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Abstract: In this paper, (1) a simple and controllable method to synthesize single crystalline nanoribbons
of CuTCNQ in a large area was demonstrated by using a physical and chemical vapor combined deposition
technique. (2) Nanoribbons synthesized by this method were identified to belong to phase I. (3) Devices
and device arrays of nanoribbons were in situ fabricated by this method using gap electrodes and gap
electrode arrays. (4) Current-voltage characteristics of crystalline devices and device arrays of nanoribbons
exhibited semiconductor properties, and this conclusion was further confirmed by the results of devices
based on an individual nanoribbon or microribbon of CuTCNQ (phase I). The controllable synthesis of
nanoribbons for the in situ fabrication of crystalline nanodevices and device arrays will be attractive for
nanoelectronics. Moreover, semiconductor current-voltage characteristics of the nanoribbons will be
beneficial to the understanding of CuTCNQ.

Introduction

Nanowires/nanoribbons can act as both active devices and
interconnects and have been regarded as a “bottom-up” para-
digm of nanoelectronics.1 For example, individual semiconduct-
ing nanowire has been configured as field-effect transistor,1b

photodetector,1c and bio/chemical sensor.1d Crossed nanowire/
nanoribbon architecture enables diverse functions simply through
choice of nanowire/nanoribbon building blocks and provides
possibilities for scalable integration to the highest densities.1e-h

Hence, the synthesis of nanowires/nanoribbons with functions
has attracted particular attention recently.1 It is especially true
for single crystalline nanowires/nanoribbons because single
crystals indeed reveal intrinsic properties of materials and open
up prospects for high-quality devices and circuits.

Copper tetracyanoquinodimethane (CuTCNQ), which is
believed to be an organic switching and memory material, has

drawn interest since the 1970s (for the molecular structure of
TCNQ and the synthesis of CuTCNQ see the Supporting
Information).2 Despite extensive effort devoted to understanding
the electrical switching of CuTCNQ, there remains skepticism
regarding the switching of the material. It has been suggested
by some researchers that the electrical switching behavior is
related not to changes in the bulk sample but to the formation
of channels created from the contact of the aluminum electrode
with the irregular surface of the CuTCNQ films.3 The arising
skepticism is probably because (1) most reported devices
adopted a sandwich structure (e.g., Cu/CuTCNQ/Al) which was
fabricated on polycrystalline films generated by “spontaneous
electrolysis”. The polycrystalline film was always loosely packed
so that metal atoms easily diffused into the film in the process
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of electrode deposition, leading to doping or even leakage of
the device. Therefore, the reproducibility of CuTCNQ devices
was rather low and the thickness of the CuTCNQ film was
required to be very thick.2 (2) As we know, aluminum easily
causes Schottky contact with organic materials; hence, the top
contact between CuTCNQ and Al in Cu/CuTCNQ/Al sandwich
devices was also questionable.3 (3) Dunbar et al. demonstrated
that there are two distinct polymorphs of CuTCNQ: the “needle
or rodlike” kinetic product of phase I and the “platelet-like”
thermodynamically stable material of phase II.4 These two
phases both can be synthesized via “spontaneous electrolysis”.
The kinetic product (phase I) is soluble in acetonitrile and slowly
converts to a more thermodynamically stable material (phase
II). Both phases are dark purple, crystalline materials. Their
chemical composition and electronic characteristics are identical,
but the structures and properties are quite different. (e.g., the
conductivity of phase I was found to be high but that of phase
II was rather low).4 Both phases easily present in thin films of
CuTCNQ grown on copper substrates simultaneously, and any
subtle difference in reaction conditions can lead to variable
quantities of the two phases. Undoubtedly, this is an important
cause of the reported inconsistencies in the properties of
CuTCNQ devices.4

We have been concentrating on CuTCNQ for some years5

and acknowledged the problems encountered with its devices.
We believe that it is imperative to clarify the phase dependence
of the intrinsic properties of CuTCNQ for its practical applica-
tion, i.e., which phase is probably responsible for the switching
effect. For this aim, the problems that needed to be explored
are (a) how to get CuTCNQ products with pure phase I or phase
II, instead of the usual mixture of both phases by “spontaneous
electrolysis”; (b) how to solve the problems encountered with
sandwich devices, such as the leakage caused by the diffusion

of the top electrode during the vacuum deposition and the top
contact effect between the CuTCNQ and the Al electrode; and
(c) how to examine the intrinsic properties of CuTCNQ.
Actually, these problems are the focus of our present paper.

