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ABSTRACT: Large-area single crystalline CuTCNQ nanotube arrays (ca. 24 cm?) have been fabricated using an in situ organic
vapor solid phase reaction by instantaneous heating (TCNQ = 7,7,8,8-tetracyanoquinodimethane). The size of CuTCNQ
nanotubes can tuned by controlling the reaction temperature. The facile approach provides an important finding for large-area
synthesis of vertically aligned array organic nanotubes on conductive substrate, which is crucial to the direct fabricating of
electronic and optoelectronic devices for a wide variety of potential applications. The CuTCNQ nanotube arrays exhibited
excellent field emission (FE) properties and size-dependent FE properties were observed. The devices based on these highly
ordered CuTCNQ nanotube arrays have been demonstrated and have exhibited excellent electrical switching effects. The
maximal ON/OFF ratio of CitTCNQ nanotube arrays is about 1100. The morphology-dependent electrical-switching proper-
ties of the CuTCNQ nanotube arrays were investigated. These results suggest that the CaTCNQ nanotube array can be expected
to find promising applications as field emitters and nanoelectronic devices.

Introduction

Among organic one-dimensional architectures, increasing
interest has been focused on organic nanotubes due to their
higher surface area and hollow structure.'? In particular,
large area, vertically aligned nanotube arrays on a conductive
substrate are expected to have high performance in solar cells,
field emitters, field-effect transistor, and luminescent diodes
because of their well-defined channels for carriers.> However,
only a few examples are able to form very small-area organic
nanotube arrays by employing the typical self-assembly and
template-based methods as reported previously.® Those
organic nanotubes prepared by above-mentioned methods
are always free-standing, and very difficult to be directly used
in nanodevices because they cannot orderly locate on the solid
surface after the removal of the templates. Therefore, it still
requires further effort to explore a facile and versatile syn-
thetic method to obtain aligned organic nanotube arrays.

Among the organic materials, the organic charge transfer
complex CuTCNQ (TCNQ = 7,7,8,8-tetracyanoquinodi-
methane) has unique electrical and optical properties and
has been applied as optical and electrical recording media,
which has led to renewed interest.* Various methods such as
vacuum vapor deposition, spontaneous electrolysis techni-
ques, and electrochemistry have been employed to yield a host
of different CuTCNQ morphologies such as nanowires, nano-
rods, and nanoneedles.* 9 However, there have been no
studies on the preparation of large-area of CaTCNQ nano-
tube arrays on conductive substrates. Recent work from this
laboratory has focused on organic vapor solid phase reactions
for the controlled synthesis of CuTCNQ nanostructures and
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has found their excellent field emission (FE) properties.*P

In this work, we conducted in situ organic solid-reaction-
initiated unidirectional growth of aligned CuTCNQ nano-
tubes on copper foil under instantaneous heating conditions
leading to form large-area free-standing nanotube arrays
(ca. 24 cm?). Meanwhile, we also achieved control of the
length and size of CuTCNQ nanotube arrays. This new
method ensures that the nanotubes in the arrays are in direct
contact with the conductive substrate and provide a contin-
uous pathway for carrier transport. The combined properties
enable the nanotube to have very specific applications on
direct construction devices on large-area arrays. We demon-
strate that these vertically aligned CuTCNQ nanotube arrays
indeed exhibit excellent FE properties and size-dependent FE
properties were observed. The devices based on these
CuTCNQ nanotube arrays have exhibited morphology-
dependent electrical-switching properties. The maximum
ON/OFF ratio of CuTCNQ nanotube arrays is up to 1100.
Therefore, large-area CuTCNQ nanotube arrays may be
expected to be suitable for electronic and optoelectronic
devices such as field emitters, high density information storage,
and nanoscale switching devices.

Experimental Section

Chemicals. TCNQ was obtained from Aldrich. Copper foil was
obtained from Beijing Chemicals Corp. and used with ultrasoni-
cated in 0.1 M HCI, pure water, acetone, and ethanol, respectively.
All solvents in this study were purchased from Beijing Chemicals
Corp. and used without further purification.

