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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 (FisCuPc) 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/SiO, 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 F1CuPc was built, which was beneficial to electron injection and transport. The field-
effect mobility of such devices was calculated to be ~0.2 cm? V-1 s~1 with the on/off ratio at ~6 x 10*. The
performances of the transistors were air stable and highly reproducible.

Introduction s~1,2which opens up prospects for the fabrication of high-quality
) . o . devices and circuitd.Nevertheless, there are still many factors

n-type_ semlcond_uctor.s ha_lvg bee_n vv_|dely applied in inorganic limiting their applications. Two challenging tasks are growing
electronlcs_, es_peC|a|_Iy n d'g't_al circuits, to work as 9°m_p'e' large-size organic crystals and handling such fragile crystals.
mentary cire U|t§ Whlch eﬁectlyely lower power d|53|pat_|9n, As we know, most organic crystals always exist on the micro-
improve naise immunity, and increase operational stafiity. or nanometer scale. It is challenging to grow large-size organic

I;ov;/ever, ;o;ho_rg?nllg eflrecttrct)mcs: ta few n'ty.pﬁ S‘?m'fot:‘l' crystals, even on the millimeter scale. Hence, if OFETs could
uctors an er hield-efiect transistors, especially air-stable 1o ¢apicated directly based on micro- or nanometer-scale
ones, have been investigated. The synthesis of n-type semicon-

ductors is difficult. and it ) iconduct crystals, which will not only overcome the challenge to grow
uctors Is ditficuft, and most n-type organic semiconcuctors are large-size crystals but also keep all the advantages of organic
air sensitive. Moreover, in the commonly used symmetrical

. . . o . single crystals, it will provide a direct way to characterize the
device configuration for n-type organic field-effect transistors

. L intrinsic properties of organic semiconductors. Furthermore,
(OFETS), e.g., Au/Au or Ag/Ag as the drain/source, it is difficult . brop ' org
. . devices on the submicro- and nanometer scales have attracted
to match the work function of the electrode with the lowest

. . . ) articular attention recently with the development of nanoelec-
unoccupied molecular orbital (LUMO) of organic semiconduc- P y P

o L tronics. Though nanodevices based on carbon nanctainels
tors, resulting in the deterioration of the performance of n-type . . . . .
OFETs! inorganic semiconductotrfave been extensively studied, only

Single crystals have prominent merits in the study of intrinsic 5y .y Horowitz, G.; Bachet, B.: Yassar, A Lang, P.: Demanze, F.: Fave,

charge-transport properties of organic semiconductors, and some i'_L’; Garr'gerj FI._Chem.dMater.lJ99é: h7 13?1\’/|7_t13%9 E(ib)l oKez‘g% 144.55.;

: . o ; _ ovinger, A. J.; Laquindanum, J. em. Mater , —459.
single-crystal OFETs exhibit mobility higher than 1 €v™! (c) Sundar, V. C.; Zaumseil, J.; Podzorov, V.; Menard, E.; Willett, R. L.;
Someya, T.; Gershenson, M. E.; Rogers, JS8ience2004 303 1644—
1646. (d) Podzorov, V.; Pudalov, V. M.; Gershenson, MARpl. Phys.

" Chinese Academy of Sciences. Lett.2003 82, 1739-1741. (e) Podzorov, V.; Sysoev, S. E.; Loginova, E.;
* Graduate School of the Chinese Academy of Sciences. Pudalov, V. M.; Gershenson, M. Bppl. Phys. Lett2003 83, 3504
(1) (a) Meijer, E. J.; Deeuw, D. M.; Setayesh, S.; Vanveenendaal, E.; Huisman, 3506. (f) de Boer, R. W. I.; Gershenson, M. E.; Morpurgo, A. F.; Podzorov,
B.-H.; Blom, P. W. M.; Hummelen, J. C.; Scherf, U.; Klapwijk, T. M. V. Phys. Status Solidi 2004 201, 1302-1331.
Nat. Mater.2003 2, 678-682. (b) Crone, B.; Dodabalapur, A.; Lin, Y.- (3) (a) Javey, A.; Guo, J.; Wang, Q.; Lundstrom, M.; DaiN#ture (London)
Y.; Filas, R. W.; Bao, Z.; LaDuca, A.; Sarpeshkar, R.; Katz, H. E.; Li, W. 2003 424, 654-657. (b) Tans, S. J.; Verschueren, A. R. M.; Dekker: C.
Nature (London@00Q 403 521-523. Nature (London)1998 393 49-52.
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a small amount of literature has addressed single crystals of
organic semiconductors, especiallyype organic semiconduc-
tors.