A method that combined physical and chemical vapor
deposition techniques was developed to synthesize phase I single
crystalline nanoribbons of CuTCNQ in a large area. And such
nanoribbons could also be in situ synthesized between Au gap
electrodes for the fabrication of crystalline devices and device
arrays, so that we can not only circumvent the inherent problems
of sandwiched devices encountered but also reveal the intrinsic
properties of CuTCNQ. Moreover, the combination of CuTCNQ
with nanodevices, i.e., the use of CuTCNQ nanoribbons for the
fabrication of nanodevices and devices arrays, is definitely
attractive for nanoelectronics, too.1

Results and Discussion

Recently, Liu et al. reported that CuTCNQ nanowires could
be prepared by an organic solid-phase reaction,5f i.e., TCNQ
powder was loaded in a ceramic boat, covered with copper foil,
and heated at 120°C for 2 h. They have applied the film of the
nanowires in field emitters successfully, although the structure
(crystalline or amorphous) and phase (phase I or phase II) of
such nanowires were unclear at that time. We reproduced the
synthesis of CuTCNQ nanowires by their method to try to
extend the nanowires into devices, but found the controllability
of their method for devices fabrication was challenging, i.e., it
was difficult to separate an individual nanowire for devices
fabrication. However, evoked by their method and our recent
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Figure 1. (A, B) Top view of CuTCNQ nanoribbon layer prepared in a
large area. (C) Nanoribbon arrays synthesized in the low-temperature region
(70°C) with Ar gas flow rate of 150 sccm through a rectangular tube passing
the Cu surface and a 2 hreaction time. (D) Enlarged SEM image of several
nanoribbons.

Figure 2. (A) UV-vis, (B) FTIR, (C) XPS, and (D) XRD pattern of
CuTCNQ nanoribbons. The UV-vis was recorded at room temperature by
dissolving CuTCNQ nanoribbons in acetonitrile, FTIR was performed by
using pressed pellets of a mixture of the nanoribbons and KBr (the peak at
3400 cm-1 was due to the adsorbed water of KBr), and XPS and XRD
were measured using CuTCNQ nanoribbons layer.
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methodfor thesynthesisofnanoribbonsofcopperphthalocyanine7a

(physical vapor transport technique), we developed a new
method to synthesize single crystalline nanoribbons of CuTCNQ
in a large area.

A two-zone physical vapor deposition (PVD) system was used
in the experiment (for details see the Supporting Information).
TCNQ powder was placed at the high-temperature zone and
vaporized at∼220 °C. Cu plates (or Cu covered Si/glass
substrates) were placed at the low-temperature zone. TCNQ
vapor was carried by flowing Ar and reacted with Cu at the
low-temperature zone. Dark blue fuzzlike products, which were
found to be CuTCNQ nanoribbons later, were obtained on the

substrates. The growth process of nanoribbons here is similar
to that in a low vacuum chemical vapor deposition (CVD)
system. TCNQ vapor (precursor) approaches the Cu surface and
reacts with Cu to form nanoribbons. Hence we call this method
a PVD and CVD combined technique.

CuTCNQ nanoribbons were synthesized in a large area by
this method, as shown in Figure 1A,B. The growth mechanism
of nanoribbons was noted, although it has not been fully
understood yet. The initial products observed on Cu substrate
were CuTCNQ dots. These dots gradually grew into nanorods
and finally evolved into long nanoribbons (see the Supporting
Information). The growth process of the nanoribbons could be
adjusted by several experimental conditions, such as reaction
temperature, reaction time, and Ar flow rate, similar to the
typical physical vapor transport technique7 (see the Supporting
Information). For example, CuTCNQ nanoribbon arrays could
be obtained by adjusting Ar flow rate and direction (Figure 1C).
An enlarged SEM image of several nanoribbons of Figure 1C
is shown in Figure 1D. It was found that the length of the
nanoribbons could range from several to several tens of
micrometers, and the width of the nanoribbons ranged from
several tens to several hundreds of nanometers (see the
Supporting Information).

Similar to the nanorods that we reported previously,5e nano-
ribbons obtained in this study also belong to phase I,4 as evi-
denced by the characterizations presented in Figure 2. The
absorption spectrum of the nanoribbons was shown in Figure

Figure 3. (A) A TEM micrograph of an individual nanoribbon and (B) its
corresponding electron diffraction pattern.

