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Abstract: High-performance air-stable n-type field-effect transistors based on single-crystalline submicro-
and nanometer ribbons of copper hexadecafluorophthalocyanine (F16CuPc) were studied by using a novel
device configuration. These submicro- and nanometer ribbons were synthesized by a physical vapor
transport technique and characterized by the powder X-ray diffraction pattern and selected area electron
diffraction pattern of transmission electron microscopy. They were found to crystallize in a structure different
from that of copper phthalocyanine. These single-crystalline submicro- and nanometer ribbons could be in
situ grown along the surface of Si/SiO2 substrates during synthesis. The intimate contact between the
crystal and the insulator surface generated by the “in situ growing process” was free from the general
disadvantages of the handpicking process for the fabrication of organic single-crystal devices. High
performance was observed in devices with an asymmetrical drain/source (Au/Ag) electrode configuration
because in such devices a stepwise energy level between the electrodes and the lowest unoccupied
molecular orbital of F16CuPc was built, which was beneficial to electron injection and transport. The field-
effect mobility of such devices was calculated to be ∼0.2 cm2 V-1 s-1 with the on/off ratio at ∼6 × 104. The
performances of the transistors were air stable and highly reproducible.

Introduction

n-type semiconductors have been widely applied in inorganic
electronics, especially in digital circuits, to work as comple-
mentary circuits which effectively lower power dissipation,
improve noise immunity, and increase operational stability.1

However, for organic electronics, a few n-type semicon-
ductors and their field-effect transistors, especially air-stable
ones, have been investigated. The synthesis of n-type semicon-
ductors is difficult, and most n-type organic semiconductors are
air sensitive. Moreover, in the commonly used symmetrical
device configuration for n-type organic field-effect transistors
(OFETs), e.g., Au/Au or Ag/Ag as the drain/source, it is difficult
to match the work function of the electrode with the lowest
unoccupied molecular orbital (LUMO) of organic semiconduc-
tors, resulting in the deterioration of the performance of n-type
OFETs.1

Single crystals have prominent merits in the study of intrinsic
charge-transport properties of organic semiconductors, and some
single-crystal OFETs exhibit mobility higher than 1 cm2 V-1

s-1,2 which opens up prospects for the fabrication of high-quality
devices and circuits.2f Nevertheless, there are still many factors
limiting their applications. Two challenging tasks are growing
large-size organic crystals and handling such fragile crystals.
As we know, most organic crystals always exist on the micro-
or nanometer scale. It is challenging to grow large-size organic
crystals, even on the millimeter scale. Hence, if OFETs could
be fabricated directly based on micro- or nanometer-scale
crystals, which will not only overcome the challenge to grow
large-size crystals but also keep all the advantages of organic
single crystals, it will provide a direct way to characterize the
intrinsic properties of organic semiconductors. Furthermore,
devices on the submicro- and nanometer scales have attracted
particular attention recently with the development of nanoelec-
tronics. Though nanodevices based on carbon nanotubes3 and
inorganic semiconductors4 have been extensively studied, only
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a small amount of literature has addressed single crystals of
organic semiconductors, especiallyn-type organic semiconduc-
tors.

Copper hexadecafluorophthalocyanine (F16CuPc) has attracted
attention in OFETs due to its remarkable air-stable n-type
semiconducting properties as well as its high thermal and
chemical stability.5 Pioneer works of Bao et al. demonstrated
that the mobility of its thin-film OFETs could reach 0.03 cm2

V-1 s-1.5a It is regretful that up to date the structure of F16-
CuPc has not been well studied (to our knowledge, its structure
was only hypothesized as similar to that of copper phthalocya-
nine (CuPc)5a,6) and no single-crystal devices based on F16CuPc
have ever been investigated.

