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/drain electrodes supported

Soft contact lamination and metal-coated elastomeric stamps provide the basis for a convenient and
noninvasive approach to establishing high resolution electrical contacts to electroactive organic
materials. The features of relief on the stamps define, with nanometer resolution, the geometry and
separation of electrically independent electrodes that are formed by uniform, blanket evaporation of
a thin metal film onto the stamp. Placing this coated stamp on a flat substrate leads to “wetting” and
atomic scale contact that establishes efficient electrical connections. When the substrate supports an
organic semiconductor, a gate dielectric and a gate, this soft lamination process yields high
performance top contact transistors with source/drain electrodes on the stamp. We use this approach
to investigate charge transport through pentacene in transistor structures with channel lengths that
span more than three decades: from 2&® to ~150 nm. We also report some preliminary
measurements on charge transport through organic monolayers using the same laminated transistor
structures. ©2003 American Institute of Physic§DOI: 10.1063/1.1541941

Recent interest in the science and the emerging applica- Figure 1 presents a schematic illustration of this stamp-
tions of electroactive organic and bio-organic matetiais-  based lamination approach. It begins with the fabrication of
tivates research into noninvasive methods for forming highhigh resolution rubber stamybilayers of two different types
resolution electrical contacts on these classes of “soft,” mo-of the elastomer polydimethylsiloxayié by casting and cur-
lecular materials. Many of the lithographic techniques thating against photolithographically defined “masters” that
were developed for traditional microelectronic systems caneonsist of patterned resisSU-8, Microchem Corp.; thick-
not be used because these organics are often incompatibiess between 5 and Iom) with vertical or reentrant side-
with the required resists, developers, solvents, and exposurealls on silicon substrates. For the nanoscale transistors, we
conditions. It was recently demonstrated that some of thesesed patterns of resi$6TR 1805, Shipley Corp.; thickness
problems can be avoided with the use of soft, conformablédetween 300 and 400 nrproduced with a near field photo-
electrical contacts and lamination procedufrétere we de- lithographic techniqué.Exposing the stamps brieflfl—2 §
scribe a related, but greatly simplified, approach that retaintb an oxygen plasma forms surface hydroxyl groups. Elec-
some of the important attractive features, eliminates the neelon beam deposition of Til nm; 0.3 nm/sfollowed by Au
for direct high resolution patterning of the electrodes, and15 nm; 1 nm/$ with a flux of metal perpendicular to the
enables transistor channels with lengths deep into the naurface of the stamp leads to deposition predominantly on
nometer regime. This method exploits the surface relief orthe raised and recessed regions and not on the sidewalls. In
elastomeric stamps to define, with nanometer resolution, ththis way, blanket uniform deposition yields patterned and
geometry and separation of electrodes that are formed by
directional deposition of thin metal films onto the stamps.
Soft contact of these metal-coated stamps with the organic
noninvasively establishes multiple independent electrical
connections. The contact is reversible and it can be per-
formed at room temperature and without applying pressure,
adhesives, etc., that are generally used with traditional lami-
nation or wafer bonding methods. This procedure provides a
powerful tool for studying the physics of charge transport
down to nanoscale dimensions in chemically fragile or ultra-
thin soft materials. Here we describe the method and dem-
onstrate its use for investigating the electrical properties of
thin film organic semiconductors in transistor structures with

PDMS stamp with source and drain
electrode relief, Ti/Au deposited on
plasma oxidized surface

channel lengths that span more than three decades: from 250
um to ~150 nm. We also present some results in transistors
with self-assembled monolayers formed on the stamp-
supported contacts.

3Electronic mail: jarogers@lucent.com

0003-6951/2003/82(5)/793/3/$20.00 793

semiconductor
dielectric
gate electrode

probe pads Ti/Au/Ti

FIG. 1. Schematic illustration of steps for building thin film transistors by
soft contact lamination with metal-coated rubber stamps.
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electrically isolated thin metal electrodes with the geometry (a)
and resolution of the relief structure. Films formed according
to these procedures have good adhesion to the stamp and do
not show the macroscopic cracking or rippling that can be
observed in similar systenfs.

Placing this type of metal-coated stamp onto a flat,
smooth substrate leads to “wetting” that provides intimate
contact between the two surfaces without the need to apply
pressure, heat, etc. This phenomenon was recently exploited
with stamps that had relatively thick and electrically continu-
ous metal coatings to produce patterned electrets in thin
polymer substrate5To form top contact organic transistors (b)
with our discontinuous metal-coated stamps, we used a
doped silicon substrate with a uniform 300-nm-thick layer of
thermally grown SiQ (Process Specialties Incand a ther-
mally evaporated thin film of pentacef#b nm thick, evapo-
rated at 0.06 nm/s through a shadow mask with 2.5 mm
X 3.0 mm rectangular openings he silicon wafer serves as
the gate electrode, the Si@rovides the gate dielectric, and
the metal films on the raised regions of the stamp form the
source and drain electrodes. Electron beam evaporated con-
tact paddtrilayers of Ti (1 nm)/Au (40 nm)/Ti (30 nm] on (c)
the SiG connect to raised lines on the stamp. The transistors