Copper hexadecafluorophthalocyaningdtiPc) has attracted
attention in OFETs due to its remarkable air-stable n-type
semiconducting properties as well as its high thermal and
chemical stability> Pioneer works of Bao et al. demonstrated
that the mobility of its thin-film OFETSs could reach 0.03 £m
V~1 s715 |t is regretful that up to date the structure ofsF
CuPc has not been well studied (to our knowledge, its structure
was only hypothesized as similar to that of copper phthalocya-
nine (CuPc®9 and no single-crystal devices based qgtiPc
have ever been investigated.

We acknowledge the great meaning and prospect for the study
of F1gCuPc as well as the status of the compound encountered. %
First, single-crystalline submicro- and nanometer ribbonsi@f F  Figure 1. SEM images of CuPc submicro- and nanometer-scale ribbons
CuPc were synthesized by the vapor transport technique. Thesynthesized by the physical vapor transport technique.
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 §CuPc was different from that of CuPc.
Moreover, it was found that single-crystalline submicro- and
nanometer ribbons could be in situ grown on a Sg0rface

for various architectures and device applications. High perfor- 8 12 16 20
mance was observed in devices with an asymmetrical drain/ _ i . _ . ,
source (Au/Ag) electrode configuration based on single-crystal 5 10 15 20 25 30 35
submicro- or nanoribbons ofifCuPc, because in such devices 260

a stepwise energy level between the electrodes and the LUMOFigure 2. Powder XRD of submicro- and nanometer-scale ribbons,ef F

of F1sCuPc was built, which was beneficial to electron injection CuPc. The inset shows the enlarged part of the XRD spectrum ranging
. . . from 8° to 20°.

and transport. The field-effect mobility of such devices was

calculated over 0.2 cfv™" s°* with the on/off ratlolat~6 x electron microscopy (TEM; JEOL 2010). The structures were analyzed
10 The performances of the transistors were air stable and by XRD (Rigaku D/max 2500) and SAED (JEOL 2010). Current
highly reproducible. voltage (—V) characteristics of OFETs were recorded with a Keithley
Experimental Section 4200 SCS and a Micromanipulator 6150 probe station in a clean and

shielded box at room temperature in air.
Fi1sCuPc was purchased from Aldrich, and the submicro- and

nanometer ribbons ofifCUPC were fabricated in a two-zone horizontal R€sults and Discussion

tube furnacé.A quartz boat with [zCuPc powder was placed at the Submicro- and nanometer-scale ribbons @iCIPc grown
high-temperature zone and vaporized at-3880°C. Highly pure Ar = ) 50115 alumina membranes are shown in Figure 1. The width

was used as the carrier gas, and the system was evacuated by 9 the ribbons ranged from several tens to several hundreds of
mechanical pump. Deep-blue fuzzlike products, which were found to g

be ReCuPc ribbons later, were obtained at the low-temperature zone. nanometers, and. their length Wa§ in the range of several to
F1sCuPC was regrown three times by using the ribbons collected from Several tens of micrometers. The size of the products depended
the first growth as the source material for the next growth to gain high ©n the deposition temperature where porous alumina membranes
purity. OFETs based on submicro- and nanometer ribbongsGiiPc were located and the deposition time of the physical evaporation.
were fabricated with a coplanar electrode geometry on Si/SiO Hence, it is possible to adjust the width of thg&uPc ribbons
substrates. Au and Ag were deposited on an individual ribbon as drain from the nanometer to the submicrometer scale by simply
and source electrodes by the “multiple times gold wire mask moving” controlling the deposition temperature and time of the physical
technique’ transport process.

The morphology of the product was examined using field-emission Shown in Figure 2 is the X-ray powder diffraction pattern of
scanning electron microscopy (SEM; Hitachi S-4300) and transmission the submicro- and nanometer ribbons. Thirteen peaks in the

(4) (a) Duan, X.; Huang, Y.: Cui, Y.: Wang, J.: Lieber, C. Niature (London) lower angle part (less than 2@ 260) were used in indexing

%881 éga %%—0996.3(??) HuaHng, Y. egelljn, X, \;(vz_eibQ_.; \L{it_etier, hC Mfi?rﬂf-e with the program Dicvol91 (for the indexing result of the powder
B O P a0 Taay 1gq Y bauhon, L KIm, — gigtraction pattern, see the Supporting Information, §eTjwo

(5) (a) Bao, Z.; Lovinger, A. J.; Brown, J. Am. Chem. S04998 120, 207— monoclinic unit cells were proposed by the program. One of
208. (b) de Oteyza, D. G.; Barrena, E.; Os300.; Dosch, H.; Meyer, S, th the latti t f which 28.33(2 A b=
Pflaum, J.Appl. Phys. Lett2005 87, 183504 (c) Sakamoto, Y.: Suzuki, em, the lattice parameters of which are= 28.33(2) A,b =
T.; Kobayashi, M.; Gao, Y.; Fukai, Y.; Inoue, Y.; Sato, F.; Tokito,JS. 4.755(6) A,c = 10.17(1) A, angs = 93.17(8}, is thought to
Am. Chem. So©004 126, 8138-8140.

(6) Zhang, J.; Wang, J.; Wang, H.; Yan, Bppl. Phys. Lett2004 84, 142—
144,

(9) (a) Boultif, A.; Louer, D.J. Appl. Crystallogr 1991, 24, 987-993. (b) De

(7) Laudise, R. A,; Kloc, C.; Simpkins, P. G.; Siegrist, J..Cryst. Growth Wolff, P. M. J. Appl. Crystallogr1968 1, 108-113. (c) Smith, G.; Snyder,
1998 187, 449-454. R. J. Appl. Crystallogr1979 12, 60—65. (d) Os$pO. Growth, Structure,

(8) Tang, Q.; Li, H.; He, M.; Hu, W.; Liu, C.; Chen, K.; Wang, C.; Liu, Y.; and Optical Properties of Highly Ordered Organic Thin Films of Phtha-
Zhu, D. Adv. Mater. 2006 18, 65—68. locyanine and Diindenoperylen2004.
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Figure 3. (A) TEM image of an individual nanoribbon ofifCuPc and
(B) the corresponding SAED pattern of the nanoribbon.

be more reasonable than the other because, on one hand, it has

higher figures of meriti1(13) = 23.9,F(13) = 45.8f* ¢ and,

on the other hand, lattice constdnagrees very well with the
corresponding values indRc @ = 4.731 A% and-CuPc b

= 4.79 A, In both HPc andp-CuPc, the molecules are
stacked into columns along the axis through strongr—mx
interaction and the dimension df is actually the distance
between two adjacent molecules in the column. Because of the
similarity in molecular structure and lattice paramdigit has
been assumétifthat FgCuPc molecules are also stacked along
the b axis to form molecular columns. Unlikb, the lattice
parametersa, ¢, and § 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 betweendeuPc molecular columns. This
may explain why HPc and g-CuPc have similar lattice
parameters, ¢, andj but the corresponding values of¢gEuPc

are totally different.

TEM was used to characterize thegg€uPc 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 d€uPc 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 @CHEPCc,
leading to strong repulsion interaction betweegCtiPc mo-
lecular columns as mentioned above.

Currently, there are mainly two approaches for the fabrication
of single-crystal devices, “electrostatic bondirf§™2 and “di-
rect” device fabricatio?®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

(10) Matsumoto, S.; Matsuhama, K.; MizuguchiAtta Crystallogr., C1999
55, 131-133.

(11) Brown, C. JJ. Chem. Soc. A968 2488-2493.

(12) (a) de Boer, R. W. I.; Klapwijk, T. M.; Morpurgo, A. Rppl. Phys. Lett.
2003 83, 4345-4347. (b) Mas-Torrent, M.; Durkut, M.; Hadley, P.; Ribas,
X.; Rovira, C.J. Am. Chem. So2004 126, 984-985. (c) Podzorov, V.;
Menard, E.; Borissov, A.; Kiryukhin, V.; Rogers, J. A.; Gershenson, M.
E. Phys. Re. Lett. 2004 93, 086602.

(13) Moon, H.; Zeis, R.; Borkent, E. J.; Besnard, C.; Lovinger. A. J.; Siegrist,
T.; Kloc, C.; Bao, Z.J. Am. Chem. SoQ004 126, 15322-15323.
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Figure 4. (a) An individual nanoribbon of fsgCuPc grown on a Sigsurface
and (b) cross, (c) “N"-like, (d) “triangle™like, and (e) “O"-ring-like
nanoribbons grown on a SjQurface.

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, SiO
and the devices based on these nanoribbons have a high
performance and a high success ratio of device fabrication.

The submicro- and nanometer-scale ribbons;eCEPc could
be in situ grown on a Si@surface. First, previously prepared
F16CuPc single-crystalline submicroribbons were put into etha-
nol and sonicated to get ageuPc nanocrystal suspension. Then,
Si/SIO, 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/
SiO; substrates were transferred into the physical vapor transport
system to grow ECuPc ribbons. It was interesting thaieF
CuPc submicro- and nanoribbons as well as some well-defined
architecture indeed grew along the $&irface of the substrate,
as illustrated in Figure 4ad. 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 fECuPc possess excellent flexibility. Like our
previously reported CuPc submicroribbdnghen the submicro-
and nanometer-scale ribbons g§€uPc 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
36C. Actually, nanoribbons bent like “O” rings were also found
in the original products (Figure 4e).

In most cases for the fabrication of OFETSs, 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 ofgEuPc submicro- and nanoribbons.

(14) Tang, Q.; Li, H.; Song, Y.; Xu, W.; Hu, W.; Jiang, L.; Liu, Y.; Wang X.;
Zhu, D. Adv. Mater., in press.
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Figure 5. Schematic diagram of the fabrication of OFETs from an < 10" <
individual submicro- or nanometer-scale single-crystalline ribbonef F -4 2
CuPc on Si/Si@(300 nm) substrates. (a, b) Au or Ag gap electrodes were - qg™ ,En
S

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 10"
by thermal evaporation.

40.0
10 -5 0 5 10 15
Usually, in a device the energy level alignment is one of the Ve(
most important reasons to get efficient carrier injection. Hence, Figure 6. (a) Output characteristics of the device using Au/Ag as the drain/
here three kinds of device configurations were used to fabricate SCUTce electrodes. The inset shows the SEM image of the device based on
our OFETs based on an individual submicro- or nanometer- iin Tfévf;al E:S“ti‘; S\I,\r,]iglt?,_cirsyf%os um 'iﬂﬁﬁﬁ? Ocr,]f tThhee ﬁ'ﬁ,ﬁgﬂ?' Izﬂ]gth
scale ribbon of [CuPc. The drain/source electrodes of OFETs measurements were performed in air at room temperature in the dark. (b)
consisted of Aufbu, Au/Ag, and AgiAg T0V: using AuiAg (said circes, positve bias on A and AGIAL (halow

Devices based on single-crystalgEuPc submicro- and Ep A ' ;

nanoribbons were fabricated with a coplanar electrode geometry.wc'es' positive bias on Ag) as the drainfsource electrodes.
The schematic diagram of the device fabrication is given in
Figure 5. First, an individual isCuPc ribbon was in situ grown
on the Si/SiQ substrate or transferred onto the Si/Si@B00

Figure 6. The inset of Figure 6a is the SEM image of an actual
device. Although a clear saturationlgh was observed in Figure

nm) substrate by mechanical proiedecond, with a micro Au 6a,'the onset of the curves exhibitgd nonlinear character'istics,
wire as the mask, the Au electrode was deposited onto theUnlike those generally observed in OFETs. Such nonlinear
substrate by thermal evaporation (as shown in Figure 5a,b)_characterlstlcs were also observed by other researthrs,
Finally, by slightly moving the Au wire mask, the Ag electrode Which could be ascribed to the following: (1) The particular
was fabricated by thermal evaporation, and a gap of several togeometry of our devic&?where the source and drain contacts
tens of micrometers was produced between the two electrodesvere deposited on top of the crystal. Substantial losses were
(as shown in Figure 5c,d). Using this method, OFETs with Au/ experienced by the drain current when passing twice through
Au, Au/Ag, and Ag/Ag drain/source electrodes could be the thickness of the crystal, from the source to the channel and
fabricated. To avoid contamination of the channel surface by back from the channel to the drain electrode. (2) Nonohmic
metallic atoms deposited at oblique angles under the mask, acontacts between the drain/source electrodes and the organic
homemade “collimator” (a narrow (1 cmi.d.) and long (15 cm) crystal. Schoonvel#® de Boer, and Morpurgo et &i¢observed
square tube) was used and positioned close to the crystal surfacguch nonohmic behavior of the gold source and drain contacts
so that the scattering of metallic atoms from residggl 98S o the organic active layer (or crystals), even though the work
molecules could be cut off from the chanA@Moreover, itis  fnction of gold was ideally aligned to the highest occupied
be“e"?d that the thermal load on the crystal surfa(_:e_ln the olecular orbital (HOMO) of the molecules. (3) Transformation
deposition process generates traps at the metal{o_r ganic mterfac%f carrier injection from Ohm’s law to space charge limited
that results in a poor FET performar®eTo minimize the current injection due to the influence of traps in the crystal or

influen f heat (radiation), a small (0.4 mm in diameter) and . . ) .
ceorne (radiation), a s & ( d ) and in the interface of the crystal/insulatér15d According to the
short (25 mm in length) tungsten wire was used as the thermal

evaporation boat, the distance between the thermal evaporatiorFanSf(':‘r characteristics, the field-effect mobilin)(the on/off

boat and the sample was increased to 35 cm, and the depositioh2tio: the threshold voltage/t), and the subthreshold slop8) (
rate was controlled at around 0.2 Als of OFETs were calculated at around 0.2%cvfr! s71, >6 x

In all devices, i.e., devices with Au/Au, Au/Ag, and Ag/Ag 10* (measured between points A and B as shown in Figure 6b),

drain/source electrodes as shown in Figure 5b,d, n-type transistor~—5.5 V, and 1.1 V/decade, respectively. The performances
behaviors were observed. However, the performance of OFETsOf the transistors were very stable and highly reproducible in
with the Au/Ag device configuration exhibited the best behavior air. To our knowledge, this is the highest mobility fofsEuPc
(the current and switch-on voltage of devices with Au/Au and
Ag/Ag configurations were much worse than those of devices (15) (a) Horowitz, G.; Garnier, F.; Yassar, A.; Hujhoui, R.; KoukiAf. Mater.

i i H H P 1996 8, 52—-54. (b) Schoonveld, W. A.; Wildeman, J.; Fichou, D.;
with the. Au/Ag conﬁguratlon as shown in the Suppor.tlr?g BobbertkP. A.: van Wees. B. J.. Klapwijk. T. Mature (London200Q
Information, p 2). Typical output and transfer characteristics 404, 9777;380. (c) de Boer, R. W. |.; Stassen, A. F.;Cfra(aiun, M. F.; Mulder,

il ; C. L.; Molinari, A.; Rogge, S.; Morpurgo, A. FAppl. Phys. Lett2005
of OFETs based on an individual submicrometer/nanometer 86, 562109, (d) Lampert. M. A Mark. FCurrent injection in solids

ribbon of ReCuPc with the Au/Ag configuration are shown in Academic Press: New York and London, 1970; Part 1.
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Figure 7. Energy level diagram between;geuPc and Au and Ag

electrodes.

