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a b s t r a c t
The electrical and photo-sensing properties of horizontally-oriented interconnected carbon nanotube networks (CNT-NWs) prepared by means of a microwave plasma chemical vapor deposition sandwich-growth
process are investigated. The temperature-dependent dark and illuminated current–voltage and transfer
characteristics of CNT-NW-assisted devices are measured. Results show that the current–voltage
characteristics of the devices exhibit nonlinear behavior, and the current can be further modulated by a
gate voltage, revealing p-type semiconducting behavior with a device mobility of ~ 14.5 cm 2/V·s and an
on-off current ratio of ~ 10 3. Moreover, when the CNT-NW-assisted devices are irradiated with 1.25–25 μm
infrared (IR) from 300 to 11 K, the photo currents increase approximately 1.1- to 2.7-fold compared to the
dark currents at ±2 V bias voltage. Such results demonstrate that the presented CNT-NWs have high potential for IR photo-sensor applications.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Recently, devices based on networks of carbon nanotubes (CNTs)
have attracted considerable research attention [1–9] owing to their
potential in overcoming some of the technological challenges involved in the integration of single nanotube devices into scalable integrated circuits. One of the main challenging issues being still
encountered in nanotube electronics research society is the chirality,
position and orientation control of the individual nanotube [1–3]. Another important challenge is the limited current-carrying capacities
and number of conduction channels as well as poor reproducible
properties from single nanotube devices [1,2,4,5]. The use of nanotubenetwork-based structures provides an attractive alternative to avoid
these challenges while retaining the remarkable properties of individual
CNTs as well as providing processing capabilities of mass fabrication
techniques [1,2,10–16]. Furthermore, this type of carbon nanostructures
would have the additional advantage of ensuring a simple device fabrication process or even possible to directly employ as-produced carbon
nanotube network (CNT-NW) samples to fabricate large-scale integrated
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devices, including sensors, ﬂexible transistors, and integrated circuits
[1–7,10,22].
A wide variety of methods have been demonstrated to fabricate
CNT-NWs [1,2]. Among them, chemical vapor deposition (CVD) offers
the low-cost mass-production processing for directly obtaining pristine “high-purity” CNT-NWs on insulating surfaces without the need
for acid cleaning or any complicated chemical and printing procedures [3–5,17–19]. More importantly, the CVD technique also provides good control over the tube density, morphology, alignment,
and position, which is important as these parameters signiﬁcantly inﬂuence the collective properties of CNTs [3–5,17–19]. However, due to the
required relatively high growth temperature (>800 °C), the long process
time (several tens of minutes), and always incorporation of pre-patterned
catalysts/substrates for carrying out directed growth strategies, current
CVD procedures for synthesizing CNT-NWs are still incompatible for direct integration into microelectronics processing [3–5,17–19].
A sandwich-growth microwave plasma chemical vapor deposition
(MPCVD) method for direct growth of horizontally-oriented interconnected CNT-NWs on unpatterned substrates at relatively low
temperatures (≤ 600 °C) with short time process (4–6 min) was
reported previously [20]. Here, we further demonstrate that the
proposed CNT-NW growth technology indeed opens potential
and immediate possibilities for natural integration of such unique
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Fig. 1. (a) Schematic illustration of the sandwiched specimen stack structure used in this
work for direct growth of horizontally-oriented interconnected CNT-NWs. (b) Schematic picture of a CNT-NW-assisted device.
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by sputtering. The coated Si substrate was then covered by another
Si wafer during the deposition process. Such a stacked structure was
designed to restrict the gas ﬂow direction and to suppress the damages on the catalyst and/or growing tubes resulting from the ion bombardment of plasma. It is also advantageous for preventing catalyst
particles from being poisoned by excess carbon species or amorphous
carbon deposits during growth. The sandwiched structure was then
pretreated by hydrogen plasma operated with parameters of 100 sccm
H2, chamber pressure of ~4 kPa, and plasma power of 400 W for
15 min in MPCVD. After pretreatment, CH4 was subsequently introduced into MPCVD to initiate CNT-NW growth at a total gas pressure
of ~ 2.2 kPa and plasma power of 750 W for 6 min growth time
with CH4/H2 ratio of 1.5/400 sccm/sccm. There is no additional
heater installed on the substrate holder of our MPCVD system.
The substrate holder was heated directly by the plasma, and the
sample temperature was slightly varied in the range from 594 to
597 °C monitored by the thermocouples embedded inside the substrate holder. After growth, the samples were analyzed using a
JEOL JSM-6500F ﬁeld-emission scanning electron microscope (FESEM)
operating at 15 kV, a JEOL JEM-2100F high-resolution transmission electron microscope (HRTEM) operating at 200 kV, and a micro-Raman
spectrometer (Renishaw RM-1000, excitation laser: 514.5 nm in wavelength, laser spot: ~5 μm in diameter).

