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A printable form of silicon for high performance thin film transistors
on plastic substrates
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Free-standing micro- and nanoscale objects of single crystal silicon can be fabricated from
silicon-on-insulator wafers by lithographic patterning of resist, etching of the exposed top silicon,
and removing the underlying SiQo lift-off the remaining silicon. A large collection of such objects
constitutes a type of material that can be deposited and patterned, by dry transfer printing or solution
casting, onto plastic substrates to yield mechanically flexible thin film transistors that have excellent
electrical properties. Effective mobilities of devices built with this material, which we refer to as
microstructured silicoius-S), are demonstrated to be as high as 188/afrs on plastic substrates.

This form of “top down” microtechnology might represent an attractive route to high performance
flexible electronic systems. @004 American Institute of Physid®DOl: 10.1063/1.1767591

Solution processable conductors, dielectrics, and semihis manner. Note the smooth etched sidewalls of these ob-
conductors together with flexible plastic substrates represefcts. By use of large area soft lithographic techniques, it is
enabling materials for electronic circuits that can be fabri-possible, in a single low cost processing sequence, to pro-
cated by continuous, high speed printing techniqi@st is  duce large numberge., billions of such objects with lateral
generally believed that these types of systems, which cagimensions down to 50 nrifand possibly smallgrand with
cover large areas, will be important for new applications innearly any geometry. For the TFTs in typical flexible elec-
consumer electronids™® This letter describes a semicon- tronic systems, long~10 um) and narrom~1 um) strips
ducting micro/nanomaterial which we refer to as miCrostruc-f sjlicon are useful. We used two approaches to transferring
tured silicon(us-S, that can be printed, using dry transfer y,o 5.5 to substrates for integration into TFTs. The first

or solution based techniques, onto plastic substrates t0 preskes advantage of the known orientation and position of the
duce hlgh performance TFTs. Effective mobilities, as deter- 5-Si objects jUSt prior to their lift-off from the SOI sub-

mined by standard analysis of current-voltage characteri

tlcs,Fgre asllarghe aS%SOIImTI/ Vts't tat " ¢ graphic transfer printing techniqdé‘élgare used to move the
igure 1 schematically lflustrates representative Steps O,us-Si from the SOlafter etching away the SiCbut before

producingus-Si. The process begins by stripping the nat.'velifting off the silicon) to desired locations on the device sub-

oxide layer from a conventional SOI substrate by usmgstrate In particular, a conformable elastomeric transfer ele-
dilute (1% HF. Immediately loading the wafer into an NP '

electron beam evaporat¢femescal BJD1800followed by mb‘?”tg'-i-’ ﬂattr;]) egtz):)f p?clsd|metgytIS|onfan¢]ﬂp])|ckstup tge ired
sequential deposition of AR0 nm; 0.1 nm/s and then ObJects from the surface and transfers them (o a aesire

Au (100 nm: 1 nm/%forms a metallization layer on the top substrate. Similarlyus-Si objects can be directly transferred
silicon. Microcontact printing or photolithography and etch- onto thin plast_|c substrates by Au cold welding using recep-
ing (TFA for Au; AL-11 premixed Cyantec etchant for Al tacle pads defined on the surface of the target substrate. Fig-

patterns the Al/Au into desired geometries. Anisotropic wetUr¢ 38 present an image of transferrgs-Si onto a PDMS
etching of the exposed silicofTMAH; 3.5 min for coated polyimide sheet: the microstrips are well aligned and

100-nm-thick Sj defines smooth sidewalls on Al/Au coated transferred with controlled orientation. We did not observe
elements of single crystal silicon that lift-off of the wafer @ny cracking of theus-Si (by careful examination with a
when the underlying SiQis etched away with concentrated Scanning electron microscopeven when the substrate was
(49%) HF. The Al/Au can be removed or it can be integratedbe”t significantly. Similar results were obtain@dthout the
directly into a final device structure as, for example, sourcé€ed of an elastomeric layensing a Au coated thin Mylar
and drain electrodes in a thin film transistor. Certain aspectgheet as illustrated by the bottom inset micrograph picture.
of these processing steps are similar to those used for fabr¥ote that a coverage density close to 100% can be achieved

cating beams and wires of silicon designed for otherin this manner. In the other approach, ths-Si objects are
applications:* 3 lifted off of the SOI substrate and dispersed into solvent to

