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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 1). 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 drawn interest since the 1970s (for the molecular structure of

Nanowires/nanoribbons can act as both active devices and! CNQ and the synthesis of CUTCNQ see the Supporting

interconnects and have been regarded as a “bottom-up” para_Information).2 Despite extensive effort devoted to understanding

digm of nanoelectronicsFor example, individual semiconduct- ~ the electrical switching of CUTCNQ, there remains skepticism

ing nanowire has been configured as field-effect transigtor, "egarding the switching of the material. It has been suggested
photodetectot® and bio/chemical sens#f.Crossed nanowire/ by some researchers that the electrical switching behavior is
nanoribbon architecture enables diverse functions simply through"€!at€d not to changes in the bulk sample but to the formation
choice of nanowire/nanoribbon building blocks and provides of channels created from the contact of the aluminum electrode
possibilities for scalable integration to the highest densifids.  With the iregular surface of the CUTCNQ filmsThe arising

Hence, the synthesis of nanowires/nanoribbons with functions SKePticism is probably because (1) most reported devices
has attracted particular attention recentlyis especially true adopted a sandwich structure (e.g., Cu/CuTCNQI/AI) which was

for single crystalline nanowires/nanoribbons because single faPricated on polycrystalline films generated by “spontaneous

crystals indeed reveal intrinsic properties of materials and open €1€ctrolysis”. The polycrystalline film was always loosely packed
up prospects for high-quality devices and circuits. so that metal atoms easily diffused into the film in the process

Copper tetracyanoquinodimethane (CuTCNQ), which is
believed to be an organic switching and memory material, has
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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) As we know, aluminum easily
causes Schottky contact with organic materials; hence, the top
contact between CuTCNQ and Al in Cu/CuTCNQ/Al sandwich 30 20 2 80 0 50
devices was also questionaBl¢8) Dunbar et al. demonstrated . 5 (a) Uv—vis, (B) FTIR, (C) XPS, and (D) XRD pattern of
that there are two distinct polymorphs of CUTCNQ: the “needle CuTCNQ nanoribbons. The Uwis was recorded at room temperature by
or rodlike” kinetic product of phase | and the “platelet-like” dissolving CuUTCNQ nanoribbons in acetonitrile, FTIR was performed by
thermodynamically stable material of phase! These twio U prezsed el ofa e of e anoritons and KB (e ek
phases both can be synthesized via “spontaneous electrolysis”yere measured using CUTCNQ nanoribbons layer.
The kinetic product (phase 1) is soluble in acetonitrile and slowly
converts to a more thermodynamically stable material (phase of the top electrode during the vacuum deposition and the top
I). Both phases are dark purple, crystalline materials. Their contact effect between the CUTCNQ and the Al electrode; and
chemical composition and electronic characteristics are identical,(c) how to examine the intrinsic properties of CuTCNQ.
but the structures and properties are quite different. (e.g., the Actually, these problems are the focus of our present paper.
conductivity of phase | was found to be high but that of phase A method that combined physical and chemical vapor
Il was rather lowy: Both phases easily present in thin films of  deposition techniques was developed to synthesize phase | single
CuTCNQ grown on copper substrates simultaneously, and anycrystalline nanoribbons of CUTCNQ in a large area. And such
subtle difference in reaction conditions can lead to variable nanoribbons could also be in situ synthesized between Au gap
quantities of the two phases. Undoubtedly, this is an important electrodes for the fabrication of crystalline devices and device
cause of the reported inconsistencies in the properties of arrays, so that we can not only circumvent the inherent problems
CuTCNQ devices. of sandwiched devices encountered but also reveal the intrinsic
We have been concentrating on CUTCNQ for some years properties of CUTCNQ. Moreover, the combination of CUTCNQ
and acknowledged the problems encountered with its devices.yith nanodevices, i.e., the use of CUTCNQ nanoribbons for the
We believe that it is imperative to clarify the phase dependence faprication of nanodevices and devices arrays, is definitely
of the intrinsic properties of CuTCNQ for its practical applica- attractive for nanoelectronics, téo.
tion, i.e., which phase is probably responsible for the switching ] )
effect. For this aim, the problems that needed to be explored Results and Discussion