2.2. CNT-NW-assisted device fabrication and measurements

carbon nanostructures into specialized devices by directly employing
as-grown samples to fabricate simple CNT-NW-assisted devices. Then,
we use such devices to investigate the electrical and photo-sensing properties of the CNT-NWs by current–voltage measurement in dark and
under illumination conditions at various temperatures.
2. Experimental details
2.1. CNT-NW growth
Fig. 1(a) shows a schematic diagram of the sandwiched specimen
stack structure [20] used in this work for direct growth of
horizontally-oriented interconnected CNT-NWs. A SiO2 layer of
500 nm was thermally grown on a Si wafer followed by an Al2O3
layer of 10 nm and a Fe catalyst ﬁlm with a thickness of 5 nm deposition sequentially. The Fe ﬁlm and Al2O3 layer were both prepared

We directly employed as-grown samples to fabricate simple CNTNW-assisted devices. Two indium (In) metal strips were directly
soldered on the top surface of the samples to serve as the source
and drain electrodes. The heavily doped Si substrate was utilized as
the bottom gate electrode, with 500 nm thermally grown SiO2 on
top as the gate dielectric, as depicted schematically in Fig. 1(b).
The distance between the central (voltage) strips (Lc) was about
100 μm with the strip width (Ws) of ~ 200 μm. The dark and
illuminated current–voltage (Ids (source-drain current)–Vds (sourcedrain voltage)) and transfer characteristics (Ids–Vg (gate voltage)) of
the CNT-NW-assisted devices were measured in vacuum (~10−5 Pa)
and in air at 11–300 K using a semiconductor Agilent parameter
analyzer (HP4156B) and an infrared (IR) source provided by
the Fourier Transform IR spectroscopy. The IR radiation covered
the wavelength range of 1.25–25 μm. Each measurement was
repeated several times to ensure that the data were indeed
reproducible.

Fig. 2. FESEM image of the as-grown CNT-NWs synthesized by our MPCVD sandwich-growth process. The inset shows the Raman spectra for the CNT-NWs, obtained using the
514.5 nm line of an Ar laser.
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Fig. 3. (a) Low magniﬁcation TEM image of the CNT-NWs. (b) HRTEM image of the SWCNTs grown from the graphene layer-encapsulated particles. Inset: higher-magniﬁcation
image of an individual scale.

