in the majority of

solution-processed devices. Table 1

Figure 2. Characterization of a second FHP CNT (device 2). (a) SEM image of the de-
vice 2 showing its channel length to be 1.57 pm; (b) transfer characteristics of device
2 showing the dependence of Isp and the mobility on Vg when Vsp = 1 V.
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compares the parameters of the three
devices presented in Figures 1—3 with
the high-performing solution processed
devices fabricated by Stokes et al.'? as a
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a conduction barrier at the inter-
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face between the nanotube and
the metal electrode. It may also
lead to electrostatic potential
fluctuations along the CNT chan-
nel, causing long-range disor-
der, which is especially impor-
tant for semiconducting CNTs.!
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The potential fluctuations can
break the CNT into a series of

Figure 3. Characterization of a PtRhRe CNT (device 3). (a) SEM image of the device  electronic puddles resulting in

3 showing its channel length to be 1.24 pm; (b) transfer characteristics of device 3
showing the dependence of Isp and the mobility on Vg, when Vsp = 1 V.

reference. Compared to the reference device, de-
vice 1 fabricated in this work demonstrates higher
mobility, conductance, and transconductance with
a similar on/off ratio (close to 10%), while device 2 ex-
hibits a higher on/off ratio of 10°.

To understand why the FHP CNTs exhibit such out-
standing electrical transport properties, we character-
ized both the FHP and PtRhRe CNTs in terms of their
cleanliness, catalyst content, amorphous carbon sur-
face coverage, and defect content. This enables
structure—property correlations to be elucidated.
HRTEM images of the two types of CNTs dispersed on
lacey TEM grids are shown in Figure 4. At low magnifi-
cation, the catalyst particles were hardly seen, even in
a very dense sample of the FHP CNTs, shown in Figure
4a. In contrast, the catalyst particles could be observed
over the dilute bundles of PtRhRe CNTs, shown in Fig-
ure 4b. Raman spectroscopy and X-ray photoelectron
spectroscopy have been previously used to show that
a reaction between chlorine or hydrogen chloride and
catalyst particles such as iron can occur and result in
iron chloride dopants during sonication in 1,2-DCE and
other chlorinated solvents.?’ In our case the catalyst
particles may also react with chlorine or hydrogen chlo-
ride in 1,2-DCE during the sonication and cause dop-
ing in the PtRhRe CNTs. The dopants may act as
charged impurities to scatter charge carriers and re-
duce the conductance and the mobility of the CNT de-
vices.

The structure of several FHP CNTs is resolved at
a higher magnification in Figure 4c. Compared to
the PtRhRe CNTs in Figure 4d, significantly less amor-
phous carbon was observed on the surface of the
FHP CNTs. This amorphous carbon may affect the
transport properties of the PtRhRe CNTs by creating

charge carriers hopping be-
tween the puddles.?'?2 This dis-
order could degrade the trans-
port properties of the PtRhRe CNTs.

Figure 4 panels e and f show atomic-resolution
HRTEM images of an isolated FHP SWNT and an iso-
lated FHP DWNT, respectively. They are both clean
and defect-free throughout this region. The appear-
ance of DWNTs in the FHP CNT samples provides an-
other possibility that the high mobility of the FHP
devices may be due to the shielding of the inner
shell of the tube from the outer shell during process-
ing. However, extensive HRTEM analysis revealed
that the majority of FHP CNTs with diameters 1.5 nm
or less were primarily SWNTs, with the DWNTSs typi-
cally having larger diameters. Isolated PtRhRe CNTs
were harder to find and they were either covered
with amorphous carbon or residuals, as shown in
Figure 4g.

Raman spectra were also taken for devices 1 and
3 with a laser excitation of 532 nm. No D band peak
was observed from device 1, as shown in Figure 5a,
indicating that this CNT is relatively free from de-
fects. The D band is attributed to defects such as im-
purities, amorphous carbon, or missing atoms in
CNTs.22 The CNT in device 3, shows a small D band
in Figure 5b, possibly induced by the microwave di-
gestion in aqua-regia or by impurities formed during
the sonication in 1,2-DCE as discussed in the Meth-
ods section. These defects could cause the charge
carriers to be scattered with a large momentum
transfer?! and reduce the transport performance of
the PtRhRe CNT device. In addition, the inset graph
in Figure 5b shows that the G* and the G~ band
peaks fit very well with a Lorentzian profile, which
also indicates that CNT is semiconducting.?® This
agrees well with the transport measurement.

TABLE 1. Summary of the Transport Properties of Our Devices and a Reference Device Fabricated by Stokes et al.'?

device diameter (nm) on/off ratio
ref 11 1.7 10°—10*
1 (FHP CNT) 13+0.1 10°—10*
2 (FHP CNT) 1.5*+01 10
3 (PtRhRe CNT) 2001 ~10
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mobility (cm%(V's)) Gy (S) I (15)
1380 6.0 0.45
3546 9.35 4.22
1040 4.25 21
52 0.39 0.14
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Figure 4. TEM characterization of the FHP and the PtRhRe CNTs. Low-magnification TEM images of (a) the FHP CNTs and (b)
the PtRhRe CNTs. Medium-magnification TEM images of (c) some FHP CNTs and (d) some PtRhRe CNTs. HRTEM images of (e)
an FHP SWNT, (f) isolated FHP DWNT, and (g) small bundles of PtRhRe CNTs .

By performing HRTEM and Raman spectroscopy
on the two types of CNTs, we can correlate the struc-
tural and electrical properties. We find that the high-
performing FHP CNT devices are free from defects,
catalyst particles, and surface contamination. This is
attributed to the high-temperature vacuum anneal-
ing the CNTs have undergone, combined with the
use of 1,2-DCE as the solvent for dispersion. Sonicat-
ing CNTs in 1,2-DCE to disperse them does not leave

/iy 8 - L
@W@ VOL.4 = NO.11 = WANG ET AL.

behind any residue on the CNTs once they are dry,
provided the CNT sample is of high purity to begin
with, as shown by HRTEM. These results show that
solution processing can be used to obtain clean and
defect-free CNTs in high-performance field effect
transistors. Generally, devices made with CNTs
grown directly on substrates by CVD perform better
than solution processed CNTs, as the CVD CNTs are
not doped from catalyst particles during processing,

www.acsnano.org
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Figure 5. Raman spectra for CNTs at 532 nm laser excitation: (a) G band and D band for FHP CNT in device 1; (b) G band
and D band for PtRhRe CNT in device 3. The inset shows the fit of the G* and G~ band by two Lorentzian profiles.

are not exposed to harsh acids for purification, con-
tain less amorphous carbon,? and are also less likely
to have defects induced from sonication.” How-

METHODS

Types and Processing of CNTs. We use two types of CNTs in de-
vices. The first type were CNTs (FHP CNTs) generously provided
by Meijo Nano Carbon Co., Ltd. They were synthesized by the
arc-discharge method® and had diameters ranging from 1.2 up
to 2.5 nm. The FHP CNTs contain predominantly single-walled
carbon nanotubes (SWNTs) with a fraction of double-walled car-
bon nanotubes (DWNTs) and triple-walled carbon nanotubes
(TWNTSs). The FHP CNTs were subject to annealing at high tem-
peratures (~1200 °C) under vacuum at a pressure of 107° mbar.
At this temperature and pressure the metal catalyst particles va-
porize and are removed from the sample under continuous dy-
namic vacuum pumping.? This also improved the quality of the
CNTs by reducing the number of defects, possibly through a self-
healing mechanisms. The second type of CNTs were SWNTSs syn-
thesized according to a previously reported method by laser ab-
lation using nonmagnetic catalysts such as plantium (Pt),
rhodium (Rh), and rhenium (Re) and had diameters ranging be-
tween 1.4 and 1.6 nm.?” This type of CNTs is referred to as PtRhRe
CNTs. They were purified by annealing in air and then using
microwave digestion in aqua-regia.?®

Device Fabrication. In all cases, the CNTs were sonicated in 1,2-
dichloroethane (1,2-DCE) for 30 min for dispersion?® and then
spin coated onto silicon substrates with 300 nm thick oxide sur-
face at 2000 rpm for 60 s. After the spin coating, CNT devices
were fabricated using electron beam lithography (EBL) methods
(JEOL JBX-5500FS). The drain and the source electrodes were
Au/Cr with the thickness of 40 nm/10 nm. The highly doped sili-
con substrate was used as a back gate electrode. Atomic force
microscopy (AFM) in noncontact mode was used to measure the
diameters of CNTs (Park Scientific CP-Il). Scanning electron mi-
croscopy (SEM) (Carl Zeiss Nanovision) was used to image the de-
vices at a low accelerating voltage of 1 kV to give clear images
of CNTs on the oxide surface.®

Characterization of (NTs. The transport properties of the devices
without any postdeposition annealing processes were meas-
ured at room temperature in air using a custom-built probe sta-
tion. After the transport measurements, Raman spectroscopy
(Horiba Jobin Yvon LabRam Aramis) was used to determine the
defects of the CNTs in the device. The dispersed CNTs were also
deposited onto TEM grids for characterization. Conventional
high-resolution transmission electron microscopy (HRTEM) was
performed using a JEOL 4000 at the accelerating voltage of 80
kV, while atomic-resolution HRTEM was performed using Ox-
ford’s JEOL 2200MCO equipped with both probe and image cor-
rectors at 80 kV.3!
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ever, our work shows that by careful control of CNTs
structure and cleanliness, solution processed CNTs
can also exhibit high electrical performance.
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