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There has been recent rapid progress in the synthesis of NTCDA, NTCDI, and TCNNQ were purchased from Aldrich,
organic semiconducting materials for field effect transistors ICN, and TCI Chemical Co., respectively, and were purified
(FETSs) useful for plastic electronics. Most of the high-mobility by vacuum sublimation using pressures of 4Torr or lower.
compounds have been mainly hole transporters with mobilities The FETs were fabricated using thermally grown silicon dioxide

ranging from 0.01 to 0.6 ciV~1 s 1174 For applications such
as complementary circuisa combination of n- and p-channel

(300 nm) as the insulating layer on n-type silicon, which acts
as the gate electrode. Gold source and drain contacts were

FETs is required, necessitating the concurrent development ofphotolithographically defined to give channel widtti= 250

organic n-channel FETs. Organic FETs based gyh@ve been

um and channel lengths = 4, 12, and 25um. The

reported which exhibited high electron-transporting (n-type) semiconductor was then vacuum-deposited onto the substrates
mobilities®7 However, devices utilizing this compound are at base pressures 031076 Torr or lower to make thin films
highly oxygen-sensitive and thus may not be suitable for with thicknesses of ca. 500 A. The electrical characteristics of
practical applications. Evidence of n-type conduction was also the FETs were measured under vacuum using a Hewlett-Packard

reported for organic FETs fabricated from perylene tetracar-
boxylic dianhydride (PTCDA§,N,N'-diphenyl-3,4,9,10-perylene
tetracarboxylic diimide (DP-PTCDB#ntentionally-doped tet-
racyanoquinodimethane (TCN@) and rare-earth bisphthalo-
cyanines under certain conditiotis.For all these materials, the
highest mobility achieved is on the order of 2@nm? V-1s1,

1,4,5,8-Naphthalene tetracarboxylic dianhydride (NTCDA),
which has been previously used in organic heterostructéres,
has the naphthalene framework, which can potentially lead to
a high mobility?® Although NTCDA is much less extensively

4145b semiconductor parameter analyzer.

Figure 1 shows the electrical characteristics of an FET
fabricated from NTCDA deposited at a substrate temperature
of 55 °C for a 12um channel length device. The curve shows
a linear regime at low drain-source voltages and a saturation
regime at higher drain-source voltages. Evidence of n-type
conduction is present since positive gate biases are required to
achieve increasing drain-source currents under positive drain
voltages. The field effect mobilitiesrer were calculated in
the saturation regime using the equatfon

conjugated compared to the n-type perylene compounds and

its crystal structure indicates only partial intermolecular overlap,
it has an accesible LUMO for electron injecti&ht® Here we
report electrof mobilities up to 3x 1073 cn? V1 s71 for
compounds based on NTCDA (Chart 1) as well as preliminary
indications of similar mobilities in 11,11,12,12-tetracyanonaph-
tho-2,6-quinodimethane (TCNNQ), which also has the naph-
thalene framework and is easily redudéd.

(1) Katz, H. E.; Torsi, L.; Dodabalapur, £&hem. Mater1995 7, 2235~
2237

(2) Servet, B.; Horowitz, G.; Ries, S.; Lagorrse, O.; Alnot, P.; Yassar,
A.; Deloffre, P.; Srivastava, P.; Hajlaoui, R.; Lang, P.; GarnierCRem.
Mater. 1994 6, 1809-1815.

(3) Lin, Y. Y.; Gundlach, D. J.; Jackson, T. Mnnual Deiice Research
Conference Digest, 54thEEE: Santa Barbara, CA, 1996; p 80. See also:
Sciencel996 273 879.

(4) Katz, H. E.; Dodabalapur, A.; Torsi, L.; Elder, Bhem. Mater1995
7, 2238-2240.

(5) Sze, SSemiconductor Déces Physics and Technolggdiiley: New
York, 1985; p 481.

(6) Haddon, R. C.; Perel, A. S.; Morris, R. C.; Palstra, T. T. M.; Hebard,
A. F.; Fleming, A. M.Appl. Phys. Lett1995 67, 121-123.

(7) Hoshimono, K.; Fujimori, S.; Fuijita, S.; Fujita, $on. J. Appl. Phys.,
Part 21993 32, L1070-1073.

(8) Ostrick, J.; Dodabalapur, A.; Torsi, L.; Lovinger, A. J.; Kwock, E.
W.; Miller, T. M.; Galvin, M.; Katz, H. E. Submitted for publication.

(9) Horowitz, G.; Kouki, F.; Spearman, P.; Fichou, D.; Nogues, C.; Pan,
X.; Garnier, F.Adv. Mater. 1996 8, 242-244.

