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ABSTRACT: Single-walled carbon nanotubes (SWNTs) grown by chemical
vapor deposition (CVD) are widely used for fabrication of high-performance
nanotube devices. However, the high-temperature growth is incompatible
with the current complementary metal-oxide semiconductor (CMOS)
technology. We demonstrate a low-temperature and direct deposition of
the CVD-grown SWNTs. The nanotubes are synthesized by floating catalytic
CVD technique and further carried by the flowing gas directly to the low-
temperature area. Individual SWNT's have been successfully deposited on Si/
SiO, substrates covered with a polymethylmethacrylate layer, which results in
a suspended geometry of the nanotube in the fabricated devices. We
subsequently investigate the electrical-transport properties of a representative
small band gap nanotube, which exhibits an ambipolar feature with p-channel
mobility up to 1410 cm® V™' S7! at room temperature. Furthermore, low-
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temperature measurements down to 4 K reveal different transport characteristics with the gate voltage biased near zero or at a

large negative value, respectively.

B INTRODUCTION

The combination of exceptional electronic properties and
unique 1D feature makes single-walled carbon nanotubes
(SWNTs) the most promising materials for future nano-
electronic applications."” Recently, field-effect transistors
(FETs) based on semiconducting SWNTs have been scaled
down to sub-10 nm channel length,3 exhibiting a distinct
ballistic transport and competitive performances to that of the
Si-based devices at similar dimensions. SWNT FET's with large
channel lengths exhibit outstanding diffusive transport charac-
teristics with field-effect mobilities ranging from 10° to 10* cm?
V! §71#7° Meanwhile, researchers continuously made efforts
on the so-called metallic SWNTs and gained new insights into
their intrinsic electronic properties,” ® and the small band gap
caused by curvature of the nanotube could lead to unique
application potentials.'”'" Synthesis of clean and defect-free
nanotubes is crucial for fabricating high-performance SWNT
devices, and the high-temperature growth via chemical vapor
deposition (CVD) is the most successful and widely used
method to produce these high-quality nanotubes.*®'*>~'*
SWNT devices are commonly fabricated by using the well-
developed lithographic techniques, especially electron beam
lithography (EBL). To improve the device performances and
explore specific applications of SWNTSs, multistep processes
have been developed to fabricate complicated device structures,
such as suspended (nanotube) channel,”">~"® local gates,w’20
asymmetry contacts built with different metals,”' ™>* and so on.
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The wet-chemistry-involved fabrication process, however, does
not possess compatibility with the high-temperature growth of
the SWNTSs, which inhibits further improvements toward more
facile and reliable fabrication of the SWNT devices, especially
those with complicated structures. An attractive alternative is to
disperse the synthesized SWNTs in solution, followed by
nanotube-type separation and assembly, and finally deposit the
wanted SWNTSs on substrates for device fabrication. Recently,
significant progress has been made on FETs constructed with
solution-processed SWNTs by controlling the structure and
cleanliness of SWNTSs,**** improving the design of device
structure,?6 2% choosing specific materials for electrodes and
dielectrics, >’ shrinking the channel length,30 and so on.
However, the short average length and the defects in the
solution-processed SWNTs, which are induced by the intense
acid treatment and aggressive sonication, are still the general
and unsolvable difficulties.

In this work, we first demonstrate the low-temperature and
direct deposition of CVD-grown SWNTs and then report a
facile fabrication of suspended nanotube devices based on this
low-temperature deposition method. SWNTSs are synthesized
via floating catalytic CVD technique.* ~>* The as-synthesized
SWNTs are carried by the gas flow, cross the high-temperature
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Figure 1. Direct deposition of SWNTs via floating catalytic CVD. (a) SEM image of the SWNTs deposited in low-temperature area. (b) AFM image
of the as-deposited SWNTs and (c) the corresponding section analyses, revealing eight individual nanotubes with diameters from 1.3 to 2.0 nm as
well as a small nanotube bundle. (d) Resonant Raman spectrum of a semiconducting SWNT. The inset shows its RBM peak at 177 cm™,
corresponding to a diameter of ~1.4 nm. (e) Diameter distribution of over 130 SWNTs measured by AFM, which were collected from six different
Si substrates under the optimized depositing conditions. The solid line presents a Lorentzian fit, exhibiting an average diameter of ~1.6 nm.