We acknowledge the great meaning and prospect for the study
of F16CuPc as well as the status of the compound encountered.
First, single-crystalline submicro- and nanometer ribbons of F16-
CuPc were synthesized by the vapor transport technique. The
crystal structure of the submicro- and nanometer ribbons was
investigated by X-ray powder diffraction (XRD) and selected
area electron diffraction (SAED), the results of which suggested
that the structure of F16CuPc was different from that of CuPc.
Moreover, it was found that single-crystalline submicro- and
nanometer ribbons could be in situ grown on a SiO2 surface
for various architectures and device applications. High perfor-
mance was observed in devices with an asymmetrical drain/
source (Au/Ag) electrode configuration based on single-crystal
submicro- or nanoribbons of F16CuPc, because in such devices
a stepwise energy level between the electrodes and the LUMO
of F16CuPc was built, which was beneficial to electron injection
and transport. The field-effect mobility of such devices was
calculated over 0.2 cm2 V-1 s-1 with the on/off ratio at∼6 ×
104. The performances of the transistors were air stable and
highly reproducible.

Experimental Section

F16CuPc was purchased from Aldrich, and the submicro- and
nanometer ribbons of F16CuPc were fabricated in a two-zone horizontal
tube furnace.7 A quartz boat with F16CuPc powder was placed at the
high-temperature zone and vaporized at 380-450 °C. Highly pure Ar
was used as the carrier gas, and the system was evacuated by a
mechanical pump. Deep-blue fuzzlike products, which were found to
be F16CuPc ribbons later, were obtained at the low-temperature zone.
F16CuPc was regrown three times by using the ribbons collected from
the first growth as the source material for the next growth to gain high
purity. OFETs based on submicro- and nanometer ribbons of F16CuPc
were fabricated with a coplanar electrode geometry on Si/SiO2

substrates. Au and Ag were deposited on an individual ribbon as drain
and source electrodes by the “multiple times gold wire mask moving”
technique.8

The morphology of the product was examined using field-emission
scanning electron microscopy (SEM; Hitachi S-4300) and transmission

electron microscopy (TEM; JEOL 2010). The structures were analyzed
by XRD (Rigaku D/max 2500) and SAED (JEOL 2010). Current-
voltage (I-V) characteristics of OFETs were recorded with a Keithley
4200 SCS and a Micromanipulator 6150 probe station in a clean and
shielded box at room temperature in air.

Results and Discussion

Submicro- and nanometer-scale ribbons of F16CuPc grown
on porous alumina membranes are shown in Figure 1. The width
of the ribbons ranged from several tens to several hundreds of
nanometers, and their length was in the range of several to
several tens of micrometers. The size of the products depended
on the deposition temperature where porous alumina membranes
were located and the deposition time of the physical evaporation.
Hence, it is possible to adjust the width of the F16CuPc ribbons
from the nanometer to the submicrometer scale by simply
controlling the deposition temperature and time of the physical
transport process.

Shown in Figure 2 is the X-ray powder diffraction pattern of
the submicro- and nanometer ribbons. Thirteen peaks in the
lower angle part (less than 20° in 2θ) were used in indexing
with the program Dicvol91 (for the indexing result of the powder
diffraction pattern, see the Supporting Information, p 1).9a Two
monoclinic unit cells were proposed by the program. One of
them, the lattice parameters of which area ) 28.33(2) Å,b )
4.755(6) Å,c ) 10.17(1) Å, andâ ) 93.17(8)°, is thought to
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Figure 1. SEM images of F16CuPc submicro- and nanometer-scale ribbons
synthesized by the physical vapor transport technique.

Figure 2. Powder XRD of submicro- and nanometer-scale ribbons of F16-
CuPc. The inset shows the enlarged part of the XRD spectrum ranging
from 8° to 20°.
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be more reasonable than the other because, on one hand, it has
higher figures of merit (M(13) ) 23.9,F(13) ) 45.8)9b-d and,
on the other hand, lattice constantb agrees very well with the
corresponding values in H2Pc (b ) 4.731 Å10) andâ-CuPc (b
) 4.79 Å11). In both H2Pc andâ-CuPc, the molecules are
stacked into columns along theb axis through strongπ-π
interaction and the dimension ofb is actually the distance
between two adjacent molecules in the column. Because of the
similarity in molecular structure and lattice parameterb, it has
been assumed5a,6that F16CuPc molecules are also stacked along
the b axis to form molecular columns. Unlikeb, the lattice
parametersa, c, and â are determined by the assembly of
molecular columns. Clearly, the peripheral atoms of the
molecule will play a dominating role in the assembly of
molecular columns since adjacent columns are connected
through peripheral atoms. Different from hydrogen, fluorine is
the most electron negative element, so peripheral atoms of the
F16CuPc molecule are negatively charged, leading to strong
repulsion interaction between F16CuPc molecular columns. This
may explain why H2Pc and â-CuPc have similar lattice
parametersa, c, andâ but the corresponding values of F16CuPc
are totally different.