Measurements. Scanning electron microscopic (SEM) measure-
ments were performed using a Hitachi S4300 field emission scanning
electron microscope (FE-SEM). Transmission electron microscopic
(TEM) measurements and selected-area electron diffraction
(SAED) patterns were performed using a JEOL JEM-1011. For
TEM studies, pieces of samples A—C were ultrasonicated in 2 mL of
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Figure 1. (A) FT-IR spectra. XPS data in the Cu 2p3; and 2p; > (A) and N (B) for CuTCNQ nanotube arrays (Sample A).

ethanol, respectively, a drop of ethanol solution of samples was
dripped on a carbon coated copper grid and was dried at room
temperature. Fourier transform infrared (FT-IR) spectroscopic
measurements were performed by a Thermo Nicolet Nexus 670
FT-IR spectroscope. The current—voltage (/— V') characteristics of
CuTCNQ nanotube arrays were measured using a Keithley Semi-
conductor Characterization System (SCS-4200). Al electrodes are
grounded, and voltage sweeps are applied on devices. All of the
electrical measurements were made under ambient conditions.

Fabrication of CYuTCNQ Nanotube arrays. A glass plate (6 x 4 cm?)
spin coated with a TCNQ film (3 mg) was laid at the center of a quartz
tube and a copper foil (5.3 x 4.6 cm” with the thickness of 100 um) was
fixed on the top of glass plate. After the horizontal tube furnace
was heated to 170 °C (for sample A), 150 °C (for sample B), and 190 °C
(for sample C), respectively, the quartz tube loaded glass plate and
copper foil was rapidly inserted in the tube furnace under argon gas
flow (40 standard cubic centimeters per minute) and kept at that
temperature for 15 min. A mass of TCNQ vapor was produced under
instantaneous heating and reacted with copper on the top of glass plate
to form CuTCNQ. Finally, the surface of the copper was deposited
with a layer blue-green film, which indicated that the CuTCNQ
nanotubes (samples A, B and C) grew successfully on the surface of
copper.

Results and Discussion

The as-preapred CuTCNQ nanotubes (sample A) are
characterized by FT-IR spectra (Figure 1A), which provide
evidence for bonding copper and TCNQ. CuTCNQ nano-
tubes show strong stretches at 2198 cm™'. Compared with the
spectrum of pure TCNQ molecule, the spectrum of CuTCNQ
nanotubes shows obvious change. The absorption at 827 cm ™!
is consistent with the presence of TCNQ™ and not TCNQ,
TCNQ?", or mixed-valence stacks of TCNQ~ and TCNQ,’
which is very sensitive to change in oxidation state. The
absorption of the CN group at 2198 cm ™' indicates that the
CuTCNQ nanotube is phase I of CuTCNQ.® The success of
the preparing CuTCNQ nanotubes is further confirmed
by XPS spectra (Figure 1B,C). The 2ps,, and 2p,» signals

(932.7 and 952.4 eV) exhibit essentially identical binding
energies for Cu 2p orbital in accord with Cu(I).” Likewise,
the Ny orbital appearing as a single feature at 399.66 eV is
indicative of only one type of TCNQ.® The results indicate
unambiguously that these nanotubes are composed of
CuTCNQ.

Figure 2A displays the photographs of sample A prepared
at 170 °C, whose areas are up to 24 cm®. TEM images show
that the CuTCNQ nanotubes are well-defined, straight, or
gently curved with a smooth surface and with a total diameter
between 150 to 300 nm, and an inner diameter of 10—50 nm
(Figure 2B). Figure 2C shows a TEM image of a typical
individual CuTCNQ nanotube with a 160 nm diameter and
wall thickness of about 40 nm. The SAED pattern (Figure 2D)
shows that the CuTCNQ nanotube is single crystal.® It
suggests that the nanotubes grow along the [100] direction
of the monoclinic CuTCNQ phase 1 structure, in which
CuTCNQ molecules stacked up along this direction through
strong t— interactions. The SEM images (Figure 2E) reveal
that the blue-green film deposited on the surface of copper foil
consists of vertically grown CuTCNQ nanotube arrays.
Figure 2E is the cross-section SEM image of CuTCNQ
nanotube arrays, which show the oriented nanotubes are
vertically aligned. The lengths of CuTCNQ nanotubes are
ranged from 5 to 20 um. Interestingly, as shown in Figure 2F,
the nanotubes are quadrate and the diameter is about 200 nm.

