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We report on the fabrication of short-channel polymer organic thin-film transi€®r&T9 using
nanoimprint lithography. Currently, there is significant interest in OTFTs due to their potential
application in inexpensive, large-area electronics. However, polymer carrier mobilities are typically
poor, and thus to increase the OTFT drive current per unit area, there is a need for short-channel
devices. We have fabricated working devices with channel lengths fram tlown to 70 nm with

high yields. The performance of these devices was studied as the channel length was reduced. We
find that drive current density increases as expected, while the on/off current ratio remfins 10
However, at short-channel lengths, OTFTs no longer saturate due to space charge limiting current
effects. © 2002 American Institute of Physic§DOI: 10.1063/1.1526457

Currently, there is much interest in using soluble semi-The P3HT was purchased from Aldrich Chemical and was
conducting polymers as the active material for organic thin-used without further processing. It has a head-to-tail regio-
film transistors(OTFT9 in large-area applications that re- regularity better than 98.5%, which has been shown to
quire inexpensive, low-temperature processing such agive better carrier mobilities than the regiorandom
displayg and disposable circuitsPolymer films can be ap- configuration®
plied at room temperature by spin coating or casting, and The NIL process, described previously in detasiarts
thus are ideally suited for such applications. However, carriewith a 100 nm film of imprint polymer on the substrate. The
mobilities in semiconducting polymers are lower than thoseNIL mold was pressed into the polymer and the entire assem-
of either amorphous silicon, the traditional active material ofply was heated above the polymer glass temperature so that
thin-film transistors(TFT9), or crystalline pentacerieAl- the polymer flowed and conformed to the topology of the
though much progress has been made developing semicon-
ducting polymer devices with higher mobilitiéslevice per-
formance can be improved by reducing the channel length. (a)
Previous attempts at fabricating short-channel devices in-
cluded wells’ electron-beam lithograph§eBL),° phase shift
masks| and cold welding metal transféidowever, in order
to realize the low-cost advantage of using polymers, the li- -
thography process must be capable of high-throughput, inex- FFER S L&
pensive, submicron patterning, qualities that previous tech- &
nigues have yet to fully demonstrate. Here, we report on the
fabrication of short-channel devices using nanoimprint
lithography (NIL), a process that allows for large-area,
parallel, arbitrarily complex patterning with sub-10-nm
resolution’

NIL is a simple patterning process whereby a mold iS [oas s 20o;
pressed into an imprint polymer. On a single silicon dioxide |wo- smm
mold 20 devices were patterned by EBL with channel lengths - Yo
varying from 1um down to 70 nm. The 70 nm device mold ~ 1
shown in Fig. 1 has 56 fingersVe/L ratio of over 3000, and i :

a height of 70 nm. = 70 nh '

The OTFT devices were fabricated on a heavily doped 1
n-type silicon substrate with 5 nm of thermally grown oxide . ;
that served as a backside gate. The gold source and drai ; . =
contacts were patterned by NIL on the substrate, and then the =t <
Semiconducting po'ymer was Coated direc“y over the entir€|G. 1. NIL mold includes 20 devices varying in channel Iength fI’OWZI’ﬂ.

_ - . . _down to 70 nm.(a) shows a scanning electron microscopy picture of a 70
sample. We used a well-studigetype semiconducting poly nm OTFT device with a 4um channel width, 56 source and drain interdigi-

mer, poly3-hexylthiopheng (P3HT), which currently has tated fingers, and /L ratio greater than 3000. The mold is fabricated from
the highest reported polymer carrier mobility of 0.1%vhs*  a silicon dioxide substrate, and is 70 nm in heigh.and (c) show succes-
sive image magnifications revealing the uniform 70 nm channel length be-
tween the source and drain figures with very little variation in the critical
dElectronic mail: mdaustin@princeton.edu dimension over the entire active region.
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application of the semiconducting polymer P3HT, as shown
in Fig. 2f). We attempted both spin coating and casting of
the P3HT solution onto the sample substrate, as casting has
been shown to give better carrier mobilitlsFor spin coat-

ing, a 2.2 gm/l solution was applied at 3000 rpm for 45 s,
resulting in a uniform 50 nm film. For casting, the sample
was repeatedly dipped in a 0.14 gm/l solution, resulting in a
film thickness of 5-10 nm. The spin-coated samples typi-
cally achieved mobilities of 10° cn?/V's, while the casted
devices were as high as 1dcn?/Vs. The difference in
mobilities observed between the spin-coated samples and the
dipped samples may be due to the associated difference in
film thickness. The dependence of mobility on film thickness
needs further study.