TEM was used to characterize the F16CuPc ribbons. Identical
patterns were observed for the different parts of the same ribbon,
indicating that the whole ribbon was a single crystal. Several
electron diffraction patterns of different zones are observed. All
of them could be indexed quite well with the lattice parameters
obtained from XRD data. Interestingly, F16CuPc ribbons did
not grow along theb axis. As shown in Figure 3, the growth
direction of the ribbon was neither parallel with nor perpen-
dicular to any reciprocal lattice vector. It was probably due to
the strong negatively charged peripheral atoms of F16CuPc,
leading to strong repulsion interaction between F16CuPc mo-
lecular columns as mentioned above.

Currently, there are mainly two approaches for the fabrication
of single-crystal devices, “electrostatic bonding”2c,12 and “di-
rect” device fabrication.2d,e,13In both cases single crystals are
needed to be handpicked and then made into an individual
device. The handpicking process limits the work to only rather
big crystals, one can hardly imagine the fabrication of devices

with very small organic crystals, e.g., submicro- and nanometer-
scale ribbons in the present study, by the handpicking process.
Moreover, the handpicking process has difficulties with the
fabrication of large-area large-scale devices.

To simplify the device fabrication process and obtain high
performance devices, it is desired to grow organic single crystals
on the gate insulator directly. Moreover, if the contact between
the crystal and the insulator is intimate enough, the crystal/
insulator interface will have no chance to be polluted or
damaged, leading to much improved device performance and a
high yield of device fabrication. We have demonstrated that
our CuPc nanoribbons can grow along the surface of the SiO2,
and the devices based on these nanoribbons have a high
performance and a high success ratio of device fabrication.14

The submicro- and nanometer-scale ribbons of F16CuPc could
be in situ grown on a SiO2 surface. First, previously prepared
F16CuPc single-crystalline submicroribbons were put into etha-
nol and sonicated to get a F16CuPc nanocrystal suspension. Then,
Si/SiO2 substrates, cleaned by organic solvents and oxygen
plasma in advance, were dipped into the suspension to predeposit
F16CuPc nanocrystals on them. Afterward, the predeposited Si/
SiO2 substrates were transferred into the physical vapor transport
system to grow F16CuPc ribbons. It was interesting that F16-
CuPc submicro- and nanoribbons as well as some well-defined
architecture indeed grew along the SiO2 surface of the substrate,
as illustrated in Figure 4a-d. These ribbons can be used to
fabricate single-crystal nanodevices directly or in nanodevice
coupling for a miniature integrated circuit.

It should be mentioned that these submicro- and nanometer-
scale ribbons of F16CuPc possess excellent flexibility. Like our
previously reported CuPc submicroribbons,8 when the submicro-
and nanometer-scale ribbons of F16CuPc were manipulated with
a mechanical probe under an optical microscope, it was found
that the ribbons did not fracture even when they were bent over
360°. Actually, nanoribbons bent like “O” rings were also found
in the original products (Figure 4e).

In most cases for the fabrication of OFETs, only one kind of
metal, such as Au or Ag, is used as the source and drain
electrodes. However, we are not sure such a symmetrical
electrode configuration is optimum for the fabrication of our
devices, i.e., the devices of F16CuPc submicro- and nanoribbons.
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Figure 3. (A) TEM image of an individual nanoribbon of F16CuPc and
(B) the corresponding SAED pattern of the nanoribbon.