Figure 2 presents optical and scanning electron microform a suspension that can be cast onto the device substrate
graphs of a range ofis-Si microstrips. It shows them in using solution based printing approaches. This strategy has
ethanol suspensions and as cast onto substrates of variotlie advantage that it can be performed with many of the
types. Wires, platelets, disks, etc., could also be formed itechniques that have already been explored for plastic elec-

tronics(i.e., ink jet printing, thermal transfer printing, screen
dAuthor to whom correspondence should be addressed; electronic maiPrinting, etc)_20—22 Both methods can be carried out at room
jrogers@uiuc.edu temperature in an ambient environment. They are, therefore,

SStrate. In this case, procedures similar to those of soft litho-
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FIG. 1. (Color) Schematic illustration of representative processing steps for

producing microstructured silicafus-Si). Conventional or soft lithographic ~ FIG. 2. (Color) Images of micro- and nanoscale elements of single crystal
procedures define patterns of(AD nn"D/Au(]_OO nm on the top surface of silicon. (a) An optical miCrOgraph of a solution cast tangled mat of silicon
a silicon-on-insulator ~substrate. Anisotropic wet etching0:75  rods (widths 2 um; thickness 2um; lengths~15 mm. The inset image
TMAH/H,0 at 90 °C for~3 min) of the exposed regions of the silicon, Showsus-Si strips(roughly 10 million of them dispersed in a solution of
followed by removal of the underlying SiQ(etching with HF lifts off ethanol. The low resolution SEM image (b) illustrates the mechanical
micro/nanoscale objects of single crystal silicon. These objects, which wdlexibility range of some flat microstripghickness 340 nm; widths am;
refer to collectively asus-Si, can be dry transfer printed or solution cast at lengths~15 mm) solution casted onto a bare silicon waf@. A high reso-
ambient conditions onto a wide variety of device substrates, including lowlution SEM image of one of these objects. Note the extremely smooth side-
cost plastic sheets, for building devices such as high performance thin filnwalls generated by the anisotropic wet etching procedures.

transistors.

Al/Au metallization provides reasonably low resistance
compatible with a wide range of substrates, including lowSchottky barrier contacts to the silicon, as expected for an Al
cost plastics. (work function of 4.2 eV metallization orp-doped silicorf®

Figure 3b) shows an optical micrograpkinse) and  Aluminum is well known to diffuse rapidly into silicon, but
electrical characteristics of as-Si device built on the SOI no special care was taken to avoid localized aluminum-
wafer (Si thickness of 100 nm, etched in an array of 25-silicon interactions as no postmetallization high temperature
mm-wide strips, with an underlying oxide with 200-nm annealing step was carried out. The on/off ratio of this device
thickness. Lifting these ribbons off of the substrate and is slightly lower than~10°. Analysis of the transfer charac-
transferring them to plastic yield devices with similar casesteristic of Fig. 3c) indicates linear regime mobility of
Figure 3c) presents an optical micrograph of suchus-Si 180 cn¥/V s using a parallel plate model for the dielectric
TFT. The substrate consists of a Mylar sheet coated witltapacitancé’ For simplicity, this analysis ignores the effects
indium tin oxide (ITO, ~100-nm thick as a gate and a of contacts and processing induced changes in the threshold
photocured epoxy as a gate dielect(®U8-5; Microchem voltage.