growth region, and deposit on substrates placed in the low-
temperature area. Most of the deposited nanotubes are
individual, with a typical length exceeding 10 um. We
successfully deposit individual SWNTs on Si/SiO, substrates
covered with a polymethylmethacrylate (PMMA) layer. This
simple extra step suspends the nanotubes in the fabricated
devices. In the last section, we focus on the electrical
characteristics of a suspended small band gap nanotube device
fabricated via this approach, which reveals an ambipolar feature
with peak mobilities of ~1410 cm® V™' S™! for hole conduction
and ~120 cm® V' S7! for electron conduction. This low-
temperature depositing process is compatible with the current
complementary metal-oxide semiconductor (CMOS) technol-
ogy and thus holds the potential to be a new platform for high-
performance SWNT devices. Moreover, this approach can
deposit SWNTSs on various substrates and surfaces, which is
also attractive for nanotube-based flexible electronics and
biological applications.

B EXPERIMENTAL SECTION

Synthesis and Deposition of Individual SWNTs.
Individual SWNTs were synthesized via floating catalytic
CVD method, and the detailed description can be found in
our previous works.>"** SWNT synthesis and low-temperature
deposition were carried out in a quartz tube. In its beginning
region, the catalyst (a mixture of ferrocene and sulfur) was
sublimed at a temperature of 60—62 °C, and subsequently
carried by Ar (carrying gas, 1100 sccm) and methane (2 sccm,
carbon source) flow to the high-temperature growth region
(1100 °C), where SWNTs continuously grew from the catalyst
particles. The synthesized SWNTs were further carried by the
flowing gas to the end region of the quartz tube, where the
temperature sharply decreased to 60 °C. Various substrates can
be loaded in this low-temperature area to directly deposit the
newly synthesized SWNTs.

Fabrication of Suspended Nanotube Devices. We used
n-doped Si wafers capped with a 200 nm-thick oxide layer as

substrates. First of all, a 100-nm-thick PMMA layer was spin-
coated on the Si/SiO, substrates. These special substrates were
loaded into the low-temperature area to collect individual
SWNTs. Then, a second layer of PMMA with thickness of 260
nm was added on the top of the as-deposited SWNTs to form a
PMMA/SWNT/PMMA sandwich structure. In the third step,
desired patterns were defined by using EBL (Raith 150). The
exposed PMMA, including both the 100 and 260 nm thick
layers, was developed. Finally, Ni/Au electrodes (20 nm/100
nm) were deposited via metal evaporation. After the lift-off
process, devices with suspended SWNTs were fabricated.

Characterizations and Measurements. The deposited
SWNTSs were characterized by scanning electron microscopy
(SEM, Hitachi S-5200) at S kV, atomic force microscopy
(AFM, Nanoman II), and micro-Raman spectroscopy (Re-
nishaw inVia Raman spectroscope) with an excitation source of
a 514.5 nm laser. The fabricated devices were measured in air
or loaded into an Oxford cryostat for low-temperature
measurements. Electrical measurements were carried out by a
Keithley 4200 semiconductor characterization system, and the
heavily doped Si substrate was used as backgate.

B RESULTS AND DISCUSSION

Floating catalytic CVD technique has been employed to
synthesize high-quality SWNT thin films. The continuous,
high-yield growth forms nanotube bundles due to the strong
van der Waals interaction. The nanotube bundles further cross-
link to form networks and finally produce mechanically strong,
highly conducting, and transparent SWNT thin films.>" To
produce individual nanotubes, however, it is crucial to lower the
growth rate as much as possible. In the optimized growth, the
catalyst source was sublimed at a relatively low temperature
ranging from 60 to 62 °C, and thus the generated catalyst
particles were controlled at a proper level. Meanwhile, the
carbon source (methane in this work) was adjusted to a very
small flux of 2 sccm. In this case, the as-grown SWNTSs were
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uniformly dispersed and floated in the flowing gas and directly
carried to the low-temperature area.