FETSs reported to date and is in a class with the highest mobility
for air-stable n-type OFETSs reported so fér.

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 ofigeuPc was
addressed around 4-8.9 eV’ It was obvious that the LUMO
level of RgCuPc was lower than the work function of Au and
higher than that of Ag to form a stepwise energy leff@gure

vs 10 for CuPc!® and 16 vs 1@ for pentacer® 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-crystad®uPc nanoribbon is
over 6x 10* which is as high as that of the thin-film devic®s,
indicating that our OFETs based on a single-crystaCEPc
nanoribbon possess a fairly high performance. This mainly
benefits from the excellent stability and electrical characteristics
of F1eCuPc, which ensure that the devices based pCuPc
nanoribbons can work in a higher current. According to the
channel width (3086400 nm, with a height of about 200 nm)
and on-state current(10~8 A), the calculated current density

7). The stepwise energy level structure avoided the energy 5cross the section of the single crystal (assuming current
barrier between the electrodes and semiconductors and henc‘?ransported through the whole cross section of the crystal) is

effectively facilitated charge injection. Oppositely, if both the

source and drain electrodes were Au or Ag, the energy barrier

between the LUMO of iECuPc and the electrodes blocked the
electron injection or transport. Furthermore, when the drain/
source of devices with the Au/Ag configuration was reversibly

over 10 A cn7?, which is so large that most of the organic
semiconductors cannot endure. This result shows the excellent
stability and electrical characteristics of¢EuPc.

Moreover, our OFETs based ongEUPCc submicro- and

biased, i.e., Ag and Au were used as the drain and sourcenanometer-scale ribbons exhibited a subthreshold svéngf(
electrodes, the performance of the devices was even worse than .1 V/decade, which was equivalent to a normalized subthresh-

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

old swing §)2¢ of 11 [(V nF)/decade] cm?, comparable with
those ofa-Si:H FETs and CuPc single-crystal FETs (wkh
values of~10 and 7 [(Vn F)/decade] cr, respectively).ob.21
The small subthreshold slojgin our single-crystalline devices
reflected the high order of;6CuPc molecules at the interface
of the RgCuPc crystal and Siginsulator?e which confirmed
the high performance of our single-crystalline OFETs gf F

submicro- or nanometer ribbons with widths ranging from CuPc ribbons. It is expected that the transistor behaviorgef F

several tens to several hundreds of nanometers. It was foun
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 atomsf F1¢CuPc should

dCuPc single-crystalline ribbons will be further improved by the

optimization of device fabrication and measurement. First,
although FeCuPc 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

not only exist at the surface of the single crystals but also have transistors the conduction channel exists exactly at the interface
a penetration depth in the single crystal. Therefore, for devices between the ribbon of gCuPc and the Si©gate insulator;
based on nanoribbons with a width of tens of nanometers, thetherefore, the optimization of the contact can probably further

effective n-type conduction channel width will be remarkably
decreased, resulting in the significant influence of oxygen and

improve the transistor performance. Recent reports suggest that
self-assembling a monolayer onto the Sigate insulator is

moisture on their performance. However, for devices based oneffective in improving the contact and subsequently increasing

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, 40s 1C for a-6T,18 10*
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the field-effect mobility of organic transistof3. Such an of a stepwise energy level between the electrodes and the lowest
investigation for our [ECuPc ribbon devices is now under way. unoccupied molecular orbital ofifCuPc, benefiting electron
injection and transport. (4) The performances of the transistors
were air stable and highly reproducible.
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