Corp). The capacitance of the dielectri2.85 nF/cm) was Even with perfect contacts, there are theoretical argu-
evaluated using capacitor test structures formed near the deents to suggest that transistors which incorporate very high
vice. This device uses solution cgs$-Si that consists of a aspect ratidi.e., ultralarge length to width ratipsemicon-
20-um-wide and 340-nm-thick strip obtained from a ducting elements in the channel regidire., nanotubes or
p-doped SOI wafer. A 25-nm-thick layer of Sj@vas grown  nanowire$ will have responses that are different than those
on top of the silicon by dry oxidation in a horizontal quartz of conventional deviceS. To avoid these effects, we
tube furnace prior to transfer. Source and drain electrodes @hose us-Si made of microstrips that have widths in the
Al(20 nm/Au(180 nm were defined by liftoff. The channel same order with the transistor channel length. The properties
length is 50um and the width is 2Qum. Figure 3c) shows (mobilities, normalized transconductance, on/off rat-
electrical measurements collected from this device. Theerved here are-3/4 to those of TFTs made on the SOI
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plastic sheet&® The us-Si method, however, is much more
flexible in the processing sequences and in the materials
choices that are possible. In that sense, it has strong similari-
ties with conventional approachdge., layer-by-layer to
flexible electronics. The wide range of geometries and mate-
rial structures for the elements that make up #%Si make

it possible to incorporate features that lie between the FSA
and the layer-by-layer strategies. For example, an, &ger

can be formed on one side of the silicon to yield an inte-
grated dielectric, in a strategy similar to that for the inte-
grated source/drain metallization demonstrated here. A cur-
rent disadvantage of the technique is that although the SOI
wafers are not specialty items, they are also not low in cost.
We are currently exploring strategies for generating silicon
micro/nanoelements without the use of SOl and we are seek-
ing to apply these methods to other inorganic semiconductor
materials.

We thank M. Kane for useful discussions. The work was
partially supported by the Defense Advanced Projects
Agency and by the U.S. Department of Energy under Grant
No. DEFG02-91-ER45439. D.-Y.K. thanks the Korea Sci-
ence and Engineering FoundatigfOSER for post-doctoral

< )
205 fellowship support.
%0'4 C. = 2.85 nF/cm? F. Garnier, R. Hajlaouir, A. Yassar, and P. Srivastava, Sci€2@s 1684
- = 180 cm?/V: (1994
0.2V er Ihieshold 2C. A. Mirkin and J. A. Rogers, MRS Bull26, 506 (2001).
y V\t/r? Iiagfdv 3For reviews and references, s&hin Film Transistors edited by C. R.
- e - : Kagan and P. AndryDekker, New York, 2008
40 20 0 20 40 4C. R. Kagan, D. B. Mitzi, and C. D. Dimitrakopoulos, Scien286, 945
VGate-Source(V) (1999