Figure 4. (a) An individual nanoribbon of F16CuPc grown on a SiO2 surface
and (b) cross, (c) “N”-like, (d) “triangle”-like, and (e) “O”-ring-like
nanoribbons grown on a SiO2 surface.
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Usually, in a device the energy level alignment is one of the
most important reasons to get efficient carrier injection. Hence,
here three kinds of device configurations were used to fabricate
our OFETs based on an individual submicro- or nanometer-
scale ribbon of F16CuPc. The drain/source electrodes of OFETs
consisted of Au/Au, Au/Ag, and Ag/Ag.

Devices based on single-crystal F16CuPc submicro- and
nanoribbons were fabricated with a coplanar electrode geometry.
The schematic diagram of the device fabrication is given in
Figure 5. First, an individual F16CuPc ribbon was in situ grown
on the Si/SiO2 substrate or transferred onto the Si/SiO2 (300
nm) substrate by mechanical probes.8 Second, with a micro Au
wire as the mask, the Au electrode was deposited onto the
substrate by thermal evaporation (as shown in Figure 5a,b).
Finally, by slightly moving the Au wire mask, the Ag electrode
was fabricated by thermal evaporation, and a gap of several to
tens of micrometers was produced between the two electrodes
(as shown in Figure 5c,d). Using this method, OFETs with Au/
Au, Au/Ag, and Ag/Ag drain/source electrodes could be
fabricated. To avoid contamination of the channel surface by
metallic atoms deposited at oblique angles under the mask, a
homemade “collimator” (a narrow (1 cm i.d.) and long (15 cm)
square tube) was used and positioned close to the crystal surface
so that the scattering of metallic atoms from residual gas
molecules could be cut off from the channel.2e Moreover, it is
believed that the thermal load on the crystal surface in the
deposition process generates traps at the metal/organic interface
that results in a poor FET performance.2d To minimize the
influence of heat (radiation), a small (0.4 mm in diameter) and
short (25 mm in length) tungsten wire was used as the thermal
evaporation boat, the distance between the thermal evaporation
boat and the sample was increased to 35 cm, and the deposition
rate was controlled at around 0.2 Å s-1.

In all devices, i.e., devices with Au/Au, Au/Ag, and Ag/Ag
drain/source electrodes as shown in Figure 5b,d, n-type transistor
behaviors were observed. However, the performance of OFETs
with the Au/Ag device configuration exhibited the best behavior
(the current and switch-on voltage of devices with Au/Au and
Ag/Ag configurations were much worse than those of devices
with the Au/Ag configuration as shown in the Supporting
Information, p 2). Typical output and transfer characteristics
of OFETs based on an individual submicrometer/nanometer
ribbon of F16CuPc with the Au/Ag configuration are shown in

Figure 6. The inset of Figure 6a is the SEM image of an actual
device. Although a clear saturation ofISD was observed in Figure
6a, the onset of the curves exhibited nonlinear characteristics,
unlike those generally observed in OFETs. Such nonlinear
characteristics were also observed by other researchers,13,15

which could be ascribed to the following: (1) The particular
geometry of our device,15awhere the source and drain contacts
were deposited on top of the crystal. Substantial losses were
experienced by the drain current when passing twice through
the thickness of the crystal, from the source to the channel and
back from the channel to the drain electrode. (2) Nonohmic
contacts between the drain/source electrodes and the organic
crystal. Schoonveld,15bde Boer, and Morpurgo et al.15cobserved
such nonohmic behavior of the gold source and drain contacts
to the organic active layer (or crystals), even though the work
function of gold was ideally aligned to the highest occupied
molecular orbital (HOMO) of the molecules. (3) Transformation
of carrier injection from Ohm’s law to space charge limited
current injection due to the influence of traps in the crystal or
in the interface of the crystal/insulator.2e,15d According to the
transfer characteristics, the field-effect mobility (µ), the on/off
ratio, the threshold voltage (VT), and the subthreshold slope (S)
of OFETs were calculated at around 0.2 cm2 V-1 s-1, >6 ×
104 (measured between points A and B as shown in Figure 6b),
∼-5.5 V, and 1.1 V/decade, respectively. The performances
of the transistors were very stable and highly reproducible in
air. To our knowledge, this is the highest mobility for F16CuPc