Figure 4. (A, E) Schematic view of Cr/Au/Cu multilayer pads prepared by photolithography on Si/Si3N4 substrate, (B) SEM image of a pad, (C, D)
CuTCNQ nanoribbons grown gradually, and (F) CuTCNQ nanoribbons striding over the gap of two pads to connect them together.
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2A, and the peaks at∼420, 742, and 841 nm were assigned to
the TCNQ anion radical of CuTCNQ.5,8 Figure 2B showed FTIR
spectrum of the nanoribbons. The band at 2200 cm-1 was the
typical absorption of CtN stretching, and the weak absorption
at 1577 and 1506 cm-1 was assigned to CdC ring stretching.
The CdC ring stretching region was also characterized by the
band at around 1351 cm-1. The peak at∼3400 cm-1 in the
FTIR was not assigned to the nanoribbons but to water adsorbed
by KBr substrates during the measuring process. XPS data of
the nanoribbons gave the Cu2p3/2 and Cu2p1/2 signals depicted
in Figure 2C, which exhibited no evidence for shoulders or
satellites due to Cu(II), suggesting that the products were
essentially Cu(I). Meanwhile, the N1s orbitals appeared as a
single feature at 398.8 eV, which was indicative of one type of
TCNQ.2h,4 The XRD powder pattern of the nanoribbons was
given in Figure 2D, which showed a few intense features in
the low-angle region. These features identified that nanoribbons
belonged to phase I with a tetragonal cell.4 The selected-area
electron diffraction (SAED) pattern of the nanoribbons further
confirmed this conclusion; i.e., the nanoribbons belong to phase
I. Given in Figure 3A was a typical TEM image of the
nanoribbons, and the corresponding SAED pattern was shown
in Figure 3B. No change of the SAED pattern was observed
for the different part of the same nanoribbon, indicating that
the whole nanoribbon was a single crystal. It could be
determined from the SAED pattern that the nanoribbons had

the unit cell of phase I CuTCNQ, as reported in ref 4. The
extinction of 100 agreed with space groupPn assigned by
Dunbar et al.4 It could be also revealed from Figure 3B that the
nanoribbons grew along the [100] direction, coinciding with
the fact that CuTCNQ molecules stacked up along this direction
through strongπ-π interaction.

A Cr/Au/Cu multilayer pad prepared by photolithography on
Si/Si3N4 substrate (Figure 4A,B) was inserted into our system
for nanoribbons growth. As soon as the pad contacted with
TCNQ vapor, Cu on the pad surface reacted with TCNQ im-

Figure 5. (A) Schematic view of Ti/Au/Cu multilayer gap electrodes. (B) Gap electrodes connected by CuTCNQ nanoribbons. Through changing the
temperature of the gap electrodes, the number of connected nanoribbons between the gap electrodes could be adjusted, with reaction time 120 min and Ar
gas flow rate 225 sccm: (C) at∼200°C there was a large amount of connected nanoribbons, (D) at∼150°C, there was several tens of connected nanoribbons,
(E) at ∼120 °C, there was about 10 connected nanoribbons, (F) at∼70 °C, the device is based on an individual nanoribbon of CuTCNQ.

Figure 6. The correspondingI-V characteristics of devices shown in Figure
5C-F.
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mediately and CuTCNQ (Figure 4C) was grown. With the reac-
tion continuing, CuTCNQ nanoribbons grew gradually (Figure
4D) and tended to stride over the gap between the two pads
and connect them together (Figure 4E,F). Hence, this is a pros-
pective method to fabricate CuTCNQ single crystalline devices.

Encouraged by this finding, Ti/Au/Cu multilayer gap elec-
trodes were prepared by photolithography on Si/Si3N4 substrate
(Figure 5A) with a gap width of several micrometers (the last
layer, the Cu layer could also be prepared by an electroplating
technique on Ti/Au gap electrodes). The top Cu layer could
react with TCNQ vapor to generate CuTCNQ nanoribbons, and
then nanoribbons would stretch toward each other and finally
connect the gap electrodes together (Figure 5B). The number
of connected nanoribbons between gap electrodes could be
adjusted by changing the experimental conditions (see Figure
5C-F and the Supporting Information).