—=—stamp
1—o— evaporated

20 40 60 -80  -100
Drain-Source Voltage (V)

Drain-Source Current (uA)
3
(=]

{v,=-100v,"] —=—stamp
1 —o—with HDT

0 20 40 -0 -80  -100

Drain-Source-Current (uA)

Channel Length
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SiO, is scratched away. For the nanoscale devices, we used a 01 A s0um
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thin (26 nm layer of chemical vapor deposited Silds the
gate dielectric and a doped silicon wafer as the substrate and
gate. The stamps could be placed into contact with and re-
moved from either type of substrate many times without any
visible change or damage, or alteration in the electrical prop-
erties of the stamp, the pentacene or the resulting transistors.
The stamps wetted the transistor substrates with very little oFIG. 2. Part(a) shows current—voltage characteristics of two top contact
no applied pressure. Once in contact, the stamps remained @rpanic transistors: one of these uses soft contact of a metal-coated rubber

. . . . stamp to define the source/drain electro#amp and the other uses con-
contact without applied pressure, until they were aCtlvewtacts evaporated directly on the semiconductor through a shadow mask

peeled away. (evaporateyl Part(b) shows current—voltage characteristics of transistors

To establish the good performance of stamp-based lamformed with stamps that have bare gold coatings and those with gold coat-
nated transistors, we compared their characteristics to contr{ﬁ\gS and a self-assembled monolay8AM) of hexadecanthiolatéHDT).

; i . A art(c) shows saturation currents measured at a gate voltage of 80 V in 17
devices fabricated using the standard technique of evaporafiterent devices characterized by a wide range of channel widths and
ing gold top contact electrodes directly onto the semiconduclengths.
tor through a shadow mask. The channel widths and lengths
?n(; other geomettrllcilhfeatures .Of :Ee .:,ourct:e and ?rg'n _eleq_"his result highlights the comparatively noninvasive nature
rr? es \I/viare eﬁac _y25§ samehm (T V‘_’g hypes_ g EVICESf the laminated contacts.
channel length () =250,m, channel width {V)=5mm. To demonstrate the suitability of this same laminated test

The transistors were built on two adjacent areas (10 MMy ,cqyre for investigating the properties of charge transport
X 20 mm rectangular regions separated by 10)mfipenta-  hr6ugh organic monolayers, we built stamp-based devices

cene on a single substrate. Figuf@Xhows some represen- \ith a bare gold coating and one with a self-assembled
tative results. The stamp-based devices typically exmbite%onolayer on the gold formed by contacting the stamp
20%-50% higher saturation currer(end, therefore, effec- against a flat piece of polydimethysiloxa(RDMS) that was
tive mobilities, ue) than the shadow mask evaporated de-«inked” wit h a 2 mMsolution of hexadecanethi¢HDT) in
vices(Au, 50 nm thick deposited at 0.5 nn/§here were no  ethanol. Figure @) shows the current—voltage characteris-
such systematic differences in the on/off ratios, which werejcs; the inset shows the behavior in the linear regime at a
(relative to a gate voltage of O)in the range of 18-1¢°.  gate voltage of—100 V. The stamp treated with the HDT
We also note that the electrical properties of the evaporategyer shows strongly nonohmic behavior, due to the tunnel-
devices depend on the evaporation rate: the currents decredag barrier formed by the self-assembled monolai@M).

by as much as a factor of 5 with decreasing evaporation rat€he device formed with the bare gold, on the other hand,
between 1 and 0.1 nm/s. These observations suggest thstiows purely ohmic behavior and higher saturation currents.
deposition of metal can alter the organic semiconductor in &he difference between the behavior of these two devices

manner that affects the electrical properties of the transistoreveals the electrical influence of the monolayer. Quantifying
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these differences and relating them to molecular structure is <
the focus of current work. 3 -025]
The re!atively tow parasitic resistances in th(_a bare gqld %‘ -0.20 | IRRLLL
stamp devices can also be observed by measuring transistor =
properties as a function of channel length. Since the stamps S -0.15 | e
can easily be contacted and then removed from the substrate = < -0.10
without affecting the stamp, the substrate, or the semicon- S 0051 ,,..--'"""—-'M“
ductor, it is possible to build multiple devicésonsecutively, Q M
. . . ©  0.00 | 5L
one after anotheron a single region of pentacene. This ca- o
pability makes it possible to test accurately the electrical 3 005 ; : ;
] 0.0 0.5 -1.0 -15 2.0

properties of transistors as a function of channel length and )
width, with a precision that is not limited by spatial varia- Source-Drain Voltage (V)

tions in the properties of the semiconductor other com- - . )