There is a decrease in performance of the devices within
2—4 h of P3HT exposure to atmosphere due to rapid doping
of the polymer film by oxidatiof. In addition, since the
P3HT covers the entire surface of the substrate, a gate oxide
failure during current—voltage measurement on any one de-
vice will short the other devices on the chip. To protect the
polymer, and electrically isolate the devices, further process-
ing was necessary. After the P3HT was allowed to dry in the
glovebox, the samples were moved immediately into a
vacuum chamber, resulting in brief exposure to atmosphere
for 1-2 min. In the vacuum chamber, 150 nm of silicon
dioxide was evaporated directly over the polymer. A photo-
resist island was then patterned over the active region of the
device and used as an etch mask. A GHHE plasma was

FIG. 2. (a—(g) summarize the processing steps used to fabricate our OTthen used to remove the surrounding S&dd P3HT, leaving
FTs: () The NIL mold was pressed into the imprint polymés) and then  the devices protected from atmosphere and isolated from
separated(c) An oxygen plasma RIE removed the residue polyrt@rGold . . . .

source and drain terminals were then evaporated. After lift-off, the channe?aCh other, as shown in Figid. Device yields were better
length was 70 nm(e) Large gold pads were added forV measurements than 95% for the 70 nm devices, and 98% for the others.
with a layer of SiQ to protect the gate oxide from measurement probe All device measurements were performed in atmosphere
dan_”lage(f) The p-type semiconducting polymer P3HT was appligd over the with an HP 41458 analyzer. Figure 3 shows typical plOtS of
entire substrate(g) To protect the P3HT from exposure to moisture and . .
oxygen and to electrically isolate the devices, a,Si@p was evaporated th€ drain current density for 1000, 200, and 70 nm channel
over the polymer and patterned with photolithography. length devices. The P3HT in these devices was applied by

casting. The 1000 nm channel devices demonstrate standard

mold, as shown in Fig. (). An oxygen plasma reactive ion field-effect transisto(FET) characteristics with a FET mo-
etch(RIE) was used to remove the residual imprint polymer,bility in saturation of 8<10™* cn?/V's. The drain current
allowing the gate oxide to be exposed. The metal for thedensity increases as the channel length is reduced while the
source and drain contact4 nm chrome adhesion layer and on/off ratio remains 19 however, this control is weakened
20 nm gold was then deposited by electron-beam evaporaas the drain voltage is increased. It should be noted that due
tion. Finally, lift-off in warm acetone finished the NIL pro- to the thin 5 nm gate oxide, a gate leakage tunneling current
cess leaving the substrate patterned with 20 OTFT devicedypically of the order of 10 pA adds error to the measurement
as shown in Fig. @). The mold used to fabricate these de- of the “off” current. It can be seen in Fig.(8) that the 70
vices was used in over 50 imprints, and showed no indicatiomm OTFT devices are no longer capable of standard FET
of process performance degradation, including defects, mol@aturation, and instead demonstrate a continuous growth in
damage, or loss of critical dimension control. drain current with drain voltage. The inability to saturate is

After patterning the source and drain contacts, a 100 nnwidely observed in short-channel OTFT devi€é$;*? al-
film of silicon dioxide was deposited around the active re-though the reported mechanisms for this phenomenon vary.
gion by electron-beam evaporation, as shown in Fig).2 Figure 4 shows the drain current density of the fabri-
Large gold contact pads were then added to allow for wirecated devices as a function of the drain voltage normalized
bonding or probing for device current—voltage measureby their respective channel lengths. Before the devices enter
ments. Without the protective Sj@he measurement probes saturation, the longer channel length devices show a higher
would often break through the 5 nm gate oxide, destroyingeurrent density for a giveM /L, thus clearly suggesting that
the device. the parasitic contact resistances dominate the drain current

The samples were then cleaned with acetone, placed ineharacteristicd? The dominating effects of the contact resis-
dry nitrogen glovebox, and baked at 140 °C for atidas to  tance are more clearly observed in the inset of Fig. 4, where
remove any moisture. A film of hexamethyldisilazanethe devices supply the same current density at \qw re-

(HMDS) was spin coated over the substrate, followed by thegardless of channel length, as a functiorvgf. However, as
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FIG. 4. Output characteristics of the devices with respective channel lengths
of 1000, 500, 200, 100, and 70 nm. Shown is the drain current density
(I4/W) as a function of the drain voltage normalized by the device’s respec-
tive channel length\(4/L) on a log—log graph. The inset shows the current
density (4/W) as a function of the drain voltag&/() on a linear graph at
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FIG. 3. Typical performance of polymer OTFT devices with channel lengths This work is supported in part by DARPA. This work
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