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Shrinking the device dimensions of polycrystalline thin film (a) complementary surface ..
organic transistors to the nanoscale enables charge transport in single e | I o R o R
grains to be probed, eliminating grain boundaries that give rise to P ¥ Tos s 5a s
deleterious traps and poor electronic coupling. However, when the I o “éa.m i Qe;’ " ‘qe;'
size of the devices is severely reduced, new challenges emerge electroda « ¢ b ‘1:’ e “’L:‘ W ol b
because the resistance of the contact between metal and molecule S ’1:’ 0. adh Salke W o ‘1:’
exceeds the channel resistance and dominates the device proper- ol 'p. Aoy bs 5 & ,._o % - e
ties12 The strategy described in this paper is to control this interface &S :1, S ;L S % ;oé»

ey

by directly coupling an organic semiconductor to the surface of
the source and drain electrodes. These monolayers, depicted in
Figure 1a, form a template on the metal surface and provide better
electronic coupling between the electrode and the semiconductor.
The important result is that superior nanoscale—{#00 nm)
transistors form only when the monolayer functionality is comple-
mentary to the structure of the molecular semiconductor.

We fabricated field-effect transistor (FET) test structures using 8
electron beam lithography on highly doped silicon wafers with 5 /\/S{JsH
nm of thermally grown silicon oxide. Figure 1b,c shows a schematic HS ‘O“O
and scanning electron micrograph of the devices. Au (19 nm) on 1 2 3
Ti (1 nm) source and drain electrodes were deposited by e-beamrigure 1. (a) lllustration of surface modification to form a template that
evaporation and lithographically defined to form a range of sub- recognizes a complementary surface. (b) Schematic of the device structure.
100 nm channel lengths. The organic semiconductors were depos-(_c) Scanning electron micrograph of devices anq single device channel
ited in the nanoscale channels by spin-coating and isolated from (inset). (d) Structures of compounds used to modify the electrodes.
the remainder of the device using a thick gi@yer (Figure 1c). Scheme 1. Retro-Diels—Alder to Pentacene

The source-drain contacts of these devices were derivatized from 0
solutions (1 mM THF) of the monolayer-forming moleculds-( o, /NJ\CHQ
3) shown in Figure 1d. Polycrystalline pentacene films were formed A
by first spin-coating and then thermally initiating a retro-Diels Oj‘ QQ —> OOOOO
Alder reaction (Scheme 1) of the pentacéhsulfinylacetamide a 5
adduct @).3° For micron-sized devices, this method produces hole
mobilities that exceed 0.5 ciivs.3 Table 1 compares the mobility

Table 1. Transistor or Characteristics* of Modified Devices?

(), current modulationlgy/lors), and transconductance,) for modification lowlore # (cm?Vs) gn (NAV)

the unfunctionalized and functionalized devi¢eEhiophenol {)° none 100 1.4£0.3x 1crj 0.5+0.1

and 2-mercaptoethanesulfonic ac®F(show only modest improve- 1 50 5.1£0.9x 10 1.3+03
2 35 7.6+£1.1x 104 1.8+0.2

ment, while a monolayer of thioketon® shows a dramatic
performance increase in every aspect. The beneficial effect of the
thioketone is a stark contrast to the few studies using self-assembled 2Values are an average of many devicesQ) with channel lengths
monolayers to modify micron-scale devices, which show only ranging from 40 to 100 nm.
modest improvemerst. the organic semiconductor to the electrode allows for better
Figure 2a-d compares the electrical properties of 50 nm channel electronic coupling between the electrodes and organic semiconduc-
length FETs with and without molecular functionalization (using tor. This leads to an average mobility of 0.0222%¥s, around 2
thioketone3) of the electrodes. In both cases, the devices were orders of magnitude higher than that of unmodified devices.
well-behaved with linear, ohmic regions followed by current We evaluated the origin of the difference in device properties
saturation. The ease with which tNesulfinylacetamide/pentacene  with the thioketoned) through a quantitative study of the contact
adduct forms nanoscale transistors contrasts sharply with theresistancé.Figure 2d shows a plot of normalized total resistance
nonideal IV characteristics reported for most sub-100 nm evaporatedversus channel length for both modified and unmodified electrodes.
pentacene FETSThe most striking difference upon modifying the  In both cases, there is very little change in total resistance as a
electrodes with the thioketone template molecule is a 50-fold function of channel length, suggesting that the device resistance is
increase in the saturation current (Figure 2c). Covalently attaching dominated by the contact resistarficModifying the electrodes

8000 2.2+ 0.7x 102 12.2+1.4
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Figure 2. |p versusVps curves {/c = 0to — 3.6 V in —0.9 V steps) (a)
unmodified and (b) electrodes modified with thioketdhéc) Ip versusVg
curves {/ps = —3.6 V) and (d) normalized total resistance as a function of
channel length for both unmodified (blue) and modified (red) electrodes
(Ve = —3.6 V).

that have as little as 40 nm separating the source and drain
electrodes. Combining this approach with metalolecule linkages
that are more conductive than gold thioldfeend acene-modified
gate dielectric surfac&sshould further improve these devices.
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Figure 3. (a) Comparison of reflectionabsorption IR spectra from bulk
(black) and the monolayer fro@before (red) and after heating for 2 min

at 200°C (dashed blue line). (b) Black trace shows the XPS spectrum of
a sulfur bonded to gold. The colored traces are a curve fit with the expected
2:1 ratio for the sulfur 2p photoelectron from a geldhiolate. (c)
Tautomerization to 6-thiopentacene followed by binding to gold.

decreased the contact resistance by 2 orders of magnitude from

the unmodified electrodes. This decrease in contact resistance is

the origin of the improved device performance.

The important conclusion from the combination of reflection
absorption infrared spectroscopy and X-ray photoelectron spec-
troscopy (XPS) is that thioketorggtautomerizes to 6-thiopentacene
and binds to the gold surface (Figure 3). The infrared spectrum
shows the loss of the=€S stretch (1340 cni) upon monolayer
formation (Figure 3a)° The XPS data reveal a single type of sulfur
2p doublet at 161.8 eV that is indicative of a gelthiolate (Figure
3b) 1 In addition, the infrared spectrum shows aromatic stretching
at 1450 and 1250 cm that is indicative of linear acenéBinding
through the sulfur atom would point the unencumbered acene edge
into the gap, where it can act as a tempfag€igure 1a). The contact
angle of a water drop on these films was’58he contact angle
and IR spectrum (Figure 3A) of the monolayers were unchanged
after heating to 200C (2 min). These are the same conditions
used to initiate the retro-DietsAlder reaction to form the pentacene
films.

In summary, using structurally and electronically similar com-
pounds to modify the electrode surfaces leads to much better
electronic coupling between the contacts and the semiconductor

and dramatically decreases the contact resistance in nanoscale

organic FETs. This strategy allows well-behaved devices to be made
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