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The performance of organic thin-film transistors (OTFTSs) is (4 ESSSS <= A
affected by various factors, including molecular properties such as —]" =5 S 5&9{}9 (26 “C;
effective conjugation length and redox potentials, solid-state - ) R Tt )
packing, thin-film morphology, and material stabilitfpespite great
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progress in understanding many of these factors, fundamental ® il ol NN 2 7% b
aspects of carrier transport, especially the role of solid-state packing, sSSP VoS _|c %}
still remain unclear. Quantum mechanical calculations have pre- S SN .ﬁ?}{y = » S
dicted that high mobility in OTFTs can be obtained when ’ (b)
ﬁ?(;:jeu cgua;;esdtczn(r)r:ze;(?rlriieh;vee cf\t/re?'?agp”;‘er;iﬁggzg :Vgrbi?;ETsorlng g[gure 1. Crystal structures of 5-chlorotetracen€T() (a) and 5,11-
ichlorotetraceneCT) (b). Note thaCT has a herringbone-type structure
addition, Curtis and co-workers have recently made a structural but DCT  stacks along aa molecular axis.
analysis on some common organic semiconductors, discussing the
correlation between solid-state packing and transpatteoretically that one or more substitutions of relatively bulky groups into
speaking, a cofaciat stacking structure is expected to provide more Peripositions of polyacenes disrupt the herringbone structure of the
efficient orbital overlap and thereby facilitate carrier transport. So compounds.
far, however, most of the organic semiconductors that have shown Halogenated tetracene derivatives were synthesized from tet-
high mobility and high on/off ratio in polycrystalline thin-film  r@cene using copper chloride, copper bromide-bromosuccin-
devices have a herringbone structure which reduces the overlap. imide (NBS) in chlorobenzene or bromobenzene. The products were
In fact, there has been little experimental evidence thatacked soluble in common organic solvents and purified by recrystallization

materials have higher mobility. This may be because of the scarcity or column chromatography. The cyclic voltammogram, given in

356 o . o Figure S1, showed that 5-chlorotetrace®@T ) and 5,11-dichlo-
of 7 stacked material$-6and the difficulty in examining transport S :
. Do S rotetraceneCT) have an onset oxidation potential of 0.31 and
properties at molecular levels. The mobility in polycrystalline films

o . 0.32 V, respectively, implying that they have almost the same
was not intrinsic but was depenc_;lent more on the purlty of the HOMO levels as predicted in the semiempirical calculations. Single
conjugated molecules and the film morphology. Single-crystal

g . T : i 4 crystals were grown from either solution or vapor pRafe
devices, which are in principle free of grain boundaries, are ideal gy,ctral analysis and transistor fabrication. Interestingly, mono-
for the investigation of intrinsic carrier transport properties of

A ) substituted tetracene derivatives were platelets, and disubstituted
molecular semiconductofslo study the effect of molecular packing  yerivatives were needle-shaped crystals. As shown in Figure 1, the
on charge transport, it would be optimal to have two materials that crystal structures, analyzed by single-crystal X-ray diffraction,
differ only in the molecular packing while the other parameters, revealed thaDCT has a face-to-face slippedstacking motif and
such as injection barrier, are as similar as possible. In this work, the intermolecular distance between neighboring molecules is about
we designed and synthesized halogenated tetracene derivatives, i3.485 A. Pitch and roll angles were measured to be 20248l
which the molecular packing is sensitive to the substituents while 14.53, respectively. These relatively small angles leave good spatial
their HOMO levels are similar. They provide an ideal system for overlap between two adjacent molecuig®n the other hand;T,
investigating structureproperty relationships among organic semi- which is isostructural to 5-bromotetracer®T(), is packed in a
conductors. The solid-state packing pattern of conjugated moleculesherringbone-type pattern. Two molecules are tilted in the same
depends on the nature of both the conjugated core and functionaldirection, and pairs of molecules are arranged in the herringbone
groups® pattern (see Supporting Information).

Semiempirical calculations showed that substitution of bromo  Field-effect transistors were fabricated on single crystals with
or chloro groups in tetracene lowers both HOMO and LUMO levels. graphite ink as electrodes and parylene as gate dielectric; its
The substitution of functional groups was expected to alter not only capacitance was about 2 nF/cm. The transistor channel is varied
the size and shape of the molecule but also the electronic propertiesMainly with overall size and dimensions of crystals. The mobility
which may result in a change of the packing mode of tetracene ©f PCT grown from the vapor phase, which was extracted from
derivatives. Previously, Sarma and Desiraju pointed out that halogenSaturation regions in Figure 2b, was as high as 1.&/¢rs, and

. the on/off ratio was 19 These transistor performances are very
roups promoter stacking® Also, Anthony and co-workers reported . o
groups p ¢ y P reproducible, but a mobility of 1.6 c#V-s may not be the upper

- : : limit since we have not optimized crystal growth and device
. El‘jr']'d'-ﬁa?\;g‘rg{t'is Lucent Technologies. fabrication. Note that the highest reported mobility of a tetracene
§ Stanford University. single crystal with the herringbone structure is 1.Z/frs 10

(a)
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Figure 2. Current-voltage characteristics of single-crystal transistors based
on 5-chlorotetracene(T) with channel dimensioW/L = 0.83 (a) and
5,11-dichlorotetraceneDCT) with WIL = 0.13 (b). Inset shows device
configuration of the transistors. The drain bias was swept from-650 V

at a gate bias between 0 ar®0 V in —10 V steps.

Table 1. Summary of Crystal Packings and Field-Effect Mobilities
of Single-Crystal Transistors Based on Tetracene Derivatives

crystal growth structure mobility (cm?/V+s) on/off
CT solution herringbone 14104 10
BT solution herringbone 2.4 1073 12
vapor herringbone 0.3 20
DCT vapor 7 stack 1.6 16
tetracen® vapor herringbone 1.3

Since the substitution of electron-withdrawing groups lowers the
HOMO level of tetracene, carrier injection inlCT would be less
efficient. NeverthelesDCT had higher mobility, which may be
due to therr stacking structure facilitating carrier transpbrflo
establish a direct correlation between solid-state packing and
transport properties, single-crystal growth and device fabrication
should be optimized to make it possible to measure intrinsic
mobility. However, the high mobility irDCT, compared to other
organic semiconductors purified and grown by the same méthod,
suggests to us that the slippedtacking motif distinguisheBCT
from other organic semiconductors with the herringbone packing.

We also built field-effect transistors on single crystals grown
from solution. The transistor performance of the crystals depends

(b)

(a)

Figure 3. (a) TEM image and corresponding electron diffraction pattern
of aDCT thin film deposited on a TEM grid at a substrate temperature of
50 °C. (b) AFM image of aDCT thin film deposited on an octadecyltri-
methoxysilane (OTS)-treated SiGubstrate at a substrate temperature of
0°C.

providing a poor conducting pathway. However, considering the
high mobility measured on single-crystal transistors, we believe
that the thin-film mobility could be significantly increased.

In summary, halogenated tetracene derivatives were synthesized
and grown into single crystals. Monosubstituted 5- bromo- and
5-chlorotetracenes have the herringbone-type structure, while 5,11-
dichlorotetracene has thestacking structure. The mobility of 5,11-
dichlorotetracene was as high as 1.620Mms in single-crystal
transistors. Ther stacking structure, which enhancesorbital
overlap and facilitates carrier transport, may thus be responsible
for this high mobility. Currently, further studies on crystal growth
and device fabrication are being carried out in order to measure
the intrinsic mobility of 5-chlorotetracene and 5,11-dichlorotet-
racene, which have almost the same oxidation level but different
solid-state packings.
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Supporting Information Available: Experimental procedures,

on the quality of the crystals. As given in Table 1, crystals grown results of semiempirical calculations, cyclic voltammogram, and
from solution showed much poorer transistor behavior than those summary of thin-film transistor performance (PDF); X-ray crystal-
from vapor. This may be attributed to rough surfaces, crystal lography files (CIF). This material is available free of charge via the

imperfection, and high impurity concentration in crystals grown
from solution due to solvent incorporation into the intramolecular
position in the weakly bound van der Waals network of molecules.
This is important because the conduction channel is located within
the first few monolayers of the single crystals at the semicondtctor
dielectric interface. In addition to the above factors, flowing inert
gases used in vapor-phase growth may prevent impurities from
being incorporated in crystals.

For comparison, thin-film transistors were also fabricated on
highly n-doped silicon wafers in both top and bottom contact
configuration.CT was thermally evaporated at 10Torr to yield
cloudy films, showing no field effect in any kind of device. Mobility
of thin-film transistors based oMCT varied with substrate
temperature and surface properties of SiChe best mobility in
thin-film devices, 103 cn?/V-s, is achieved wheCT was
evaporated onto octadecyltrimethoxysilane (OTS)-treated (S
nm)/Si substrate held atT. This relatively low mobility can be
explained as a result of poor film morphology. TEM and AFM

Internet at http://pubs.acs.org.
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