3. Results and discussion
3.1. Morphology and structure characterization of CNT-NWs
Fig. 2 displays the FESEM image of the CNT-NWs grown on an
Al2O3-coated SiO2/Si substrate with 5 nm thick Fe catalyst. It reveals
that the obtained “ﬁlm” comprises dispersed large-diameter catalyst
particles (~45–100 nm) connected by surface-grown CNTs to develop
the structure of horizontally-oriented interconnected CNT-NWs. We
further use Raman spectroscopy to evaluate the quality of the CNTNWs. As shown in the inset of Fig. 2, the signiﬁcant radial breathing
mode (RBM) signals and G-band peaks can evidently demonstrate
the existence of single- or double-walled nanotubes within the
CNT-NWs [21]. Furthermore, the high IG/ID ratio (~ 31.5) indicates
that the as-grown CNT-NWs are of highly-crystallinity (purity and
good quality) [21].
The structure and diameter of the CNT-NWs are further characterized by using HRTEM. The HRTEM images, shown in Fig. 3(a), reveal
that the CNTs are grown from the speciﬁc sites of particles and then
connected with neighboring particles/tubes to develop an interconnected network. Fig. 3(b) and its inset further display that the
CNT-NWs consist of a mixture of graphene layer-encapsulated particles
and interconnected single-walled carbon nanotubes (SWCNTs), isolated
or branched or assembled into bundles; of which SWCNTs stick out from
the outermost shell of graphene layer-encapsulated particles, behaving
as continuous walls, and ﬁnally attach to surrounding particles/tubes.
The main reason to form such unique networks may be due to the
sandwiched effect of two rougher surfaces of the Al2O3 layer and the
covering Si wafer; however, details of the formation mechanism of the
CNT-NWs synthesized by the proposed sandwich-growth MPCVD
method need further veriﬁcation.

might be formed at the interface of the metal and tube contacts as
well as at the junctions of semiconducting and metallic tubes [22–24].
We further study the transfer characteristics of the CNT-NWassisted devices to understand the effect of a Vg on the Ids of the
devices. The Vg dependence of Ids under a certain Vds of 0.1 V
measured at 300 K in air is displayed in the upper left inset of Fig. 4.
As displayed, the Ids is quenched for positive Vg with an on–off
current ratio of about 10 3, indicating that the CNT-NW-assisted
devices exhibit p-type semiconductor characteristics. Such p-type behavior of CNT-based devices has been mostly ascribed to the adsorption of atmospheric oxygen resulting in either p-doping [25–28] or
work function increase [29,30]. Since our devices are fabricated without taking any care to avoid from exposure to air, it is natural to assume that the measured samples might be with possible oxygen
adsorption. The high on–off ratio also implies that there should be
no pathways of solely metallic nanotubes in the CNT-NWs; that is,
the less-abundant metallic tubes might play a role only as interconnects
between the semiconducting tubes that determine the semiconducting
characteristics in the total conductance of the networks [2,3,5,22].
Addi 
dI ds
dox Lc
tionally, we use the standard formula [3,4,24,31], μeff = dV
εV ds W s , to
g

3.2. Electrical and photo-sensing properties of CNT-NW-assisted devices
To evaluate the feasibility of using the CNT-NWs as active materials
for electronic devices, the electrical properties of CNT-NW-assisted
devices are investigated by the measurement of temperaturedependent Ids–Vds and transfer characteristics Ids–Vg. Fig. 4 shows the
Ids–Vds curves obtained from several different devices measured in a vacuum probe station at 11–300 K. As shown, the Ids–Vds curves show
nonlinear properties at all temperatures, and the nonlinearities in the
Ids–Vds curves become more pronounced as temperature decreases.
The current level for the devices measured under air at ﬁxed sourcedrain bias conditions is similar to that obtained under vacuum, as
displayed in the lower right inset of Fig. 4 for the case of 300 K. The
nonlinear nature of the Ids–Vds curves indicates that Schottky barriers

Fig. 4. Ids–Vds characteristics of the CNT-NW-assisted devices, measured in vacuum at
temperatures ranging from 11 to 300 K. Upper left inset: transfer characteristics of
the CNT-NW-assisted devices, plotted on a logarithmic scale, at Vds = 0.1 V. Lower
right inset: Ids–Vds characteristics measured at 300 K in ambient air for the CNTNW-assisted devices.
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Fig. 5. Photocurrent response of the CNT-NW-assisted devices under IR light irradiation measured between 11 K and 300 K under vacuum. Insets: examples of the effect of the IR
illumination at 11 K on CNT-NW-assisted devices (upper ﬁgure) and catalyst particles only devices (lower ﬁgure), respectively, with corresponding schematic diagrams of the measurement setup.