Decreasing the temperature of the reaction to 150 °C, as
shown in Figure 3A, the CuTCNQ nanotube arrays (sample
B) vertically grew on the copper foil. The lengths of CuTCNQ
nanotubes are only several micrometers and the diameters are
about 150 nm (the inset of Figure 3A). TEM image in
Figure 3C demonstrates that the diameter and the thickness
of wall of a typical CuTCNQ nanotube is 312 and 64 nm,
respectively. The SAED pattern (the inset of Figure 3B)
indicates that the CuTCNQ nanotube is a monoclinic
CuTCNQ phase I structure. When the temperature of the
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Figure 2. (A) Photograph of large-scale CuTCNQ nanotube arrays (sample A) on Cu foil. TEM image (sample A): (B) CuTCNQ nanotubes,
(C) typical individual CuTCNQ nanotube, (D) the corresponding SAED pattern of CutTCNQ nanotube. SEM images of sample A: (E) cross-

section and (F) higher magnifications.
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Figure 3. SEM image of sample B: (A) lower magnification and the
inset is the corresponding higher magnification. (B) TEM image of a
typical individual CdTCNQ nanotube; the inset is the correspond-
ing SAED pattern of CuTCNQ nanotube. Sample C (D) cross-
section of SEM image and (E) TEM image of a typical individual
CuTCNQ nanotubes.

reaction is increased to 190 °C, the oriented CuTCNQ nano-
tubes (sample C) perpendicularly align on the copper foil and
the lengths of nanotube increase to 12—50 um (Figure 3D).
The diameter of nanotube is smaller at the tip position than at
the bottom position. As shown the TEM image in Figure 3E,
the diameter of individual CaTCNQ nanotube on different
positions exhibits diversity; the thickness of wall at the tip
position is 30 and 10 nm, respectively, and at the middle
position is 100 and 35 nm, respectively.

Figure 4 shows a schematic illustration of the growth of
CuTCNQ nanotube arrays on Cu foil. The growing process is
concomitant with a reaction of Cu and TCNQ molecules all
the while. The growth mechanism of the CuTCNQ nanotube
is similar to the growth of hollow and solid semiconductors.”

The concentration of TCNQ vapor is the key effective factor
to the growth and morphologies of the CuTCNQ complex,
where the concentrations of TCNQ vapor can be controlled
by adjusting the heating velocity. At first, a mass of TCNQ
vapor is generated through instantaneous heating TCNQ film
on a glass plate (Figure 4A), which leads to a high concentra-
tion of TCNQ vapor. The TCNQ vapor immediately reacts
with metal copper on the surface of the Cu foil to form the
CuTCNQ complex, which deposits to form nuclei that is seed
particles (Figure 4B). At this high concentration of TCNQ
vapor, the growth rate (R,) is low with respect to the rate of
diffusion (Ry) at the vapor—solid interface, and the copper
concentrations are intensely decreased close to the top area of
CuTCNQ nanostructures, inducing the preferential growth of
nanotubes (Figure 4C,D) and limiting the growth of nano-
rods. This is a very interesting growing phenomenon that the
diameter was decreased and the length of nanotubes was
increased when increasing the growth temperature. In fact,
the quantity of copper atoms from copper foil diffusing to the
top of CiTCNQ nanotube gradually decreases due to extend-
ing the diffusion distance when increasing the length of the
growing CuTCNQ nanotube. Therefore, the CuTCNQ
nanotubes with uniform diameter are formed at 150 °C, and
the diameter on the top of nanotube formed at 170 °C is
slightly less than that on the bottom of the nanotube. When
the temperature of instantaneous heating increases to 190 °C,
the tip structure with hollow was formed on the top of
nanotube. However, when the TCNQ film is gradually heated
from room temperature (rt) to 170 °C, a low concentration of
TCNQ vapor is produced during the process of gradually
heating due to the TCNQ vapor that can be generated from
TCNQ film at 80 °C. At low concentrations of TCNQ vapor,
the crystal growth is relatively fast with respect to the diffusion
rate at the vapor—solid interface. Growth takes place at the
entire vapor—solid interface, giving rise to solid nanowires
(Figure 4E). As shown in Figure 5, the CuTCNQ nanowires
with a diameter of 100 nm are obtained when the copper foil
fixed on the top of the glass plate coated TCNQ film is
gradually heated from room temperature to 170 °C. The
results confirm this proposed growth mechanism.
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Figure 4. Schematic illustration of the growth of CuTCNQ nanotube arrays on Cu foil.
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Figure 6. (A) Field emission J—F curve of the CuTCNQ nanotube arrays and (B) the corresponding FN plot.