are (a) how to get CUTCNQ products with pure phase | or phase Recently, Liu et al. reported that CUTCNQ nanowires could
II, instead of the usual mixture of both phases by “spontaneous be prepared by an organic solid-phase reactiom., TCNQ
electrolysis”; (b) how to solve the problems encountered with powder was loaded in a ceramic boat, covered with copper foil,
sandwich devices, such as the leakage caused by the diffusiorand heated at 12 for 2 h. They have applied the film of the
: — nanowires in field emitters successfully, although the structure
(4) Heintz, R. A.; Zhao, H.; Ouyang, X.; Grandinetti, G.; Cowen, J.; Dunbar, .
. '(<')RL' Inosrg'GChEm'l\?g(% 35\3}\/144|;1J56_Zh b, tChem. Mater 1996 5 (crystalline or amorphous) and phase (phase | or phase Il) of
5) (a) Liu, S. G.; Liu, Y. Q.; Wu, P. J.; Zhu, D. em. Mater. , i i
5775-5787. (b) L, S. G Liu, v O Zhu, D’ Bhin Solid Fims1996 such nanowires were unclear gt that tlmel. We reproduced the
280, 271-277. (c) Sun, S. Q.; Wu, P. J.; Zhu, D. Bolid State Commun. synthesis of CUTCNQ nanowires by their method to try to
1996 99, 237—-240. (d) Liu, S. G.; Liu, Y. Q.; Wu, P. J.; Zhu, D. B.; Tian, P i i il
H.: Chen. K. C Thin Solid Filmsi996 259, 300-305. (&) Liu, Y.; i, Z extenq the nanowires |r.1to dewges, .but found the corlltrolllablllt.y
Tang, Q.; Jiang, L.; Li, H.; He, M.; Hu, W.; Zhang, D.; Jiang, L.; Wang,  Of their method for devices fabrication was challenging, i.e., it
X.; Wang, C.; Liu, Y.; Zhu, DAdv. Mater.2005 17, 2953-2957. (f) Liu, e sndivg ; ;
H_;Zhaog’ QL Y.: Liu, Y: Lu, F.: Zhuang, 3. Wang, S.;Jiangg,)L.;Zhu, was dlf_flcult to separate an |nd|V|du_aI nanowire for devices
D.; Yu, D,; Chi, L.J. Am. Chem. So@005 127, 1120-1121. fabrication. However, evoked by their method and our recent

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

method for the synthesis of nanoribbons of copper phthalocy@nine
(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).

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.

CUuTCNQ 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 techniqusee 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

TCNQ powder was placed at the high-temperature zone andseveral tens to several hundreds of nanometers (see the

vaporized at~220 °C. Cu plates (or Cu covered Si/glass

Supporting Information).

substrates) were placed at the low-temperature zone. TCNQ Similar to the nanorods that we reported previo8iyano-

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

Figure 4.

ribbons obtained in this study also belong to phasas, evi-
denced by the characterizations presented in Figure 2. The
absorption spectrum of the nanoribbons was shown in Figure

et

(A, E) Schematic view of Cr/Au/Cu multilayer pads prepared by photolithography onzlS¥Substrate, (B) SEM image of a pad, (C, D)

CUuTCNQ nanoribbons grown gradually, and (F) CUTCNQ nanoribbons striding over the gap of two pads to connect them together.

J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006 12919
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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) at200°C there was a large amount of connected nanoribbons, (B150°C, there was several tens of connected nanoribbons,
(E) at~120°C, there was about 10 connected nanoribbons, (R74 °C, the device is based on an individual nanoribbon of CUTCNQ.

2A, and the peaks at420, 742, and 841 nm were assigned to 6.0x10" ) 3.0x10° )

the TCNQ anion radical of CUTCNE® Figure 2B showed FTIR Device C ' Device D
spectrum of the nanoribbons. The band at 2200%cwas the = 00 0.0

typical absorption of &N stretching, and the weak absorption ~ y s

at 1577 and 1506 cm was assigned to=€C ring stretching. E'G'Oxm -3.0x10

The C=C ring stretching region was also characterized by the d,_’ 105 0 5 10 10 -5 0 5 10
band at around 1351 crh The peak at~3400 cnil in the 5 6.0x10” 5.0x10™