estimate an effective mobility of our CNT-NW-assisted devices, where
the thickness (dox) and dielectric constant (ε) of the SiO2 gate oxide
are 500 nm and 3.9, respectively. Accordingly, the effective mobility
(μeff) in our devices is approximately 14.5 cm 2/V·s, which is a
typical value for devices made of networked CNTs [2–4,24,31].
The experimental observations suggest that the CNT-NWs may
be a viable material for transistor applications. Importantly, the
layout of such CNT-NWs offers the opportunities to achieve high
on–off ratio and uniform mobility without further processing steps for
the selective removal of metallic nanotubes. However, further studies
to optimize the device performance and to explore the electrical transport properties being possibly inherent in such unique networks are
needed. Work is currently underway in our group.
Regarding the photo-sensing capabilities of the CNT-NW-assisted
devices, the responses of the devices under IR illumination are studied.
Fig. 5 shows the temperature-dependent Ids–Vds characteristics of the
devices illuminated using an IR source with wavelength of 1.25–25 μm
being incident normally to the sample surface. The insets show examples of the effect of the IR radiation at 11 K on the CNT-NW-assisted
devices and catalyst particles only devices, respectively, with the
corresponding schematic diagrams of the measurement setup. All of
the tests are carried out under vacuum to minimize the effect of gas
molecules. As indicated in Fig. 5, the photocurrents induced at 11 to
300 K vary from 1.9 to 4.4 μA at the bias voltage of ±2 V for the
CNT-NW-assisted devices. Furthermore, it can be found from the
ﬁgure shown in the upper left inset that when the CNT-NW-assisted
devices are irradiated by the IR light, a dramatic increase in photocurrent
from a dark value of 0.71 μA to 1.92 μA can be clearly observed at 11 K,
indicating a 2.7-fold increased photocurrent. The increase in the IR
illumination-induced photocurrents is in fact observable over the entire
temperature range measured. This would be presumably due to the absorption of photon energy by the nanotubes, resulting in generation of
electron–hole pairs or excitons and subsequent charge separation by
the electrical ﬁeld before recombination [15,32]. In contrast, for devices
built with catalyst particles only, no noticeable variations in photocurrents can be detected at ±2 V bias voltage, as displayed in the lower
right inset of Fig. 5, indicating that the catalyst particles only devices
could not be used for photo-sensing, whereas the CNT-NWs would act
as the important component for light detection in this case. Although
further investigations are required to elucidate the photoresponse
mechanisms involved in such CNT-NW-assisted devices, and to obtain

optimal device performance, the preliminary data have shown that the
horizontally-oriented interconnected CNT-NWs are distinctive structures with potential uses for photo-sensors.
4. Conclusions
Horizontally-oriented interconnected CNT-NWs are directly synthesized on unpatterned Si substrates by a sandwich-growth technology in MPCVD. The as-grown samples can also be directly integrated
into simple CNT-NW-assisted devices for electrical and photo-sensing
characterization of the CNT-NWs. The transfer characteristics of the
CNT-NW-assisted devices exhibit p-type semiconducting behavior
with promising device performance, including a ~103 of on-off ratio
and ~14.5 cm2/V·s of ﬁeld effect mobility. Moreover, the photocurrent
responses of the same devices show that signiﬁcant IR illuminationinduced photocurrents can be detected in the entire measured temperature range of 11–300 K at the bias voltage of ±2 V. The fact that no detectable photocurrent change is witnessed for the devices built with
catalyst particles only suggests the prominent role played by the
CNT-NWs for photo-sensing. We believe that the present achievement
opens the way for future development of effective transistors and
photo-detectors based on the CNT-NWs.
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