Field Emission Properties. As expected from the CuTCNQ
nanotube arrays, their excellent FE properties were
observed. We performed the FE measurements on the arrays
of organic charge transfer complex CuTCNQ nanotube with
different sizes. Figure 6A shows a typical plot of the FE
current density versus the applied electric field (J—E plot) of
the CuTCNQ nanotubes prepared under different tempera-
tures on the surface of copper foil. The turn-on field (E,) and
threshold field (Ey,,) are defined as the macroscopic field
required to produce a current density of 10 #A/cm® and
1 mA/ecm?, respectively. As shown in Figure 6A, the E, of
sample A, B, and Cis 4.49, 5.25, and 4.99 V/um, respectively.
They are higher than that of CuTCNQ nanowires, but the
maximal current density for sample A is 7.15 mA /em? under
the applied field about 12.2 V/um. The result is 11.6 times

more than that of CuTCNQ nanowires.* The maximal
current density for samples B and C is 5.3 and 6.4 mA /cm?,
under the applied field of about 20.8 and 19.4 V/um,
respectively. This is because the emitter radius of CiTCNQ
nanotubes is smaller than that of CuTCNQ nanowires. The
field emission characteristics were analyzed using the
Fowler—Nordheim (F—N) model described as follows:'°

J = (4B°E* /@) exp(—BD* /BE) (1)

where 4 =1.54 x 106 A eV V>, B=6.83 x 103 eV
um™~", @ is the work function of the emitter, and f3 is the field
enhancement factor. The insets of Figure 6B, the variation of
In(J/E?) with (1/E) is a rough straight line, indicate that FE
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Figure 7. (a) Illustration of the circuit of device under testing. Cu foil and Al film are taken as the bottom electrode and top electrode,
respectively. Samples are grown on Cu films and the area of Al films is about 20 mm?. Voltage sweeping applied to various structures of
CuTCNQ. Panels (b—d) show typical /—V curves for three different samples. Arrows indicate the direction of voltage sweeping. Inset in
(d) indicates a high resistance state under low current sweeping (0—100 nA).

processes from the CuTCNQ nanotube arrays are a
quantum tunneling process. Assuming ® =2.77 eV for
CuTCNQ,* the field enhancement factors j are 699, 374,
and 508 for the CuTCNQ nanotube arrays A, B, and C,
respectively. The value of 5 relates to the structure, shape,
size, alignment, crystallinity, aspect ratio, etc.'! It is gen-
erally accepted that the enhancement factor f is not only
determined by the aspect ratio but also by the ratio of
length to the wall thickness for the tube-like emitters.'? For
those samples with the same structure, shape, and crysalli-
nity, they are different from the aspect ratio and the ratio of
length to wall thickness. From Figure 3, the aspect ratio of
sample B and the ratio of length to wall thickness are lower
than that of sample A. Although the aspect ratios and the
ratio of length to wall thickness of sample C are more than
that of sample A, the alignments of sample C are lower than
that of sample A because their lengths are too long to be
entangled with each other in nanotube arrays, which lead
to a decrease in the value of 8. Therefore, the field emiss-
ion property of sample A is better than that of samples
Band C.

Electrical-Switching. The devices based on those
CuTCNQ nanotube arrays and nanowires were fabricated
on the Cu foils. Three different nanostructures of Cu’TCNQ
samples (nanowires, A and B) are grown on Cu foils as
bottom electrodes, and Al films are prepared as top electro-
des (about 20 mm?),'>'* illustrated by Figure 7. We
observed evolution in conducting transition for different
samples. For CitTCNQ nanowires, the typical /—V curve in
Figure 7b exhibits a switching effect at high voltage, with an
ON/OFF ratio ~ 10 at 4 V. Figure 7c shows the I—V
characterization for CuTCNQ short nanotubes (sample
B); the voltage threshold ranges from 500 to 800 mV, far
less than the value of CuTCNQ nanowires. Furthermore,
an ON/OFF ratio ~ 70 is obtained. It is indicated that,

compared to nanowires, nanotubes possess higher perfor-
mances on the electrical switching effect, which is con-
firmed by following measurements on long nanotubes of
CuTCNQ (sample A). As shown in Figure 7d, long
CuTCNQ nanotubes exhibit excellent switching perfor-
mance on ON/OFF ratio which is about 1100 at less than
1.25 V. However, when the applied voltage is less than 1.2 'V,
the current remains about 200 nA, whose slope shows great
conduction far more than 1000.

There are several important points that should be empha-
sized. First of all, we observed two switching transitions:
high voltage switching effect (HVSE) and low voltage
switching effect (LVSE). HVSE can be observed for all
samples and LVSE for only nanotubes; the phase transition
may responsible for these two states. Second, it can be seen
that, for HVSE both the “ON” and “OFF” conduction states
are almost exponential, compared to the linear (Ohmic) for
the LVSE case. It is indicated that the resistance relies on the
electric field strength for HVSE and is independent for
LVSE. Furthermore, asymmetrical /—J curves are observed
for all samples, demonstrating electrodes dependence prop-
erties for the conducting of CaTCNQ. It is well-known that
the phase transition plays an important role in the switching
effect. Before phase transition in CuTCNQ, the overlap of
7 orbitals dominates their conducting. And Cu’ would
contribute to the increase of conducting after the phase
transition.® Compared to nanowires, CUTCNQ nanotubes
are more stable for their relative low density. Meanwhile, the
tube structure of CuTCNQ is an advantage for the transport
of carrier supplied by metallic Cu’. As a result, nanotubes
exhibit a better performance on electrical switching effect
and LVSE can be realized.

The low ON/OFF ratio of CuTCNQ nanowires is shown
in Figure 8a. Their large length—diameter ratio (20—40)
results in a flexible state, and therefore leading to a network-like
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Figure 8. (a) Illustration of the electric switch ratio for CuTCNQ nanowires and nanotubes (navy bar) with red dots indicating the length
sample. The performance of electric switch effect showed an exponential increase from nanowires, short nanotubes (sample B) to long
nanotubes (sample A), depending on the morphology. (b) The electric field dependence of conduction for CiTCNQ nanowires. The black line

is three parameters data fitting for In G ~ 1/E curve.

contact with Al electrodes. Electric-field dependence is described
by an equation:'

G(E) = Gy exp| —(Eo/E)*] (2)
This equation can be rewritten as
InG= —(E/E)* +1In G (3)

According to Figure 8b, transition of In G versus 1/E can be
observed. By data fitting (solid line), GO and A are 0.6 and
4 mS at the low voltage region, and 1.2 and 10 mS at the high
voltage region, respectively. Eyis about 15000 V/cm for both
regions. We attribute this transition to the confined heat
effect, which would damage samples or increase the phase
transition rate from CuTCNQ to [Cuo]v\., [TCNQO]X,
[Cu™(TCNQ)],_+.> It has been confirmed by repeated
measurements for a sample. So it is difficult for us to observe
the large ON/OFF ratio for nanowires. However, for
CuTCNQ nanotubes, their unique structure ensures their
safety from heat, and only a few tubes are contacting Al
electrodes, and overlaps of s orbitals supply an increasing
transport channel for Cu® carriers. For long nanotubes, an
electric switch effect is beneficial for efficient heat dissipation
and few nanotubes contacting the electrodes. It also demon-
strates clearly that long nanotubes have better performance
than short ones.

Conclusions

In summary, large-scale single crystalline CuTCNQ nano-
tube arrays have been synthesized using an in situ organic
vapor solid phase reaction by instantaneous heating. This
facile approach provides an important finding for large area
synthesis of vertically aligned array organic nanotubes on
conductive substrate. The size of CuTCNQ nanotubes can be
tuned by controlling the reaction temperature. This selective
growth of CuTCNQ nanotube arrays on conductive substrate
is crucial to the direct fabricating of electronic and optoelec-
tronic devices for a wide variety of potential applications. The
CuTCNQ nanotube arrays exhibited excellent FE properties
and size-dependent FE properties were observed. The maximal
current density for CiTCNQ nanotube arrays is 7.15 mA/
cm?, which is 11.6 times more than that of CuTCNQ nano-
wires. The devices based on those nanotubes and nanowires
have been built and switched electrically between two states
with a conductivity difference. The morphology-dependent
electric-switching properties of the CuTCNQ nanotube arrays
are observed. Long CuTCNQ nanotube arrays show a high

ON/OFF ratio ~ 1100. The nanotube array is an excellent
candidate for further studies in organic electronics.
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