(15) (a) Horowitz, G.; Garnier, F.; Yassar, A.; Hujhoui, R.; Kouki, F.AdV. Mater.
1996, 8, 52-54. (b) Schoonveld, W. A.; Wildeman, J.; Fichou, D.;
Bobbertk, P. A.; van Wees, B. J.; Klapwijk, T. M.Nature (London)2000,
404, 977-980. (c) de Boer, R. W. I.; Stassen, A. F.; Craciun, M. F.; Mulder,
C. L.; Molinari, A.; Rogge, S.; Morpurgo, A. F.Appl. Phys. Lett.2005,
86, 262109. (d) Lampert, M. A.; Mark, P.Current injection in solids;
Academic Press: New York and London, 1970; Part 1.

Figure 5. Schematic diagram of the fabrication of OFETs from an
individual submicro- or nanometer-scale single-crystalline ribbon of F16-
CuPc on Si/SiO2 (300 nm) substrates. (a, b) Au or Ag gap electrodes were
fabricated by thermal evaporation with a micro Au wire as the mask. (c, d)
By slightly moving the Au wire mask, Au/Ag gap electrodes were deposited
by thermal evaporation.

Figure 6. (a) Output characteristics of the device using Au/Ag as the drain/
source electrodes. The inset shows the SEM image of the device based on
an individual F16CuPc single-crystal submicroribbon. The channel length
is ∼10 µm, and the width is∼350 nm (width of the ribbon). All
measurements were performed in air at room temperature in the dark. (b)
Transfer characteristics of the OFET at a fixed source/drain voltage,VSD

) 10 V, using Au/Ag (solid circles, positive bias on Au) and Ag/Au (hollow
circles, positive bias on Ag) as the drain/source electrodes.
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FETs reported to date and is in a class with the highest mobility
for air-stable n-type OFETs reported so far.16

The high performance of devices with the Au/Ag configu-
ration demonstrated that this kind of device structure was
beneficial for charge injection. This is clearly illustrated in
Figure 7. For simplicity, the energy levels were drawn as straight
lines. The work functions of Au and Ag were assumed as 5.2
and 4.2 eV, respectively. The LUMO level of F16CuPc was
addressed around 4.8-4.9 eV.17 It was obvious that the LUMO
level of F16CuPc was lower than the work function of Au and
higher than that of Ag to form a stepwise energy level(Figure
7). The stepwise energy level structure avoided the energy
barrier between the electrodes and semiconductors and hence
effectively facilitated charge injection. Oppositely, if both the
source and drain electrodes were Au or Ag, the energy barrier
between the LUMO of F16CuPc and the electrodes blocked the
electron injection or transport. Furthermore, when the drain/
source of devices with the Au/Ag configuration was reversibly
biased, i.e., Ag and Au were used as the drain and source
electrodes, the performance of the devices was even worse than
that of the Au/Au devices due to the double energy barriers for
electron injection and transport (shown in Figure 6b by the
hollow circles), which confirmed that the stepwise, especially
down stepwise, energy level structure of devices with the
asymmetrical configuration was effective in improving the
device performance.

A series of OFETs were fabricated based on single-crystal
submicro- or nanometer ribbons with widths ranging from
several tens to several hundreds of nanometers. It was found
that the performance of the devices with small channel widths
(several tens of nanometers) deteriorated easily in air, although
it could gradually recover in a vacuum. However, the perfor-
mances of the devices with channel widths of hundreds of
nanometers were air stable and reproducible. This result
probably indicates that the kinetic barrier to moisture and oxygen
provided by close-packed fluorine atoms5 of F16CuPc should
not only exist at the surface of the single crystals but also have
a penetration depth in the single crystal. Therefore, for devices
based on nanoribbons with a width of tens of nanometers, the
effective n-type conduction channel width will be remarkably
decreased, resulting in the significant influence of oxygen and
moisture on their performance. However, for devices based on
a single crystal with a width of hundreds of nanometers, the
single crystal is big enough that the influence of the barrier
layer can be ignored.