FTIR was not assigned to the nanoribbons but to water adsorbed) Device E 0.0 Device F

by KBr substrates during the measuring process. XPS data of 0.0 '

the nanoribbons gave the Cuzmnd Cu2p,, signals depicted -5.0x10™"

in Figure 2C, which exhibited no evidence for shoulders or . »

satellites due to Cu(ll), suggesting that the products were B0 59 5 10 ™0 {5705 0 5 1015
essentially Cu(l). Meanwhile, the N1s orbitals appeared as a Voltage (V)

single feature at 398.8 eV, which was indicative Of_ one type of rigye 6 The corresponding-V characteristics of devices shown in Figure
TCNQ?2"* The XRD powder pattern of the nanoribbons was 5C-F.

given in Figure 2D, which showed a few intense features in

the low-angle region. These features identified that nanoribbonsthe unit cell of phase | CuTCNQ, as reported in ref 4. The
belonged to phase | with a tetragonal delihe selected-area  extinction of 100 agreed with space gro&m assigned by
electron diffraction (SAED) pattern of the nanoribbons further Dunbar et af. It could be also revealed from Figure 3B that the
confirmed this conclusion; i.e., the nanoribbons belong to phase nanoribbons grew along the [100] direction, coinciding with
I. Given in Figure 3A was a typical TEM image of the the factthat CUTCNQ molecules stacked up along this direction
nanoribbons, and the corresponding SAED pattern was shownthrough strongr—s interaction.

in Figure 3B. No change of the SAED pattern was observed A Cr/Au/Cu multilayer pad prepared by photolithography on
for the different part of the same nanoribbon, indicating that Si/SiN, substrate (Figure 4A,B) was inserted into our system
the whole nanoribbon was a single crystal. It could be for nanoribbons growth. As soon as the pad contacted with
determined from the SAED pattern that the nanoribbons had TCNQ vapor, Cu on the pad surface reacted with TCNQ im-
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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.

mediately and CuTCNQ (Figure 4C) was grown. With the reac- 3.0x107
tion continuing, CuUTCNQ nanoribbons grew gradually (Figure 2.0x107
4D) and tended to stride over the gap between the two pads —_ ,
and connect them together (Figure 4E,F). Hence, this is a pros- < 10x107]
pective method to fabricate CuTCNQ single crystalline devices. k= 0.0
Encouraged by this finding, Ti/Au/Cu multilayer gap elec- g 106107
trodes were prepared by photolithography on SNg$substrate 3 .
(Figure 5A) with a gap width of several micrometers (the last -2.0x1071
layer, the Cu layer could also be prepared by an electroplating -3.0x10™
technique on Ti/Au gap electrodes). The top Cu layer could 10 5 5 5 10

react with TCNQ vapor to generate CuTCNQ nanoribbons, and Voltage (V)
then nanoribbons would stretch toward each other and finally

connect the gap electrodes together (Figure 5B). The numberfFigure 8. 1=V characteristics of devices illustrated in Figure 7.

of connected nanoribbons between gap electrodes could besemiconductor behaviors of all devices agreed well, which
adjusted by changing the experimental conditions (see Figureindicated that the material responsible for switching was not
5C—F and the Supporting Information). our nanoribbons (phase 1).

Typical current-voltage (—V) characteristics showed that In order to further confirm this, higher voltage was applied
the above devices behaved as semiconductors (Figure 6). Thao the devices shown in Figure 5 until they were broken. No
symmetrical —V characteristics of devices illustrated in Figure  switching phenomenon was observed in all devices. Moreover,
5C—E suggested possible symmetrical connections at both endsjevices based on an individual crystal at submicrometer (Figure
of the nanoribbons or an average effect of a large amount of 7) level were fabricated by the “multi times gold wire mask
asymmetrical connection of the nanoribbons. The asymmetrical moving” techniqué. Submicrometer-sized ribbons of CUTCNQ
|-V characteristics of the device shown in Figure 5F indicated were obtained in our PVD system by adjusting the reaction time,
asymmetrical ends connecting the single nanoribbon. The devicewhich gave an identical crystal stack as that of our nanoribbons.
current of an individual nanoribbon was much smaller than that The |-V characteristics of devices based on micrometer-sized
of the others, which was not only due to the decrease of ribbons were similar to those shown in Figure 6; i.e., these
connected nanoribbons between gap electrodes but also to thejevices behaved as semiconductors and no switching phenom-
width difference at both ends of the nanoribbon. Anyway, the enon was observed. Results were illustrated in the plot of Figure

