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Bendable, high performance single crystal silicon transistors have been formed on plastic substrates
using an efficient dry transfer printing technique. In these devices, free standing single silicon
objects, which we refer to as microstructured silidprs-Si), are picked up, using a conformable
rubber stamp, from the top surface of a wafer from which they are generatequsFBe is then
transferred, to a specific location and with a controlled orientation, onto a thin plastic sheet. The
efficiency of this method is demonstrated by the fabrication of an array of thin film transistors that
exhibit excellent electrical properties: average device effective mobilities, evaluated in the linear
regime, of~240 cn?/V s, and threshold voltages near 0 V. Frontward and backward bending tests
demonstrate the mechanical robustness and flexibility of the devic@®0® American Institute of
Physics [DOI: 10.1063/1.1866637

Flexible, large area circuits represent a new form of elecnanotubes® This letter describes the fabrication, electrical
tronics that could have wide ranging applications in sensors;haracteristics, and mechanical bendability of thin film type
displays, medical devices, and other areas. Fabricating theansistors formed with well organized arrays of dry transfer
required transistors on plastic substrates represents a chalinted silicon ribbons, which we refer to as microstructured
lenge to achieving these “macroelectronic” systems. Somesilicon (us-Si) on low cost plastic substrates. An important
approaches use modified, low temperature versions of fabrresult is that the bendabilitfi.e., strain at which failure oc-
cation strategies for amorphous or polycrystalline silicon thincurg is comparable to that of devices made with organic
film transistors: The high temperatures associated with di-semiconductors.
rectional solidification processes for producing single-crystal  Figure Xa) illustrates the steps used to fabricate the de-
silicon films make them unsuitable for use with plasticvices. First, photolithography defined a pattern of photoresist
substrate$. Pulsed laser based approaches have achieveah the surface of a silicon-on-insulator wafEoitec uni-
some success, although their use with plastic substrates rbend SOI with a 100 nm top Si layer and 145 nm buried
mains a topic of current study: Direct full wafer transfer of ~ oxide). This resist served as a mask for dry etching the top
preformed circuits onto plastic substrates can yield the necsilicon layer of the SOl wafer with a SFplasma(Plas-
essary devices, but this approach is difficult to scale to largenatherm RIE system, 40 sccm Sfow with a chamber base
areas and it does not retain printing type fabrication sepressure of 50 mTorr, 100 W rf power for 25 s. A concen-
guences that might be important for low cost, large arearated HF solution etched the buried oxide and frémat did
macroelectronic3.Organic semiconductor materials provide not completely float offthe Si objects from their substrate.
an alternative path to flexible electronics; here the organi® flat piece of polydimethylsiloxang (PDMS) was brought
based electronic materials can be naturally integrated, viito conformal contact with the top surface of the wafer and
room temgerature deposition, with a range of plasticthen carefully peeled back to pickup the interconnected array
substrate§” Known organic semiconductors, however, en-of ribbons. The interaction between the photoresist and the
able only modest device mobilities. Even high quality singlePDMS was sufficient to bond the two together for removal,
crystals of these materials have mobilities in the range ofvith good efficiency. An indium-tin-oxid€ITO) thickness
1-2 cnt/V's and ~10-20 cm/V s for n- and p-type de-  ~100 nm coated polgthyleneteraphtalatéPET) (thickness
vices, respectivel§*° ~180 um) plastic sheet served as the device substrate.

Innovative approaches such as fluidic assembly of prewashing it with acetone and isopropopanol, rinsing it with
fabricated semiconductor nanowires can be used to build defe-ionized water, and then drying it with a stream of nitrogen
vices on plastic substratésThe manufacturability of these cleaned its surface. Treating the ITO with a short oxygen
methods is uncertain, and the properties of the semicondugiasma(Plasmatherm RIE system, 20 sccrmg flbw with a
tors (e.g., doping levels, efcare often not well known. A chamber base pressure of 100 mTorr, 50 W rf power for
room temperature dry transfer printing technique, with po-10 s promotes adhesion between it and a spin cast dielectric
tentially excellent registration capabilityhas been success- layer of epoxy(3000 rpm for 30 s of Microchem SU8-5 di-
fully used to deposit on plastic substrates a range of highuted with 66% of SU8-2000 thinnerThis photosensitive
quality semiconductors, including single crystal Si ribbohs, epoxy was precured at 50 °C on a hot plate durirly min.
Ga-As and InP wire§] and single-walled carbon Bringing the PDMS with the:s-Si on its surface into contact

with the warm epoxy layer and then peeling back the PDMS

Author to whom correspondence should be addressed; electronic mail€d tQ the transfer of thes-Si tO the epoxy. Evidently, the
jrogers@uiuc.edu bonding forces between the silicon and the soft epoxy layer
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FIG. 1. (Color onling (a) Schematic illustration of steps for transfer printing Vv, (V)
microstructured silicon(us-Si ribbons to a plastic substraté) Device 16
structure schematic of a high performance thin film transistor built on a PET Center: 240 cm*Ns -

substrate. The bottom insets show high and low magnification optical im- Width: 30 cm?/Vs \*I/ !
ages of a device array. Each device uses four interconnected microstrips of

100-nm-thick single crystal silicon.