In general, single-crystal devices have a lower on/off ratio
than thin-film devices, for example, 104 vs 106 for R-6T,18 104

vs 105 for CuPc,19 and 106 vs 108 for pentacene20 in single-
crystal and thin-film transistors, respectively. This probably
originates from the disorder and grain boundary defects in the
thin-film devices (compared with the single-crystal devices),
which will block the carrier transport and hence lead to a lower
“off”-state current in the thin-film devices. In the “on” state,
the carrier concentration is so high that the disorder and grain
boundary hardly affect the on-state current. As a result, the on/
off ratio will be higher in the thin-film devices than in the single-
crystal devices. However, in our experiment, the on/off ratio
of the device based on a single-crystal F16CuPc nanoribbon is
over 6× 104

, which is as high as that of the thin-film devices,5a

indicating that our OFETs based on a single-crystal F16CuPc
nanoribbon possess a fairly high performance. This mainly
benefits from the excellent stability and electrical characteristics
of F16CuPc, which ensure that the devices based on F16CuPc
nanoribbons can work in a higher current. According to the
channel width (300-400 nm, with a height of about 200 nm)
and on-state current (∼10-8 A), the calculated current density
across the section of the single crystal (assuming current
transported through the whole cross section of the crystal) is
over 10 A cm-2, which is so large that most of the organic
semiconductors cannot endure. This result shows the excellent
stability and electrical characteristics of F16CuPc.

Moreover, our OFETs based on F16CuPc submicro- and
nanometer-scale ribbons exhibited a subthreshold swing (S) of
1.1 V/decade, which was equivalent to a normalized subthresh-
old swing (Si)2e of 11 [(V nF)/decade] cm-2, comparable with
those ofR-Si:H FETs and CuPc single-crystal FETs (withSi

values of∼10 and 7 [(Vn F)/decade] cm-2, respectively).19b,21

The small subthreshold slopeSi in our single-crystalline devices
reflected the high order of F16CuPc molecules at the interface
of the F16CuPc crystal and SiO2 insulator,2e which confirmed
the high performance of our single-crystalline OFETs of F16-
CuPc ribbons. It is expected that the transistor behaviors of F16-
CuPc single-crystalline ribbons will be further improved by the
optimization of device fabrication and measurement. First,
although F16CuPc is air stable, oxygen etc. in air probably more
or less have some influence on the properties of the transistors,
especially for devices on the nanometer scale as mentioned
above. The measurements in a vacuum and at low temperature
may be effective in clarifying this. Second, in field-effect
transistors the conduction channel exists exactly at the interface
between the ribbon of F16CuPc and the SiO2 gate insulator;
therefore, the optimization of the contact can probably further
improve the transistor performance. Recent reports suggest that
self-assembling a monolayer onto the SiO2 gate insulator is
effective in improving the contact and subsequently increasing
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Figure 7. Energy level diagram between F16CuPc and Au and Ag
electrodes.
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the field-effect mobility of organic transistors.22 Such an
investigation for our F16CuPc ribbon devices is now under way.

Conclusion

(1) Single-crystalline submicro- and nanometer-scale ribbons
of F16CuPc were synthesized by a physical vapor transport
technique, and their structure has been determined. (2) The
submicro- and nanoribbons could be in situ grown along the
surface of SiO2 during synthesis. The “in situ growing process”
is free from the general disadvantages of the handpicking process
for the fabrication of organic single-crystal devices, such as
surface contamination and crystal damage. Moreover, this
technique provides a chance to construct architectures of
nanometer-scale organic single crystals. (3) Asymmetrical drain/
source (Au/Ag) electrodes were introduced into OFET fabrica-
tion. High performance was observed in these devices. The field-
effect mobility was over 0.2 cm2 V-1 s-1 with the on/off ratio
at over 6× 104. The performances were much better than those
of devices with symmetrical drain/source electrodes (Au/Au or
Ag/Ag). This could be explained by the asymmetrical drain/
source electrode configuration, which resulted in the building

of a stepwise energy level between the electrodes and the lowest
unoccupied molecular orbital of F16CuPc, benefiting electron
injection and transport. (4) The performances of the transistors
were air stable and highly reproducible.
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