. . FIG. 3. Current—voltage characteristics from a nanoscale organic transistor
ponents of the devicgsFigure Zc) shows the measured (med by soft contact of a metal coated stamp with a thin semiconducting
saturation currents from stamp-based transistors with a widg@m of pentacene on a dielectric layer of Sik26 nm on a doped silicon
range of W's andL’s formed on a single small region of substrate. The gate voltage varies betwedn0 and—2.2 V in steps of 0.4
pentacene (1 mm2 mm). The data illustrate a remarkably V. The channel I_ength of this device 1515_0 nm. The inset shows a scan- _

. . . . ning electron micrograph of the separation between the source and drain
good linear scaling of the current with the ra/L for  gjectrodes on the stamp.
channel lengths ranging from 50 to 2/m and channel
widths from 2 mm to 10Qum. They suggest that the stamp- of —2.0 V for different gate voltagésind on/off ratiog~10
based approach yields devices that are free of measurabiignes lowej in these nanoscale devices compared to stamp-
artifacts in this range of geometriedt is difficult to fabri-  based devices with 2,am channel length and 10@m chan-
cate devices that are free of contact related artifacts over thisel width formed on the same region of pentacene and with
wide range of geometries using other approaches for deposne same substrate. These differences may be due partly to
iting and patterning the contact3.hey also indicate that the intrinsic parasitic resistances in these top contact geometries.
effective mobilities of these transistors are independeMof They may also be due to some mild short channel effects,
or L over this wide range. For the devices shown here, whiclwhich might be present at some small but non-negligible
use unpurified pentacene deposited onto substrates at rodavel in these nanoscale devicge., ratio of channel length
temperature, the mobilities computed in the saturation reto dielectric thickness is-6). Our current efforts are directed
gime are 0.06:0.01 cnf/V's. toward a systematic investigation of electrical characteristics
The results of Fig. @) represent a broad and systematicof organic transistors with a range of submicron channel
set of measurements on top contact organic transistors witlengths. The results presented in this letter demonstrate that
channel lengths in the micron range. These data indicate th@ie soft contact stamp based approach for building the nec-
all of the devices display the expected physics and curreréssary devices will be useful for these studies. More gener-
scaling withwW andL. At channel lengths and widths that are ally, the simplicity of this approach, its capability for nanom-
comparable to or smaller than the grain size300 nm in  eter resolution, and its compatibility with a wide range of
the pentacene films, different behavior might be expectediragile soft materials and even with organic self-assembled
Bottom contact organic transistors with100 nm channel monolayers suggest a strong potential for its use in measur-
lengthd and top contact devices with channels shorter tharing charge transport through unconventional materials that
~200 nn? both showed reduced effective mobilities and on/are difficult to process with standard methods.
off ratios compared to micron-scale devices. Interpretation of
those results was complicated, however, by the differencedsee for example, MRS BulR7, 441(2002, and references therein.
between semiconductor film grovvth at the edges of the e|ec_2Y.-L. Loo, T. Someya, K. W. Baldwin, P. Ho, Z..Bao, A. Dodabalapur, H.
trodes and at the center of the chadfélin the case of the 35' githzm?; (;r?dAB' Rl\zi%ﬁz' ';Ar;)g}o’\:r?élléﬁﬁfef‘é %%Agi%%blozw(zooz).
bottom contact devices and exposure of the semiconductor ter. w,. Odom, J. c. Love, D. B. Wolfe, K. E. 'pau|, and G. M. Whitesides,
electron beam patterning processes for the top contact sysLangmuir18, 5314(2002. o
tems. Laminated top contact devices are of interest partly J-A Rogers, K. E. Paul, R. J. Jackman, and G. M. Whitesides, Appl. Phys.
. ; ; ; Lett. 70, 2658(1997.
because they avoid these issues entirely. Figure 3 shows reg Bowden, S. Brittain, A. G. Evans, J. W. Hutchinson, and G. M. Whi-
sults from a stamp-based transistor with a channel length of tesides, NaturéLondon 393 146(1998.
~150 nm, which represents a dimension that cannot beH. O. Jacobs and G. M. Whitesides, Scie@8d, 1763 (2002.
achieved with our other related lamination metfodere 8;-5Ai§1%%ir95é§' Dodabalapur, Z. Bao, and H. E. Katz, Appl. Phys. Lett
relief on the stamp defines the channel length, and microcons ; “cojiet, 0. Tharaud, A. Chapoton, and D. Vuillaume, Appl. Phys. Lett.
tact printing defines the channel widt®0 xm). The etching 76, 1941(2000.
step in the printing process eliminates gold from the recessey!- Kymissis, D. C. Dimitrakopoulos, and S. Purushothaman, IEEE Trans.
region of the stamp at the channel location. The results indi, E'6tOn Devicest8, 1060(2001. .
s . . J. A. Rogers, Z. Bao, K. Baldwin, A. Dodabalapur, B. Crone, V. R. Raju,
cate lower mobilitie~5 times lower, as approximated by v kyck H. Katz, K. Amundson, J. Ewing, and P. Drzaic, Proc. Natl.
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