(some of which are mechanical, due to the flow of epoxy
around theus-Si edgekare stronger than those between the
photoresist and the PDMS stamp. The epoxy layer was fully
cured at 100 °C for 5 min, exposed to UV light from the
backside of the transparent substrate for 10 s, and then post- 140 160 180 200 220 240 260 280
baked at 115 °C for 5 min to crosslink the polymer. The U (cm?Vs)
photoresist maskwhich, conveniently, prevents contamina-
tion of the top surface of the Si during the transfer st@pss  FIG. 2. Electrical characterization of the high performance thin film tran-
dissolved with acetone and the sample was then abundantfrjllzt%fec\‘/?c"eizei g;‘bg"igos\lb’gs.;a;e“rfgaaiasef;?g;'s)—\; rfg‘?éa;t”etﬁ'(‘;f ;’I ZQZ} of
rinsed with de'lomzedpl) V\_/ater' Source and drain elec- plot severall transfer characteristics of the transisto?s measu?ed at a drain-
trodes were formed with T{~70 nm; Temescal electron goyrce bias/ps=0.5 V. The threshold voltage values of these devices are
beam evaporatprdeposited on the top Si surface. Etching displayed on the inset plot. Pait) shows the distribution of the devices’
(1:1:10 HF:H0,:DI for ~2 g) through a photoresist mask field effect mobilities. The inset shows the very compact Gaussian distribu-
(Shipley SlSpratterned on the Ti defined the geometry Oftion of the gate dielectric _capacitances values measured onrlé
S . X 15 mm array of 256 capacitors.

these electrodes. The last step of the fabrication involved dry
etching(SF; using the RIE parameters given earligrough
a photoresist mask to define islands of silicon at the locationistics of several devices, plotted on linedeft axis) and
of the devices. Figure(h) presents a schematic illustration logarithmic (right axi9 scales. The plot in the inset shows
of this bottom gate device configuration together with highthat the threshold voltages have a narrow distribution near
and low magnification optical images of part of the deviceO V. Small(<4% in current for a +10 V cyclehysteresis in
array. the transfer characteristics indicates a low density of trapped

Figure 2a) presents current voltage characteristics of acharge at the interface between the sili¢aith native ox-
device that shows an effective device mobility ofide) and the epoxy dielectricc The small values
140 cn?/V's in the saturation regime and 2603 s in (<13 V nF/dec crf) of the normalized subthreshold slopes
the linear regime, as evaluated by application of standardonfirm the good quality of this interface, which may be
field effect transistor models that ignore the effects ofgoverned primarily by the interface between the silicon and
contactst® The high resistancé~90 Q cm) of the Schottky its native oxide. Figure @) shows the distribution of the
contacts in these devices, however, has a significant effect dmear effective mobilities of the devices. A Gaussian fit in-

the device response. Figurébp presents transfer character- dicates a center value of 240 &V s with a standard devia-
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(a) even at compressive strains as high as 1.4%. This level of
bendability is comparable to that recently reported for or-
ganic transistors based on pentacene. The failure mechanism
of our silicon devices is the subject of current study. Takahiro
L= et al. demonstrated that micron-sized single crystal silicon
(b) Bendig Radk () objects etched from the top layer of a S%I wafer can with-
stand remarkably high tensile stress6%).”" The cause of

6 9 18 - 18 9 6
] LI the modest variation in output current with strain in our de-
S 1001 ool compression vices requires further investigation. The known variation in
O 0]  Temsion | Ome-omoo mobility with strain contributegbut does not fully account
80.0u T 10 for) these changes. Devices of the type that we describe here
Tension Compression . . L. . .
3 o 8 might, in fact, enable opportunities to investigate the charge
¥ 60.0p o bed oo . ) . . .
8 \ }%bc\ o 6 g transport in mechanically strained silicon at strain values not
® 40.0u- 4 easily reached when bulk Si wafers are be&nt.
- L..._._“_d 2 In summary, this letter demonstrates bendable single
P O crystal silicon transistors formed on plastic substrates by a
T s %) S simple and efficient parallel printing process for the silicon.

The same general approaches are also applicable to devices
FIG. 3. (Color onling Bending test of the devices built on a 1g@a-thick ~ that use other inorganic semiconductdesg., GaAs, GaN,
PET plastic substrate. Pa@) left inset shows a high-resolution scanning etc). This type of technology could be useful for a range of

electron microscopy pictures qis-Si ribbons solution deposited on the g5pjications in macroelectronics, and possibly other areas.
surface of a silicon wafer. The right inset shows a picture of the precision

mechanical stage used to frontwdethd backwariibend the plastic circuit. : _
Part(b) shows the variation of the dielectric capacitance value together with The work was partially supported by the Defense Ad

the device saturation current when the plastic circuits are subject to com\-/anced Projects Agency under Contract No. F8650-04-C-710
pressive or tensile mechanical strain. The ITO normalized resistivity is plotand by the U.S. Department of Energy under Grant No.
ted on the right axis. DEFG02-91-ER45439. Devices were fabricated using the

Frederick Seitz Materials Research Laboratory facilities and

tion of 30 cnt/V's. Some of the low values are associatedcharacterized in the Center for Microanalysis of Materials,
with visible defects in the electrodes or other components obniversity of lllinois, which is partially supported by the
the devices. The uniformity of the epoxy dielectric was in-U.S. Department of Energy under Grant No. DEFG02-91-
vestigated by building, using the same substrate and methodR45439. Scanning electron microscopy imaging and finite
used to prepare the transistor gate dielectric, an array of 258lement modeling were carried out at the Beckman Institute.
(200 200 um) square capacitors. The inset shows the mea-
sured capacitance values. A Gaussian fit indicates a standarlﬁor reviews and references, s€hin Film Transistors edited by C. R.
deviation lower than 2% confirming the excellent electrical ZET"%""(’;ij;‘%izbéggﬁng’%reset';'ﬁiezrét'i\‘oiwo\r(f:;ﬁg%?ius Substratete-
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