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Nanotransfer printing of organic and carbon nanotube thin-film transistors
on plastic substrates
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A printing process for high-resolution transfer of all components for organic electronic devices on
plastic substrates has been developed and demonstrated for periRepely (3-hexylthiopheng

and carbon nanotub@€NT) thin-film transistord TFTS). The nanotransfer printing process allows
fabrication of an entire device without exposing any component to incompatible processes and with
reduced need for special chemical preparation of transfer or device substrates. Devices on plastic
substrates include a Pn TFT with a saturation, field-effect mobility of 0.0%\¢s)™* and on/off

ratio approximately 1and a CNT TFT which exhibits ambipolar behavior and no hysteresis. ©
2005 American Institute of PhysidDOI: 10.1063/1.1901809

Immense interest in organic thin-film electronics haschemical pretreatment. In addition to the sequential transfer
lead to the demonstration of organic electronic transistors, of single-layer films, multilayer fims were also transfer
photocells** radio-frequency circuitd, and light-emitting ~ printed. As an example, the transfer of a gold-on-pentacene
diodes® However, materials processing methods are still(Au/Pr) structure fabricated by shadow-mask deposition is
needed to assemble a broad range of high-quality organighown in Fig. 1b).
semiconductor and metallic components onto flexible Physical insight into the strength of adhesion can be ob-
substrated.Here, we demonstrate that the basic concepts ofained using the Dupré equatideh®=y,+ys~yas Where
nanoimprintIithograpthlL)s and transfer printingTP)g‘ll E’,QB is the interfacial binding energy between materials A
can be adapted to the transfer of all the componéntstal- and B, ya, is the surface free energy of(B), and yag is
lic, dielectric, and semiconductoneeded to create a high- the interfacial free energ]ﬁ.'w Transfer of Material A from
quality thin-film transistoTFT) on a plastic substrate. Suc- Substrate B to Substrate C requires:
cessful transfer printing, or lamination, requires substrates
with carefully chosen differential adhesion enerdés or EAC - pAB )

. . . A )
special chemical treatment of one or more of the interfates.

The heat and pressure used in NIL also provide a mechanisi evaluatingEx® andEA®, estimates based on the dispersive
for facilitating transfer printing of organic materials that canand polar components of the surface tension can be used.
be processed near or above their glass transition temperBroadly interpreted, two materials which both have either
tures. We have implemented such nanotransfer printing o$trong dispersiveoleophilic) or strong polar(hydrophilic
patterned metal, small molecule, polymer, and carbon nandg0mponents are likely to adhere wéilFor instance, a SiQ

tube(CNT) thin films onto plastic substrates using a NX2000Surface can be characterized as palgg=287 mJ/n%,_ Yo
imprintor (Nanone. =78 mJ/n%, and y=209 mJ/m), whereas an organic sur-

In this work, transfer substrates were Si with either afaC€ can be characterized as disperdieg)., for PET, yq

— — — 13,17
native oxide surface or a 300 nm thermal oxide surface anf:’47 mJ/n¥, ¥p=33 mJ/_rﬁ, and yp=10 mJ/n). _Noble
the device substrates were plastic. Goil) films, fabri- metals, such as Au, which do not form a polar oxide, adhere

cated on transfer substrates using photolithography of€akly o SiQ; however, their electrons are highly polariz-

- - ble, promoting stronger adhesion to materials with disper-
electron-beam(e-beam lithography, were transfer printed al o ;
onto latex. nitrile polyvinylgchpl)or)i/de(PVC) polyeth?/lene sive surfaces, such as PET. A quantitative understanding of
terephthalélteéPET), and polymethyl methacr,ylabe(PMMA) adhesion characteristics is also likely to require consideration

surfaces without chemical pretreatment. As an exampleOf mechanical linking” due to the heat and pressure on the

) . ) X A plastic substrate during the transfer process.
200 nm widex 50 nm thick thick Au lines transfer printed ; .
onto a PET substrate are shown in Figa)1Additionally, Guided by Eq(1), we have established a procedusee

P il d usi had K d . Fig. 2) to sequentially assemble a Au gate electrode, a
p_entacene{ n films, patterne using shadow-mask Gepos-pyiva dielectric layer, Au source/draif8/D) electrodes and
tion, were transfer printed onto photoresi®iR908-33, la- 00 semiconductor films from different materials classes

tex, nitrile, PVC, PET and PMMA surfaces, again without[Pn (small-molecul, poly (3-hexylthiopheng (P3HT)

(polymen, and CNT (macromoleculg all onto PET sub-
¥Electronic mail: edw@umd.edu strates(DuPont MELINEX® 453.
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FIG. 2. (Color onling Transfer printing process for the fabrication of a
semiconductor TFT on a PET substrat@. Printing of an embedded gate
electrode,(b) printing of the gate dielectric and S/D electrodes, dod
printing of the semiconductor thin film.

(b) function of gate voltage and correspond to a saturation field-
effect mobility of 0.09 cri(V s)™* and an on/off ratio ap-
proximately 16 (consistent with Pn transistors that we fab-
ricated as bottom-gate top-contact devices on a,S80D

substratg

PET
Substrate

by Pn

Optical Image 100x

FIG. 1. (Color online Optical images of features transfer-printed onto a
PET substrate(a) 200 nm widex 50 nm thick Au lines (insert: 1um
X1 um AFM scarn and(b) 50 nm Pn/100 nm Au features transfer printed
as a double layer onto a PET substrate.

For the device fabrication, we first transfer printet
400 psi and 140 °C for 5 m)ra 100 nm thick Au gate elec-
trode onto a PET device substrate from a Si substrate with
300 nm etch back around the Asee Fig. 2a)]. Gold S/D
electrodes were then patterned on a new transfer substrate,
and a 200 nm thick layer of PMMA was spin coated onto
both substrates. The PMMA and S/D electrodes were then
transferred(at 200 psi and 140 °C for 3 miras shown in
Fig. 2(b). Finally, the semiconductor film was patterned onto
a new transfer substrate and prini@d 100 psi and 100 °C
for 3 min) as shown in Fig. &). Additionally a CNT device
was fabricated where the CNT film was directly printed onto
the PET substratéat 400 psi and 140 °C for 3 mjinfol-
lowed by printing of the electrodes. All electrical measure-
ments were performed at room temperature in ambient
atmosphere.

A key point of the processes shown in Fig. 2 is that no
lithography is performed on the device substrate, ensuring
that the plastic and device components are not exposed to -20 -10 0 10 20
incompatible processes. An optical image of a typical Pn vV, (V)
device is shown as an inset in Fig. 3. As printdtbm a
50 nm Pn film thermally evaporated onto a transfer subg. 3. (Color online Current-drain voltage curves at various gate voltages
stratg, this bottom-gate bottom-contact TFT device has notor: (a) Pn and(b) P3HT TFTs fabricated on a PET substrate via nanotrans-
suffered the growth issues that occur with typically reporteder printing. Inset: Optical image of a typical Pn device. Edge of Pn layer is

_ : . /isible vertically across electrodes near the center of the low magnification
bottom-contact devices where part of the Pn layer is depogllmage. Note: The device ifb) exhibited a measurable gate leak#ag large

ited over metal EIeCtrOdég- The Current'VOItage(ld'Vd) as 8 nA at Vg=-40 V. the leakage current was subtracted from each curve

curves in Fig. 3 clearly show a classic TFT response as @ obtain the data shown.
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cess optimization, these devices demonstrate quality
comparable to or better than those fabricated using standard
technigues on inorgani@.g., SiQ/Si) substrates. We expect
this simple powerful technique to find broad applicability in
the assembly of extensive combinations of patterned films
and device substrate materials. To accomplish a predictive
understanding of material transfer, the relative importance to
adhesion of a material’s surface free energy and mechanical
modification of the interface during transfer must be deter-
mined. In addition, the possibility that the electronic proper-
ties of interfaces after TP may be improved over more tradi-
tional methods of fabrication needs further study.
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