Typical current-voltage (I-V) characteristics showed that
the above devices behaved as semiconductors (Figure 6). The
symmetricalI-V characteristics of devices illustrated in Figure
5C-E suggested possible symmetrical connections at both ends
of the nanoribbons or an average effect of a large amount of
asymmetrical connection of the nanoribbons. The asymmetrical
I-V characteristics of the device shown in Figure 5F indicated
asymmetrical ends connecting the single nanoribbon. The device
current of an individual nanoribbon was much smaller than that
of the others, which was not only due to the decrease of
connected nanoribbons between gap electrodes but also to the
width difference at both ends of the nanoribbon. Anyway, the

semiconductor behaviors of all devices agreed well, which
indicated that the material responsible for switching was not
our nanoribbons (phase I).

In order to further confirm this, higher voltage was applied
to the devices shown in Figure 5 until they were broken. No
switching phenomenon was observed in all devices. Moreover,
devices based on an individual crystal at submicrometer (Figure
7) level were fabricated by the “multi times gold wire mask
moving” technique.7 Submicrometer-sized ribbons of CuTCNQ
were obtained in our PVD system by adjusting the reaction time,
which gave an identical crystal stack as that of our nanoribbons.
The I-V characteristics of devices based on micrometer-sized
ribbons were similar to those shown in Figure 6; i.e., these
devices behaved as semiconductors and no switching phenom-
enon was observed. Results were illustrated in the plot of Figure
8. Dunbar et al.4 once suggested that the material responsible
for switching in CuTCNQ films was not phase I. Our results of
nano- and microribbons highly accorded with their conclusion.

Finally, it should be mentioned that device arrays of CuTCNQ
nanoribbons could be fabricated by the same principle by using
arrays of Cr/Au/Cu multilayer pads (Figure 9). TheI-V
characteristics of such devices further confirmed our conclusion
that CuTCNQ nanoribbons behaved as semiconductors. Cer-
tainly, it should be emphasized here that this conclusion does
not mean CuTCNQ is not a switching material; the results here
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Figure 7. (A, B) Schematic view of device fabrication based on an individual submicrometer-sized ribbon of CuTCNQ and (C, D) SEM images of a device
based on an individual submicrometer-sized ribbon of CuTCNQ which was fabricated using the method described in ref 7a.

Figure 8. I-V characteristics of devices illustrated in Figure 7.
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only indicate that the material responsible for switching is not
our nanoribbons (phase I). Factually, we have observed highly
reproducible switching in devices of CuTCNQ in other phase
status (the detailed mechanism is still under examination).

Conclusions

In summary, in this paper, we demonstrated a simple and
controllable method to in situ synthesize single crystalline
nanoribbons of CuTCNQ by using a combined physical and
chemical vapor deposition technique. Nanoribbons synthesized
by this method were identified as belonging to phase I.
Crystalline devices and device arrays of nanoribbons were in
situ fabricated by this method using gap electrodes and gap
electrode arrays. Current-voltage characteristics of crystalline
devices and device arrays of nanoribbons exhibited semiconduc-
tor properties, and this conclusion was further confirmed by
the results of devices based on an individual nanoribbon or
microribbon of CuTCNQ (phase I). The controllable synthesis
of nanoribbons and the in situ fabrication of crystalline devices
and device arrays based on nanoribbons will be attractive for
nanoelectronics. Semiconductor current-voltage characteristics
of nanoribbons will be beneficial for the understanding of
CuTCNQ.

Experimental Section

Products were characterized by UV-vis (U3010), Fourier-transform
infrared spectroscopy (FTIR, PE2000), X-ray photoelectron spectro-

scopy (XPS, ESCALab220I-XL), X-ray diffraction (XRD, D/max2500),
scanning electron microscopy (SEM, Hitachi S-4300 SE), and transmis-
sion electron microscopy (TEM, JEOL 2010).

Ti/Au/Cu (or Cr/Au/Cu) multilayer pad, pad arrays, and gap
electrodes were prepared by photolithography. Nanoribbons of CuTC-
NQ were in situ synthesized on the pads or between the gap electrodes.
A Keithley 4200 SCS was used for the current-voltage characterization
of the nanoribbons.
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Figure 9. (A) Schematic arrays of Cr/Au/Cu multilayer pads, (B) SEM image of pad arrays, and (C, D) device arrays of CuTCNQ nanoribbons.
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