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Detailed below is a new tetracene derivatitgthat forms dense, (@)
upright monolayers on the surface of aluminum oxide (Figure 1b).
These monolayers spontaneously self-organize into the active layer

in nanoscale field-effect transistor devices (Figure 1c) when Q
0o 0

aluminum oxide is used as the dielectric laydihis method gives
high yields of working devices that have source-drain distances
that are less than 100 nm and provides a new avenue for research
in thin-film organic transistors where the active molecules are linked
to the dielectric surface.

Linear acenes, such as pentacene and tetracene, have been heavily

a catechol
aluminum ester

studied for molecule-based electronics due to their relatively high aluminum oxide
field effect mobilities and large ON/OFF current ratios when
incorporated into TFT3:5 The motivation for this study was a © measure transport laterally

number of reports showing that in organic thin-film devices the
first few molecular layers of organic semiconductor are the locus
of charge injection and responsible for current modulatidghThe

rigid, covalent attachment detailed here provides a direct method
for using the dielectric surface structure as an adjustable parameter

to tune the monolayers’ self-assembled structure and therefore their (8) End functionalized & (b) Sch c of bondi
; ; Figure 1. (a) End functionalized tetrace chematic of bonding

electrical properties. and orientation ofl on aluminum oxide (not intended to indicate in-plane

ordering). (c) Schematic of the self-assembled monolayer transistor.

self-assembled monolayer

source
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e

The molecular design is illustrated in Figure 1a. It consists of a
tetracene molecul€l) that has one of its terminal rings function-
alized as a catechol. Thetho-hydroxyl functionality was chosen, ~ Scheme 1. Synthesis of 12
since it is known to chelate a variety of metal oxides via a

mononuclear bidentate coordinati®n!® Although the use of @C@ O Q
catechols to form monolayers on the surface of aluminum oxide 2 ° (@ Q (b) Q
. . . 0 —_— —_—
appears to be unprecedented, previous studies both on aluminum ome o . o Q
oxide nanoparticles and in organometallic complexes indicate ‘O O Q
OMe
MeO OMe RO OR

catechols dehydrate with aluminum oxide to form a rigid, five-
membered aluminum ester (Figure 1B)1° 03 . o [—5 R =Me
Reports of end functionalized linear acene syntheses are rare, [:" R=H
apparently due to their difficulty in synthe$is?!Here we devised akey: (a) ) A; (i) Brz, pyridine; (b) () Pd/C, b, TsOH; i) LiAIH 4
a new and general synthesis (shown in Scheme 1) that providesthen H'; (c) BBra.
the substituted tetracene derivatives. The key step utilizes a-Diels and ALOs.
Alder cyclization to couple two easily prepared pieces: the
exocyclic dien&*23(derived from the in situ loss of sulfur dioxide
from the cyclic sulfinate este?) and the 6,7-dimethoxy naphtho-
guinone3.2425|nstrumental for a clean synthesis is the intermediate
reduction of the quinone to the tetrone. Reduction to the acene
followed by unmasking of the hydroxyl groups with boron
tribromide provides the target structure. Tetracdnés readily
soluble in solvents such as diethyl ether, THF, DMF, DMSO, and
acetone.
From solution in THF 1 was screened against a number of oxide
surfaces? revealing binding to the surface of HOZrO,, Y,0s,

The assembly on aluminum oxide was investigated
further because aluminum oxide is a common gate oxide material
and its crystals (e.g., sapphire) are readily available. Detailed below
are the results from our studies to understand the monolayer
assembly ofl using synchrotron X-ray reflectivity, reflectien
absorption infrared spectroscopy (RAIRS), and X-ray photoelectron
spectroscopy (XPS).

The synchrotron X-ray reflectivity measurements, sensitive to
changes in the laterally averaged electron density across interfaces,
reveal that the molecules are upright and tightly packed in the
monolayer. Figure 2a shows the normalized X-ray reflectivity data
taken of the monolayer af on thec-plane (0001) of a sapphire
P crystal. using synchr.otron radiatiéh. Plotted along Wi.th thg
* Brookhaven Nation);I Laboratory. normalized dgta is a fit tq the data, calculated by assuming a single
§1BM T.J. Watson Research Center. layerP® of uniform density on top of the substr&fe®® Three
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5 F monolayer curve was shifted down by 0.4 absorbance units.
g 0.4f
§ ooE attenuates the frequency of the aryl ring stretching. Also seen in
wF ; the IR comparison in Figure 3 is significant change in the resonance
U S y for vC—O stretch coupled to théO—H bend?!®16 This is due to

-10 5 0 5 10 15 20

Thickness (4) the loss 0f0O—H bending mode during surface attachment. In the

Figure 2. (a) Normalized X-ray reflectivity curve (black dotted curve) for bulk sample this transition appt_ears as a multiplet between 1250
SAM of 1 on aluminum oxide crystal surface along with plot of the data fit and 1200 cm* that becomes a single stretch (1240 ¢jwhen1
(solid red line). (b) Electron density profile (red) using fit data from Figure is assembled on the surface.
2a along with box diagram (dashed gray) illustrating thickness and electron ~ Another method to probe these monolayers is to measure their
density with roughness equal to zero. electronic properties. To this end, an electrical test bed for
parameters are allowed to vary during the fit: the thickness, the monolayer assembly was created. The devices, shown schematically
electron density of the over-layer, and a common surface roughnessn Figure 4a, have a thin layer (approximately 5 nm) of aluminum
for both the substrate/monolayer and monolayer/air interféces. oxide deposited oota 5 nmthermally oxidizedn+ doped silicon
Figure 2b is the electron density profile generated with the best-fit wafer. The aluminum oxide was utilized to act both as a dielectric
parameters and represents the surface in real space. From analysigyer and also as a primer for the assemblyl.oGold source and
of the reflectivity data the monolayer has a thickness of 9.7  drain electrodes (200 A, Au) were then patterned on these surfaces
0.2 A and an electron density of 0.3890.015 e/A3. Remarkably, using e-beam lithography to have a source to drain separations
the value for the electron density of the tetracémeystal can be between 30 and 100 nm, shown in Figure 4b,c. Widths of the
back calculated and is found to be 0.393 ®iiddicating that the devices were 250 nm. Assuming that each molecule occupies
molecules in the monolayer are nearly as tightly packed as thoseroughly 0.5 nmx 0.5 nm of area when assembled upright on a
in the bulk crystal. substrate, these test structures will probe small assemblies, on the
The calculated height (approximately 10.7 A, shown in Figure order of 10 zeptomoles of material (i.es,L.0* molecules).
1b) is identical with the length of the molecules measured in the  For in situ monolayer assembly the test structures were immersed
X-ray reflectivity measurements. This similarity is a strong indica- into a solution ofl (in THF, 1 x 1072 M, 12 h), removed, rinsed
tion that the molecules are essentially upright. The calculated heightwith fresh THF, dried under a stream of nitrogen, and probed
assumes that catechol oxygens are now incorporated into the sapelectrically. A set of typical currentvoltage curves as a function
phire crystals through dehydratiéhThe two important observations  of gate bias are shown in Figure 4d for a device With 40 nm
for the electronic properties of these monolayers are that the mole-along with the AFM image from this device. Albeit not ideal tran-
cules adopt a preferred upright conformation and are densely packedsistor characteristics, the material behaves like a p-type, hole trans-
Angle-resolved X-ray photoelectron spectroscopy (XPS) was porting semiconductor. The yield of devices that showed similar
used to probe the core electron binding energies of the atoms presenincrease in source-drain current with applied gate bias was high
on the surface of the aluminum oxide. The angle dependent spectrafor 60 nm or shorter devices (42 out of 80 devices tested) but drop-
are consistent with an aromatic carbon overlayer on the aluminum ped off sharply for devices with> 60 nm. AFM images of the
oxide surface. The C/Al ratio increases with decreasing takeoff substrates with or without molecules show aluminum oxide grains
angle, adding further support to the model that has a hydrocarbonaround 40 nm in diameter. It seems likely that this grain structure
based monolayer on top of the subst/t®loreover, there was no  would prevent transport in the larger test structures as it may give
evidence in the XPS spectra that the catechol had oxidized to anrise to poor contact between the monolayers on adjacent aluminum
orthoquinoné® oxide grains. The nonlinedfV curves and lack of current satura-
The results from the RAIRS spectra of monolayers cbmpared tion38-40 observed in Figure 4d may arise from high contact resis-
to the bulk (KBr pellet) support the conclusions from the reflectivity tance, as assembly of tetracenediol is not expected on the Au elec-
and XPS measuremepfftand also allow the nature of the bonding trode surface and may provide a barrier to charge injection. In addi-
to the surface to be probed. The most striking difference betweention, the dielectric is thicker than desired for the channel lengths
the bulk and the monolayer spectra is the frequency shift in the fabricated to achieve good electrostatics in the device. Control
vC=C aromatic ring stretch (from 1500 crhin bulk to 1465 cm? experiments with devices that were immersed into either solely THF
in the monolayer). In oxide nanoparticles and films, this shift has or a solution of catechol in THF displayafV curves that were
been attributed to deprotonation of the hydroxyl groups giving a similar to the open circuitd {p approximately pA) and had no gate
bidentate chelatiof?16-37This double surface attachment drastically effect.
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Figure 4. (a) Schematic of the test structure. (b) SEM image. (c) SEM

image of the 40 nm gap. (d) Source-dréivi curves at different gate biases
[Gv = 0 (red) to—2.5 V (dark green) in-0.5 steps]. Inset: Tapping mode
AFM image of the 40 nm device. The SEM and AFM images are from the
device measured in Figure 4d.

In summary, this study puts forth a new class of organic

Research (NYSTAR) for financial support for M.L.S. and the shared
instrument facility.
Note Added after ASAP Publication: In the version published
on the Web November 2, 2004, there were errors in the caption
for Figure 4. The caption to Figure 4 is correct in the final Web
version published on November 10, 2004, and in the print version.
Supporting Information Available: Synthetic details and char-
acterization ofl—5. Experimental details for the synchrotron X-ray
reflectivity, XPS, RAIRS measurements, and the device preparation/
characterization.
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