(10) Brown, A. R.; de Leeuw, D. M.; Lous, E. J.; Havinga, E.Synth.
Methods1994 66, 257—261.

(11) Guillaud, G.; Al Sadoun, M.; Maitrot, M.; Simon, J.; Bouvet, M.
Chem. Phys. Lett199Q 167, 503-506.

(12) So, F. F.; Forrest, S.; Shi, Y. Q.; Steier, W. Appl. Phys. Lett.
1990 56, 674-676.

(13) Warta, W.; Stehle, R; Karl, NAppl. Phys. A: Solids Surfl985
36, 163-170.

(14) Born, L.; Heywang, GZ. Kristallographiyal99Q 190, 147-152.

(15) De Luca, C.; Giomini, C.; Rampazzo,L.Electroanal. Chen199Q
280, 145-157.

(16) We designate the negative carriers as “electrons” for convenience
although in many molecular crystals the carriers are polaronic in nature.
(17) Ferraro, J. R.; Williams, J. Mntroduction to Synthetic Electrical

Conductors Academic Press: Orlando, FL, 1987; pp &0.

e

lps= I#(VG - V)

)

whereL andW are the channel length and width, respectively,
Ci is the capacitance per unit area of the oxide, ¥pds the
extrapolated threshold voltage. The latter can be calculated from
a plot of Ips2 vs V. Field effect mobilities of (+3) x 1073

cnm? V-1 s were obtained for NTCDA-based FETs deposited
at a substrate temperature of 85. These mobilities are the
highest achieved so far for any n-type organic semiconductor
with the exception of g. The high mobilities were observed
when the device was operated under vacuum. In air, however,
a 1-2 order of magnitude decrease in the electron mobilities
was noted. Similarly, diminished mobilities were also observed
when the devices were exposed to atmospheric moisture after
evaporating the semiconductor. Currents scale inversely with
channel lengths, as expected. Similar calculations were done
for FETs prepared at ambient temperature. For devices
deposited alsy, = 25 °C, auret on the order of 10* cn? V-1

s 1 was achieved, an order of magnitude lower compared to
the higher substrate temperature. The difference in the mobili-
ties observed using the different substrate temperatures could
possibly be due to changes in the morphology at elevated
temperatures. Although electron micrographs show similar
average grain sizes (ca. 200 nm) for films deposited at both
substrate temperatures, the film deposited at the higher tem-
perature may be more continuous or better ordered in the
channel region. Alternatively, we can hypothesize that the
interfacial bonding between the dielectric and semiconductor
may be improved or tiny amounts of impurities may be
selectively desorbed from the semiconductor at the higher
temperature. We have ruled out desorption of any preadsorbed

impurities from the substrate by X-ray photoelectron spectros-
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L R i i pattern which, while not perfectly stacked, allows for intermo-

r lecular interactions along all three aXés.X-ray diffraction
results of films prepared simultaneously with the transistors
show NTCDA molecules stand close to perpendicular to the
substrate with the herringbone trace along the substrate. Thus,
the electron flow is most likely in a direction with an edge to
face overlap, as is the case for holei® T .22

Preliminary work on TCNNQ FETs has indicated electron
mobilities higher than TCNQ without intentional doping and
1 comparable to NTCDA but with greater stability in air. The

S S I B high off-current observed for this material may be due in part
0 20 40 60 80 100 to adventitious dopants and thus could still be a contributing
Drain-Source Voltage (V) factor to the measured mobility. However, considerable de-
Figure 1. Ips Vs Vs characteristic of a typical NTCDA FET prepared ~ doping was accomplished by treatment with iodine vapor with
at Tsup = 55 °C, with channel length= 12 um and channel widti+ little loss of mobility. In TCNQ, substantial doping levels were
250 um. required to achieve a maximumger of 3 x 105 cmP vV-1s7110
In conclusion, we have shown that n-type mobilities above
copy (XPS) studies. A similar sensitivity of mobility to 1072 cm? V~1 s71 are achievable in readily available organic
temperature has been observed in p-type compotiHes. compounds. This provides an avenue by which all-organic

FETs were also fabricated using 1,4,5,8-naphthalene tetra-complementary circuits can be realized. Such circuits could
carboxylic diimide (NTCDI) as the semiconducting layer. For be fabricated from separate n- and p-channel transistors or
these devicegyret values on the order of 18 were obtained, through the use of novel heterostructure transistors. Current
an order of magnitude lower than NTCDA. A similar trend work is directed to the enhancement of the mobility and
was also observed for PTCDI relative to the already low environmental stability of the n-channel devices.
mobility of PTCDA.
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