(6) () De Boer, R. W. 1. Klapwik, T. M. Morpurgo, A Fappl. Phys. Let 8. Durjbar et _a'1‘. once suggested that the material responsible
2003 83, 4345-4347. (b) Takeya, J.; Goldmann, C.; Hass, S.; Pemstich, for switching in CUTCNQ films was not phase I. Our results of

K. P.; Ketterer, B.; Batlogg, BJ. Appl. Phys2003 94, 5800-5804. (c) nano- and microribbons highly accorded with their conclusion.
Mas-Torrent, M.; Durkut, M.; Hadley, P.; Ribas, X.; Rovira, &.Am. . . N .
Chem. Soc2004 126, 984-985. (d) Moon, H.; Zeis, R.; Borkent, E.-J.; Finally, it should be mentioned that device arrays of CUTCNQ

Besnard, C.; Lovinger, A. J.; Siegrist, T.; Kloc, C.; Bao,ZAm. Chem. i i nei i
S00.2004 126 1532215323, nanoribbons could be fabricated by the same principle by using

(7) (@) Tang, Q.; Li, H.; He, M.; Hu, W.; Liu, C.; Chen, K.; Wang, C.; Liu, ~ arrays of Cr/Au/Cu multilayer pads (Figure 9). TheV
Y.; Zhu, D. Adv. Mater. 2006 18, 65—68. (b) Laudise, R. A.; Kloc, Ch.; iati P i i
Simpkins. P. G. Siegrist, T, Cryst. Growth1998 187, 449-454, characteristics of sugh devices further conflrmgd our conclusion
(8) (a) Melby, L. R.; Harder, R. J.; Hertler, W. R.; Mahler, W.; Benson, R. E.; that CuTCNQ nanoribbons behaved as semiconductors. Cer-
Mochel, W. E.J. Am. Chem. Sod.962 84, 3374-3387. (b) Jeanmaire, R B B B ;
D. L.: Van Duyne, R. P.J. Am. Chem. Sod976 98, 4026-4033. (c) tainly, it should be gmphasaeql h(_are that thls conclusion does
Gong, J. P.; Osada, Yappl. Phys. Lett1992 61, 2787-2789. not mean CuTCNQ is not a switching material; the results here
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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.

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.
Conclusions A Keithley 4200 SCS was used for the currembltage characterization

. . . of the nanoribbons.
In summary, in this paper, we demonstrated a simple and

controllable method to in situ synthesize single crystalline  Acknowledgment. W.H. is grateful to Prof. Chen Wang

nanoribbons of CUTCNQ by using a combined physical and (National Cent.er for Nanoscience anql Technology) and Dr.
chemical vapor deposition technique. Nanoribbons synthesizedMeng He (National Center for Nanoscience and Technology)
by this method were identified as belonging to phase I. for discussions. The authors acknowledge financial support from

Crystalline devices and device arrays of nanoribbons were in National Natural Science Foundation of China (20421101,
situ fabricated by this method using gap electrodes and gap20404013' 204_0,2015’ 2057_1079’ 20527001, 90401026, 2.0472089*
electrode arrays. Currentoltage characteristics of crystalline ~ 90206049), Ministry of Science and Technology of China and
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microribbon of CUTCNQ (phase 1). The controllable synthesis  Supporting Information Available: The molecular structure

of nanoribbons and the in situ fabrication of crystalline devices of TCNQ; the schematic reaction of TCNQ and Cu; the
and device arrays based on nanoribbons will be attractive for preparation of single crystalline CuTCNQ nanoribbons; the
nanoelectronics. Semiconductor currembltage characteristics ~ possible growth process of nanoribbons; the influence of
of nanoribbons will be beneficial for the understanding of experimental conditions such as the thickness of Cu film,

only indicate that the material responsible for switching is not
our nanoribbons (phase ). Factually, we have observed highly
reproducible switching in devices of CUTCNQ in other phase
status (the detailed mechanism is still under examination).

CuTCNQ. reaction temperature, reaction time and Ar flow rate; the length
and width of nanoribbons; and the adjustment of connection
Experimental Section nanoribbons between gap electrodes. This material is available

free of charge via the Internet at http://pubs.acs.org.
Products were characterized by bVis (U3010), Fourier-transform g p-lip g

infrared spectroscopy (FTIR, PE2000), X-ray photoelectron spectro- JA0636183
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