Another challenge is to eliminate the amorphous carbon
generated in the intermediate-temperature region. SWNT thin
films deposited in the high-temperature region are clean and
defect-free (see Supporting Information, Figure S1). When the
carrying gas (mixture of Ar and methane) flows through the
intermediate-temperature region, the growth of the floated
nanotubes is stopped; however, the carbon source (methane) is
still decomposed to promote the formation of amorphous
carbon on the deactivated catalyst particles as well as the
synthesized nanotubes. This process can be suppressed by a
careful control of the ratio and flux of the gas mixture (see
Supporting Information, Figure S2). As far as the optimized
depositing parameters are concerned, the flux of carbon source
(methane) is fixed at a very small value of 2 sccm, which not
only results in a low yield of the nanotube growth that produces
individual SWNTs but also suppress the formation of
amorphous carbon in the intermediate-temperature region. A
proper flux of the carrying Ar gas (1100 sccm for the optimized
deposition) also plays a key role in depositing long and clean
nanotubes in the low-temperature region. Smaller flux of the
carrying Ar (800—1000 sccm) produces high-quality SWNT
thin films in the high-temperature region,” but only short
nanotubes with a large amount of amorphous carbon can be
carried to the low-temperature region (see Supporting
Information, Figure S2). Larger flux of the flowing Ar gas
carries long nanotubes to the low-temperature region, and the
formation of amorphous carbon is further suppressed because
the synthesized SWNTs are carried through the intermediate-
temperature region at a higher speed. Figure la shows a SEM
image of the SWNTs deposited in the low-temperature area
down to 60 °C. The deposited SWNTs are long, isolated, and
quite clean. The typical length of the nanotubes is longer than
10 pm, which is highly satisfied for device fabrication. Note that
some of the nanotubes are still partially covered by amorphous
carbon. Figure 1b shows a typical AFM image, clearly revealing
that the deposited SWNTs are quite clean but with amorphous
carbon partially attached. Although the nanotube density is a
little higher, most of the deposited SWNTs are individual. As
shown in Figure 1c, the corresponding cross-section analyses
indicate eight individual nanotubes with diameters ranging from
1.3 to 2.0 nm as well as a small nanotube bundle. Furthermore,
it is important to note: (i) the deposition time for these
samples is as long as 10 min, and thus it is facile to control the
nanotube density by simply adjusting the depositing duration;
(ii) the partially postattached amorphous carbon has no effect
on the pristine quality of the nanotubes; and (iii) further
improvements are feasible to produce cleaner SWNTs by
choosing different carbon sources, sharpening the temperature
drop from growth region to deposition area, and so on.

The as-deposited nanotubes are further investigated by
micro-Raman spectroscopy with a 514.5 nm excitation laser. As
shown in Figure 1d, the tangential Raman modes (G band,
1500—1600 cm™") exhibit distinct features (splitting into G*
and G~ modes) for SWNTs, and the G~ peak reveals a
symmetry line shape. The inset of Figure 1d shows the radial
breathing mode (RBM) at a frequency of 177 cm™,
corresponding to a nanotube diameter of ~1.4 nm. This
individual SWNT is semiconducting and resonant with the
incident laser (E.= 241 eV) with respect to its interband
energy ES33.35

To obtain the average information of the diameters of the
obtained SWNTs, we selected different samples (nanotubes on
Si substrates) deposited at the optimal conditions to perform
AFM measurements. It was found that most of the nanotubes
(>90%) have diameters ranging from 0.7 to 3.0 nm. Figure le
shows the diameter distribution of the as-deposited SWNTs,
nearly 80% of the nanotubes have a diameter between 1.0 and
2.0 nm. The distribution can be well-fitted by a Lorentzian
function, with an average diameter of ~1.6 nm.

The low-temperature deposition of CVD-grown SWNTs is
compatible with the current CMOS technology and also a
novel method for direct deposition of SWNTSs on various
substrates and surfaces. With the optimized experimental
parameters, the temperature in the deposition area is down
to 60 °C. Most of the EBL resists, and photoresists are available
for the SWNT deposition. It is facile to fabricate special
patterns and structures of these resists on the required
substrates before the nanotube deposition; therefore, the
fabrication process of nanotube devices can be further
improved. Here we choose Si/SiO, wafer coated with a
PMMA layer as substrates and demonstrate a conventional
fabrication of suspended nanotube devices based on the low-
temperature SWNT deposition. As shown in Figure 2a, an

Si/SiO,

Figure 2. (a) SEM image of an individual SWNT deposited on Si/
SiO, substrate coated with a 100 nm thick layer of PMMA. The low-
temperature deposition has no effect on the PMMA layer. (b) SEM
image of the as-fabricated SWNT device. The nanotube is enclosed
and fixed by the electrodes and suspended over the substrate. The
corresponding height is determined by the thickness of the precoated
PMMA layer. The inset in each image shows the schematic cross-
sectional views.

individual SWNT is deposited on the PMMA surface. After the
nanotube deposition, a second PMMA layer is added to form a
PMMA/SWNT/PMMA sandwich structure. Then, the stand-
ard EBL and metal evaporation process are used to fabricate
electrode patterns. Figure 2b shows a typical SEM image of the
as-fabricated SWNT device, and the inset presents the
corresponding schematic cross-sectional view. The nanotube
is enclosed and fixed by the metal electrodes, which results in a
suspended geometry.z""36 The height of the suspended
nanotube over the oxide layer surface is determined by the
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Figure 3. (a) Current—voltage (I—V) characteristics of a suspended nanotube device measured at room temperature. The I-V curves show a linear
feature and ambipolar transport behavior, indicating that the device is based on a small band gap SWNT. (b) Transfer characteristics of the
suspended small band gap nanotube device, showing dependences of drain current (I) and mobility on the gate voltage (Vg). Drain voltage (V)
bias is SO mV. (c) I-V and (d) transfer characteristics of the suspended small band gap nanotube device measured at 60 K. Vy, is biased at 200 mV.

thickness of the PMMA layer precoated on the Si/SiO,
substrate. In this study, the hei%ht is 100 nm, and the nanotube
channel length (Lg) is 2 gm.”

The as-fabricated suspended nanotube devices were exam-
ined by electrical measurements performed in air or an Oxford
cryostat. Both semiconducting and metallic SWNT's have been
measured, which exhibit good performances comparable to the
previous works (see Supporting Information, Figure $3),'>'*%¢
indicating the high quality of the low-temperature deposited
SWNTs. Very recently, Amer et al. compared the transfer
characteristics of a metallic SWNT with its different segments
suspended over or lying on the substrate, respectively.” The
results indicate that the suspended segment possess a
pronounced band gap due to the elimination of localized
doping caused by trapped charges in the substrate, which is a
general effect for all SWNTSs. Therefore, we subsequently focus
on the electrical properties of an as-fabricated device with a
suspended small band gap SWNT. As shown in Figure 3a, the
current—voltage (I—V) curve at zero gate bias is slightly
nonlinear with a total resistance (Ro) of ~6 MQ, revealing
the existence of a small Schottky barrier (SB) formed at the
nanotube—metal contacts, which could be attributed to the
pronounced band gap of the suspended nanotube. However,
the SB can be effectively suppressed at both negative and
positive gate voltage (Vg), leading to perfect linear I-V
characteristics. Meanwhile, R, drops to ~345 KQ and ~2.2
MQ at V, = =5 and § V, respectively. This ambipolar transport
is an important feature for small band gap SWNTs.”'" Figure
3b plots the transfer characteristics of the device, revealing a
prominent gate dependence. The corresponding field-effect
mobility has also been calculated and plotted in Figure 3b by
using the equation

16259
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where Ly, = 2 ym is the nanotube channel length, g, = dl4,/dV,
is the transconductance, and C, is the gate capacitance per unit
length of the SWNT, which can be calculated from
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where C; = 4 X 107'° F m™" is the quantum capacitance of the
nanotube,®® D = 1.6 nm is the average diameter of SWNTs, g,
is vacuum permittivity, &, = 3.9 is the relative dielectric
constant of SiO,, and T, = 225.6 nm is the effective dielectric

thickness of the suspended device geometry, which is defined
39
as
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€eox ar
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where T,, = 200 nm is the oxide thickness, €, ~ 1 is the
relative dielectric constant of air, and T;, = 100 nm is the height
of the suspended nanotube over the substrate. As shown in
Figure 3b, the peak mobilities of the device are 1410 cm* V™!
S™! for hole conduction (p channel) and 120 cm® V™' S7! for
electron conduction (n channel), respectively. The p-channel
mobility of the device is in the same order of magnitude as
those of the CVD-grown SWNT devices reported in the
previous works,**® whereas both the conductance and mobility
in the n channel are much lower. The asymmetric ambipolar
transfer characteristics result from the asymmetric alignment
between the Fermi level of the metal and the nanotube band
structure. As previously mentioned, the band gap of a SWNT

0oxX
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becomes larger because of the suspended geometry. In our
devices, the nanotubes contact with Au; because of its higher
working function, the Fermi level will be aligned close to
valence band of the nanotube.

Another feature in the transfer curve (Figure 3b) is the
depleted current of 84 nA at V;* = 0 V. As previously
discussed, a small but distinct SB is formed at nanotube—metal
contacts and makes the [-V curve at zero V slightly nonlinear.
The nanotube band gap E, = @y, + Py, where Py, and Py,
are SB heights for hole conduction and electron conduction,
respectively. Apparently ®p,, Py, and E; are comparable to
kg T (300 x) & 26 meV, where kg is the Boltzmann constant and T
is the temperature. Therefore, the thermally activated charge
carriers can cross the SB even as the Fermi level is shifted
within the band gap of the nanotube, which contributes a small
background current, as measured in the transfer curve. This
background current reaches its minimum value when the Fermi
level is located at the middle of the band gap at V,* = 0V, as
measured in Figure 3b. This feature motivated us to investigate
the temperature-dependent transport properties of this small
band gap nanotube. Figure 3c shows the I—V characteristics of
the device at 60 K, which reveal a remarkable SB effect. Linear
I-V curves were measured only at a large negative gate V, =
—10 V. Figure 3d plots the corresponding transfer curve; it is
expected that the depleted current decreases to 1.1 nA even at a
larger Vy, bias.

Figure 4a shows the I—V characteristics of the device
measured at different temperatures down to 4 Kat V,;* =0 V.
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Figure 4. Temperature-dependent I—V characteristics (left) and
corresponding Arrhenius plot (right) at (a) Vy=0Vand (b) Ve=-10
V, respectively. V4 sweeps in a small range, and the zero bias
conductance (G) is extracted for Arrhenius plotting. The correspond-
ing standard deviation (SD) is found to be within $% of the extracted
G.

When the gate is biased near zero, the small I, is dominated by
the thermally activated injection of charge carriers crossing the
SB. Therefore, the measured current shows a sharp decrease
from 300 to 100 K. At lower temperatures, however, the
thermally activated conductance is suppressed and the carrier
injection is dominated by tunnelling. The thermally activated
conductance follows Geexp(—E,/ksT), and the corresponding

thermal activation energy E, can be extracted from the
Arrhenius plot.** Here E, is found to be ~85 meV at Vg =
0 V; therefore, the band gap of the nanotube can be roughly
estimated by E; = 2E, = 170 meV. While V, is biased at —10 V,
however, the temperature dependence of the I-V character-
istics exhibits very different features. As shown in Figure 4b, the
measured current first shows a small variation, and sharp
decrease only happens at temperatures lower than 40 K. The
conductance increases from 2.1 to 3 xS from 300 to 80 K and
then begins to decrease with further decreases in temperature,
which is consistent with the previous results.” At Vy=-10V,
the Fermi level is shifted deeply into the valence band of the
small-band gap SWNT, and thus the device shows quasi-
metallic features. The conductance increase with T > 80 K can
be attributed to the reduced phonon scattering as temperature
decreases, whereas at lower temperature the effect of the small
SB cannot be neglected any more (Figure 3c), and thus the
conductance begins to decrease. The well-characterized
temperature dependence of the device also indicates the
cleanness and high quality of the suspended nanotube.

It is possible to gradually eliminate the contribution of
thermal emission and uncover the tunnelling phenomena by
decreasing the temperature. To detect the tunnelling transport
at large negative gate, we applied a smaller Vg, = S mV and
swept V, from —8 V. As shown in Figure Sa, Fabry—Perot-like
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Figure S. (a) I=V, characteristics of the suspended nanotube device
recorded at Vy = S mV under temperatures lower than 80 K. (b)
Coulomb oscillations of the device at 20 K. To detect the oscillation

peaks, the biased Vy is increased to 50 mV.

bumps have been successfully measured with T < 60 K.*** The
interval between neighbor peaks AV, = ~0.43 V, independent
of the slightly shifted peak positions at different temperatures.
However, the conduction in small negative gate region and the
n channel is undetectable at the applied small V. We increase
the Vg to 50 mV, and Coloumb oscillation peaks have been
detected (Figure Sb). These two different tunnelling features
are determined by the Vj-induced specific alignments of the
metal—nanotube band structure and also consistent with the
temperature dependence of the nanotube conductance at
different gate bias, as shown in Figure 4.

B CONCLUSIONS

In conclusion, we have demonstrated a low-temperature and
direct deposition of newly synthesized SWNTs via floating
catalytic CVD. This approach can deposit SWNTs on various
substrates and surfaces. A conventional process has further
been developed to fabricate suspended nanotube devices based
on this low-temperature deposition method. The quality of the
nanotubes can be well-controlled, and the representative device
with a suspended small band gap nanotube exhibits excellent
transport characteristics at both room temperature and low
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temperatures. These facilely fabricated suspended nanotube
devices are promising for chemical/biosensing applications and
also as single quantum dots or resonators. Moreover, the low-
temperature deposition process is compatible with the current
CMOS technology, which could enable further improvements
on nanotube device fabrication.

B ASSOCIATED CONTENT
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Raman spectrum of the SWNT thin films, optimization of the
low-temperature SWNT deposition, and measurement data of
more suspended nanotube devices. This material is available
free of charge via the Internet at http://pubs.acs.org.
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