°B. A. Ridley, B. Nivi, and J. M. Jacobson, Scien@86, 746 (1999.
FIG. 3. (Color) High performance thin film transistor formed wits-Si as ®X. F. Duan, C. M. Niu, V. Sahi, J. Chen, J. W. Parce, S. Empedocles, and
the semiconductoi@) A top view micrograph ofus-Si transferred onto a J. L. Goldman, Natur¢London) 425, 274 (2003.
PDMS coated Kapton sheg25-um thick). The top inset pictures illustrate  “G, H. Gelinck, T. C. T. Geuns, and D. M. De Leeuw, Appl. Phys. L&,
the flexibility of this system. The bottom inset shows a top view micrograph 1487 (2000.
of us-Si dense microstrip@5-um wide; ~2 um spaced apartold welded 8¢ p. Sheraw, L. Zhou, J. R. Huang, D. J. Gundlach, T. N. Jackson, M. G.
on a thin Ti/Au coated Mylar shegth) Current—voltagél —V) characteris- Kane, I. G. Hill, M. S. Hammond, J. Campi, B. K. Greening, J. Francl, and
tics of a device made with ribbori5-um wide) that remain on the surface 3 west, Appl. Phys. Lett80, 1088(2002.
of the SOI wafer(L=10 um, W=390 um). The inset shows an optical ~ 9; A Rogers, Z. Bao, K. Baldwin, A. Dodabalapur, B. Crone, V. R. Raju,
micrograph; several ribbons operate in parallel in this deviceA device V. Kuck, H. E. Katz, K. Amundson, J. Ewing, and P. Drzaic, Proc. Natl.
made on a Mylar sheet coated with ITO gate and polymer dielectric. The aqaq. Sci. U.S.A.98, 4835(2001).
semiconductor uses a 2am wide microstrip of single crystal siliconina 10,4 g A Huitema, G. H. Gelinck, J. B. P. H. van der Putten, K. E. Kuijk,
channel whose length Is=50 um. The us-Si in this case was patterned by C. M. Hart, E. Cantatore, P. T. Herwig, A. J. J. M. van Breemen, and D.
solution cast. The transfer characteristics were measurégsat0.1 V. The M. de Leeuw, NaturéLondon 414 599 (2001).
slope of this curve defines an effective device mobilitging the physical Up Bruschi, A. Diligenti, and M. Piotto, Microelectron. Eng7—8 959
width of the source and drain electrodes, which is equal to the width of the 2001) ' ' '
us-Si strip in this caseof 180 cnf/V s. The inset shows an optical micro- 12y p .Yin B. Gates, and Y. N. Xia, Adv. MatetWeinheim, Gej 12
graph of the device. 1‘426.(20(;().. ’ o ’ ' ’ ’ ST

3. Li, T. Ono, Y. Wang, and M. Esashi, Appl. Phys. Le&3, 3081(2003.
substrate after etching of the Si but before lift-afflere the ~ **Y. L. Loo, R. L. Willett, K. W. Baldwin, and J. A. Rogers, Appl. Phys.
buried SiQ oxide acts as the dielectric and the silicon handlelsbe“' 81, 562(2002. _

. . L. Loo, R. L. Willett, K. W. Baldwin, and J. A. Rogers, J. Am. Chem.

substrate acts as the gate electrpdéis result suggests that o " 15,4 7654 (2002
the processing steps used to producedBeSi and to trans- 18 schmid, H. Wolf, R. Allenspach, H. Riel, S. Karg, B. Michel, and E.
fer it to the device substrate do not alter significantly the Delamarche, Adv. Funct. Mate.3, 145 (2003.
properties of the silicon or its surfaces that result from thefC- Kim, M. Shtein, and S. R. Forrest, Appl. Phys. L0, 4051(2002.
initial patterning and silicon etching steps. It also indicates, W- R- Childs and R. G. Nuzzo, J. Am. Chem. Sd4, 13583(2002.

19, B
that the van der Waals interface with the SU8 dielectric is 2"2'3?'(250%3' J. Choi, P. T. Hammond, and M. F. Rubner, Langmiy

capable of supporting good device properties. 204 Sirringhaus and T. Shimoda, MRS BulS, 802 (2003.

This letter demonstrates a single crystal silicon-based'z. Bao, J. A. Rogers, and H. E. Katz, J. Mater. Chedn1895(1999.
approach to flexible electronic circuits on plastic substrates®’G. Blanchet, Y.-L. Loo, J. A. Rogers, F. Gao, and C. Fincher, Appl. Phys.
Its main advantage is that it separates the crystal growth angl-ett. 82 463(2003.
processing of the silicon from the plastic substrate and otheg,S: L Scnable and R. S. Keen, Proc. IEER, 1570(1969. .

. . *"S. Sze., Semiconductor Devices: Physics and Technolayyiley,
components of the devllces. In that sense, it share's certainey york, 1985, pp. 204-206.
conceptual features with methods that use fluidic self<5s v Rotkin, H. E. Ruda, and A. Shik, Appl. Phys. Le#3, 1623(2003.
assembly(FSA) of fully formed silicon microchips onto  #H.J.J. Yeh and J. S. Smith, IEEE Photonics Technol. L&t706(1994).

Downloaded 18 Jun 2004 to 128.174.211.42. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp





