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METHODS AND DEVI CES FOR FABRI CATI NG AND ASSEMBLI NG

PRI NTABLE SEM CONDUCTOR ELEMENTS 5 CROSS REFERENCE TO
RELATED APPLI CATI ON Thi s application clains the
benefit of U S. Provisional Patent Applications Nos.
60/ 577,077, 60/601, 061, 60/650, 305, 60/663, 391 and

60/ 677,617 filed on June 4, 2004, August 11, 2004,
February 4, 2005, March 18, 2005, and May 4, 2005,
respectively, which are hereby incorporated by
reference in their entireties to the extent not 10
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| NVENTI ON Si printed,
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interest has been directed at a potential new class of

el ect T on! o8k HFrERENERTRS RELATED AsbDicaTIONog! at ed
el ectroni c dé

vices on plastic substrates.
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interest in the field of flexible electronics principally arises out of several
important advantages provided by this technology. First, the mechanical ruggedness of
plastic substrate materials provides electronic devices less susceptible to damage
and/or electronic performance degradation caused by mechanical stress. Second, the
inherent flexibility of these substrate materials allows them to be integrated into many
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el ectroni c devices are expected to enable fabrication
of new devi ces, such as electronic paper, wearable
conmputers and | arge-area hi gh resol uti on displ ays,
that are not easily 5 achieved with established
silicon based technologies. Finally, the conbination
of solution processable conponent materials and

pl astic substrates enables fabrication by continuous,

hi gh speed, printing, techni gue . = gener.at.i ,
shepgs B iia O dEpIaR e btrest el Gy GRRBG f lor oA Bl with
britte’ l@éﬁvenﬁ&]aﬂ%gicd?ﬁag@d @:]qitr@m?brdwmso rFarf exanple, bbendable flexible

el ectroni c devi ces, .exhibi tin 0 L AN ;
cloctSBlG R FRR GUF SHSRATD onaP BIa oo st SEHERsheh as leptronic
papeﬁhﬁéérﬁtﬁlé Q:SmpEitewtan? lahg?-_aml higial ea?lhd'qloediispdamtlgt afe not easily

maki ng con ional silicon based.ele i -
o5 i R Bk A oGNS S0, Bt gon o
solut%ﬁ%j?@é@gaﬂl? abinbbieaImdtegdis qmﬁlawc sutmstrgtesi enables fabrication by

sem conduct or, cqQnpongnts. SUG , -
i DU, RS et Bl B NS B
overﬁr%é@ﬁfs@dtd&e& avowaoshi n filnms at tenperatures (>

1000 degrees Celsius) that significantly exceed the

mel ting or deconposition tenperatures of nost plastic
sulpet dakigs . and fabdietionnof Mesible retecjranicc dewines ondikitingr good

. Intrinsicall | e i ] .
et P EFt Pueshil B R E aRLE i, e
well @ébélM@éWmeﬁﬁﬁgﬁﬂamﬂtimdlogMngm@ silivon piiased elédtiopisrevices are

organi c_or Il organj c N a : 3
ncopdtis il Seafls ReLEET 5 s MR RAGaR AR i
semictifilictcit @BmpBlents ansueh mspcmle@?l d cqstalimbatsiliclehy oF ogermanium

tenperatures, .these material s _ao -
sk S sl oS58 7 e 0 g B R 1000
degré8y b@?&s?ﬂﬁﬁbibﬁifi@ént@@deﬁl fetmeliigor geecmpositing amgasatures of
exanpl e, transi st

thin film, ors havin ' u o
mosth BRkbsHEE bradis onn FEr oA BTICER 8RR Hidngioaty
solubiB il édrivesieAPBEIvaritTTEhal wolldr o fatesalutidn baged pugessiag and

ess an Cco e ntar Sl N e Crysta A S | f :
ol o ISRRERC GUOUGD At arorocer BlePn | RS, Pongo orgeric-
inorddn‘?d‘én?hi@mﬁh@lﬁfré @f& @orﬁﬁMib;t@Witﬁﬁm:_omceam# injo plastic substrates and
specitiCc appll catl Ons, Nno reqgulrin :
con Bt oy PO chesr b ot RSB Son
proplfehﬂﬁtcaeﬁlﬁlﬂof Qiﬁgir@éiﬁté&étgd gkéﬂtr@mi: Sieﬁi\ze’s papeblesofeguaddi alectronic
ight emtting digde >r ogr.ess has rec
pertoraiRRce n Fek EETaPRg N A, FER HEM TV Sap AT R o elctits made
of th%?@ Abkitbridid &l rididbresahatilitel epproimatels ehiee @sders of magnitude
plastic substrates to ex

[ and thejr applicabjli 0
less\thafe FomBlaEReNtsry éne'@tmﬁ@%e s hasd o, Sgﬁi%ﬂte?fq“ese
limit3Goffs! ﬂl(ajxiﬁl‘évtélédwoﬂic deviddsrark rpresdnay aimited 13 )spdeific gpplidatiors not

errerﬁe that are conpatible with processi N9 N trix flat
requiring high performance, such as use in switching elements”for active ma ri?c a

panel displays with non-emissive pixels and in light emitting diodes.

Progress has recently been made in extending the electronic performance
capabilities of integrated elecironic devices on plastic substrates to expand their
applicabliity to a wider range of electronics applications. For example, several new thin

-2



10

15

20

25

30

pl astic substrate materials and exhibit significantly
hi gher device performance characteristics than thin
filmtransistors having anorphous silicon, organic or
hybrid organic-inorgani c sem conductor elenments. One
cl ass of higher performng flexible 5 electronic

devi ces is based on polycrystalline silicon thin film
sem conductor elenents fabricated by pulse | aser
annealln%)of anor phous

. e : _
film trarisisteyy O fqeé‘ﬁl‘%lr@"%leé'&?rlﬂ‘é?ﬁ}&é}d%@: nOéEP%r ovwﬁw'sdr&ésgf"@ on

plastice'%nﬁél%@@ fRrieR QinﬁCtelXﬁibltC s@alf“ﬁmtlyanmer device performance
naracteristics, use of pulsed

characmf@ﬂ@sagl‘@naw f||né)tr35§|fs1;0{§, gying e%pqreliws %‘iﬁ&ﬁf Jr]%arLé a th§.fbr|d
IR R e e o
electrmicede\bcpe@p@b@é@ql onirohgBRaline ilcogehin Y ‘?{R?%%f& Fements
fabnceﬁé’é H%\npgl‘%eﬁés%? RARSAING of Wﬁﬁﬂisesllrmh ehindirss. Wh:lb ttug class of

res, nanori bbons, nanoH les a l?ct?&ﬁ? Berfor ance
flexibie amactrg@g desices { PIRYITeN GVIBRATY the
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charatgénéfi%? l%%l ¢t pllsed 'Ié‘seﬂﬁﬁlneaﬂ’hg 1t @od eamai andoiexibiligs of fgarica’uon

crete single crystalline ,na
of suchatesicenibaey sErBeavavarbaina gos e ANBRRY bicifisft now class of
h,ghe@eg}@tngg g%ﬂi‘olgléléé%}oﬂmai@mséwwn@wnmmw slatiani processable

es t exhi bi t enhanc devi ce
nanoschler smaterialsst such, apuBgnoyfirey NAPRLAANGe "taﬂc’ﬁ%'&}%%%a’m”

nan otElS&n %ssg]gﬁved |c85$al N PishetsP a2 hisnpeo fof seaeroelieotednjc and
orre SI ng e crystalline silicon nanowires or CdS
microglactoonibdeicesas sem conducti ng channel s [Duan, X:, Niu,

C., Sahl, V., 20 Chen, J., Parce, J., Enpedocles, S.
and Col drran J.

, Nature, Vol. 425, i
Tlse afitisorete slgggmryséa!h%pawlregrprﬂ]agngg@%ongﬁ]aszb %byevaluated

| inPAbld EREFSHIL devicesiop blestic substrates that
asagq%ﬁ:?ér g{%ggsl n H&vﬁiﬁ{;};%srl ngl e cré/ &al line Slt| | ggscrib thin film
exhiblh anhaincass deviceCpsrToramee FRGRCEBHGS n P4 Gile S Pes

transag@ Lﬂe%[%qg gt 9 ﬂi%!lﬂ/aﬂpﬁ%ﬁﬁ\%lyabﬁeﬁed Lw'lg?.@d;ryainlme smcon

asse ed onto the surface of.a

nanoméeabw@d%namrlbgohﬁi awsemicepdusting Chaieh Uy Yo 0l G Sl V-

tyh fur@tVd h2s, bps,B74 278].
Chen, P g%ué? eet' J. EI@Q%‘CérH‘GolﬁhﬁﬁEM Nefura PO

t |
The s aToNGE gg'emo@?mr'm aroceh ey canbi s i Pl Brocessing
on plﬁr °°§q°‘n§sg§{eéﬂﬁrvﬁﬁcr@ssggar@%@mmﬁe Qilcd‘rﬁﬁmmmm candS nanaribbons

[
hav:r@nmlckaangeLﬁQE!Znsqgwc&l@bté a@@%a cgﬁrqg @l;eggllltsﬁg %%i rﬁ.@ solution
and @éeﬁe %lg;@{:‘l%ﬁmtﬁg %Erfad@ &0 %%btﬁak@usﬁ?‘&lbﬂrcﬁreb@ﬂmhgnment methods

intrinsic field

fect b

to produbth saiiatadasingeienentad aﬁﬁ'ﬂ{bfllpbggl}lfgs’t?ﬁ An gblicES nfibaraph

| { tr! Qis&&ééiﬂabﬁﬁﬂidn DISOCBSEB prepares a
provided 15 SR cpopBtarinat IR e S
mon®l& Gf Oénmgsa pud@ngrighansr in gnhgip heraist eneraiep
spac%fd Bap% 'olnf_ggd ﬂanﬁmbf‘e%’ Itd %ODV 1Ro8Mmafonsdters| Milttmugh the
autho::s i:eport relatively high intrinsic f|¥->ld affect 'mobilities for individual nanowires or
nanoribbons (= 119 cm? V"' s), the overall device field effect mobility has recently been
determined to be “approximately two orders of magnitude smaller” than the intrinsic field
affect mobility value reported by Duan et al. [Mitzi, D.B, Kosbar, L.L., Murray, C.E.,
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3 Copel, M Afzali, A, Nature, Vol. 428, pgs.
299-303]. This device field effect nobility is
several orders of magnitude |ower than the device
field effect nobilities of conventional single
crystalline inorganic thin filmtransistors, and is
likely due to practical challenges in aligning,
densel y packing and electrically contacting discrete

nanow res or 5 nanori bbons usi n% t he net hod 3 % q?]‘g
Cop Wi ofzal it i Iatrice:, Moh <1281 Bas. @98¢0Bh Hhiadewee feld effect mpbility Is
sev%rgrglg?agsr %ﬁrﬁ%mtﬁ% W G tRaRfhalddifcidr il 8fféc® mobilities of conventional

ne rnorgani c sem conductor thin f& rirs i
smd@eryaiﬂmebwgamg fthio rfﬂm trapsiatopss 80 1% Bkebpdue tq)prac ical challenges

€ dedHtE@img O iRt t hanowires or
in g{ﬂﬁ'{%a?g?% BEQ H%JI bal%lt %?%Cﬁgiraﬁ%ew ceé&grformﬂﬁce 1101
nanohbsanstusirigshe mthcﬂscﬂr@ydemcegqonf' gyratiqns disclpsed |in, PHam et a
processi ng fabrication nethod wherein a solution

cadnm um sel eni de nanocrystal s havi ng di mension gﬁ
ab(blsb 3f rexrmameteystal | solutipns c 8s sRIGCWEOTS| é{%tii"&ycé'ﬁﬂ § pgganic

serr,np ¢ @zﬁ' l{é@ f i 4L Xisgebéﬁﬁls@)fﬁl&'@@ HiCh Q:Fosgib%’fﬁ"fganﬁ Qf providing

transi s authors report a %
printdiee eleotrbmiovdednpeon plastc gmtatrﬁtesd,h@;\,ﬁxﬁlanhlgpqq &\%@? pergmance

|
chaiq(\)cé%rtgs't %g &]dé%?n%{%lg%agﬁe?ﬁ st dgﬁ gi’dc@%ﬁné kdMicaticH wethal wherein

nanocrystal s.

a sélutitrougimiRnddedgnide nanoarysials haying diveRpions| & @bppt.3 nanometers is -
prog?ﬁgﬁ a& pE%H? gglﬁébt e 1ié?n értﬁ?ésqglp%\ﬁ@é’ h Gefidbaduater eiement for a

ements the device nmobilit
ﬁel@céﬂﬂeewafdnétsjtor( hé&de ambmu @9@@ g mefhachvhgrein dow )te@p@rature grain

V;;«‘,ga' P?@Sﬁ qlﬁﬁﬂ”bﬁ H;gﬁuc hﬁn‘“@éleﬁlaérbréﬁ@eéj @mgréecrystal areas

onventional sin
endﬁmtﬁisslhgl Immdred:r @ammocltyshalsn | Athopgh Jridley - et aLl reppld igpproved

eiegtgﬁ?l aapgft‘%fgfn tp{g | lchn SrabrD d@GlB%seg%q|nEYOFd31ﬂ|cd§¥ﬂnR:©nductor

abri at| on et 4 g
eleflentsarthe Idekieb ymobititiesr achieviedoby thesecleehnigyqsa(= éoﬁiﬂ\aéft ) are
se\fegzélﬁq%%[gg)??\v%ﬁt%@ee@ygp ﬂ#a\‘n'otﬁé' g%\lngé"@% %@gﬁ}n@tﬁmtles of conventional
S|n§!°ea@'ybtam&e mgamysmamtmranaua;wg arldmjss @pctie field effect mobilities

ac@%\gﬂcggf{h %&@’ég#%ﬁgﬁ St ablidatbh %tmdoﬁ’{l&l@we! gRkre likely

nanoparti cles
to nEEESHanNY theoklgatrimal diontachiegtahighedc @et\m%qnd ll‘éh\fl@al nanoparticles.

2 Ao sthesol@iondtand prevent
Paeglch e halcphe Y it Hafie RRbkfRoifiongine o
ag§Brmiekativhi Mag Uingiedat establidhmgdeomteelfé@mal geandact dhaiween adjacent

described enpl oy tra ahasiipak! Y
B I T BT

sem conduct ors and/ or dielectrics. Selection of a

b2 Y. & RSRPSF Kdthatiy tin fim

ﬁl:‘ "e8 ? én%lgg?ces gj;pa ?ﬁe per f or n{;@/

traﬁhlgié)%io@ biadtusmﬂstmtbso thi edtetvirtel cmmﬁguratlons descnbed employ fansistors
comprising mechanically rigid device components, such as electrodes, semiconductors
and/or dielectrics. Selection of a plastic substrate with good mechanical properties may
provide electronic devices capable of performing in flexed or distorted orientations.
However, such motion is expected to generate mechanical strain on the individual rigid
transistor device components. This mechanical strain may induce damage to individual
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However, such notion is expected to generate
mechani cal strain on the individual rigid transistor
devi ce conmponents. This mechanical strain may induce
damage to individual 4 conponents, for exanple by
cracki ng, and al so may degrade or disrupt electrical
contact between device conponents. It will be

appreciated fromthe foregoing that there is currently
a need in the

th d .
compenghtgufoit PEHY ?q ot @rgﬁlfip%angp O S%?lgagr %ﬂgﬁg |°éc?'s%lﬁ.t éalectrlcal

conf2eibHaARBEN 86 BEe EoMbcHentsNg devi ces on plastic
substrates. Printable sem conductor el enments having

good el ectrical characteristics are needed to all ow
ef fiagll b pp RIS frbmkthe Gatagomg ahatttheneels auuenlty a need in the art

for S@gg‘gtdlg? L?§1dV\1 cﬁp@;%ﬁi& |gﬁra9%$ hgqu'tslf‘ép t;}ége rmtegra’ced electronic
senﬁé‘ﬂé?dﬁ@tﬁ%@ﬁtﬁihm@aﬂ&gc? %nomastljz agupstratesas RIhtqﬂleasianch@iuctor
substrates are needed to enahl e conti
clemeTtA TN OISR RBFERE Edan s oy depredy B el device
fabri?éé%n bﬁfeﬂﬁoeﬁétb!%bfo@hﬁ:aﬂbleaﬂth ddsaaiblyyon blalsmcypcﬂymm $ibstrates. In
| ectroni c devices

e of goad
3dd5@ﬂf anetapse of Prinfiag é"&”ﬁ?onﬂié‘P@F rfﬂﬁteﬂglg %@Bor 195 L7350 G Plastic
sub@iii’ﬁes RESASsHEHG @nable&ontiticle, highgpeed prisiing dfeodniiex integrated

ectroni ¢ devi ces. 15 SUWARY TH
eleqiiicsl @ieusOW@KtIpwR PIPSTRER AR HJ ,ﬁ@m Eg\y'\’ﬁgswé% gﬂr‘?c devices
cap%ﬂl@p&rtﬁibﬁseléﬁfonlcf SéHor@ahtd th ﬂéxed%nﬂefernmwldmncejememmns are

such as sem conduct or - coBt ab% 19,8 ec ronic devices,
neegrd $ei8RabI 8 widg fange eENeW fiex Se%:'rgg{c Vet r at es.

Specifically, the present invention provides
printable sem co ricating
el ectroni c devi c%@%ﬁﬁﬁwﬂ%ﬁﬁw ces and
ot Rgk HreBsti 1ﬁ~m{t|oﬁ|;ﬁ*@hﬂwln®etmserdamces adny devine toraponents for
| ow cost printi i S_an
febfdaiognEyGHTER ATSIPH Oofin S at rsquo AR ghialilRy sjoctonic
devicRY lbﬁ%db@ﬁatéleéﬁr{%@éﬁj Jugtichrase st sebstmiesh Spedificaiiyy ghe present
single crystalline inor |csemc
mvglgqogdqrg\gd%ggntglgp sgw@ggﬁq ele go'??#lgr %[:%%B%\ékgﬁc devices,
opteéle&gcfi@é‘rﬁ%\ﬁ%& %ﬁtl aﬂl@HWurﬂcﬁlenalfelmmic{raSsemjuemby Flexibles low cost
capable o i g reg 25 ass u t
pridings methdg. Jt Is 2 %tge%fgfn the Qreﬁan lgg%r}ﬁ?)ﬂutésgr%ﬁid@ fethods and
deAdiat RET BREARY s&hicbRdudidre slfrients)vauthi as unitaps @mgtae crystalline
met hods for assenbling and/,or patternin
norAMCIARRIERATYEIOR: BRI ge'ﬁgﬁeﬁd’héf?'ﬁa't‘ﬁ’gﬁﬁ?‘g'?so'f:a&ﬁ@%&" about 10s
of REh&hbRes %‘ge(b%t 90k Usfi eéntiphieteds] vghich emdﬂmaqakﬂ? ot?nhlgl precision
provi de go | acenment accur attern fi
sty ParsqeSaLb BUTARE oo P ARSS by PLG ey ghog, 5 ebther oblect
of ik PriSertiReRn tdNRNideqfietheds fordssemplirgriand/or pattermng printable
semiconductor elements using dry transfer contact printing and/or solution printing
techniques which provide good placement accuracy and pattern fidelity over large
substrate areas. It Is further an object of the present invention to provide good
electronic performance integrated electronic and/or optoelectronic devices comprising
one or more printable semiconductor elements supported by a plastic substrate,
particularly fully flexibie thin film transistors having printable semiconductor elements

5



30 electronic performance integrated el ectronic and/or
opt oel ectroni c devices conprising one or nore
printabl e sem conductor el enents supported by a

pl astic substrate, particularly fully flexible thin
filmtransistors having printable sem conductor

el ements 5 exhibiting good el ectronic performance
characteristics, such as field effect nobilities,
threshol d voltages and on - off ratios. In one aspect
the present invention provides nethods of fabricating
hi gh performance el ectroni c and/ or optoel ectronic

exHBiing reiéiﬂumeq:ecfommnne eharabintsticy, sueh asgfielggiieet mobilities,
m%éﬁé&;k@ One%%uoguch as a printable

gt 8P ¥ e ‘El ectronic and optoel ectronic
devi ces which may be fabricated by the nethods of the

Pr efeBhe ége,ganmeorﬁresbnp 'mvéﬁtldr{ %P&hdiatsoﬁr%tho@b Oéke?abnl:étﬁat high
em tting di odes Ds), lasers, organic |ight

perfofNapGehgleetranifean @.@Medfﬁﬂ@ﬂ@émﬂf demMiceraRoRpNts having one
or :ﬁw &rmamé\/@@o@h@k sUEH 8€ LS SHinkDIE SEARbRdtictod YehdnRINe. Efectronic
(N Particularly, the present |nve tion JJO({;OQ{J%
a"drr@l?tﬁ% gtromic 5§§'@?P0IWPWB rBayribe ofgbtcates bélt | p present
mvé?ftlbﬁ Itrmaaué GEnSIStORO eﬁ,tawlrghﬁemmgrmbm @_Egenu%aée@ ordHnic Elght
ectronic a oel ectronic ces or dey
emilgoodBres. Lt b B ek b e s o (MEfiSy s an
nanoefabtwmé&ranb@l Sisthe (NEMS). alPatizalaris, eumeqawsmm%nmﬁadwdes
onvent i onal erature

f
meifisd 6C Srsebing erptrenv e BRbSar rish Sy SRS Rulient vi
printimy tavhniquesiied allectranic ded/orceptbelbetranit deicesror devios tecoapesents

i sk OBl P8 CnoAREGIRES! LhARSLBIPCIR UhGe: S4ibline

SUBE T at €840 Sem Cco
semigonHecter basedrﬂavp:eesfairrtcated\,lehmrwnnm high demperature processing
met?&&ependent |y perfornmable fabrication steps of: (1)
orm ng one or nore discrete, high quallty

sem conductor el enents and (2) assenbl|
pat ineamientpodineé of SherirEeseal FIERTQN YRR waih &7 i Hhprieation on

sugﬁ?ﬂt&e h%?ﬂﬁof&ﬁmn%l iy ar %ﬁﬁﬁ)ﬂitﬁbrﬁ liétﬁ‘taaaturé'&)rsuch as plastic
exanpl e e present | nventio 093 olf g%'f A ntnon comprise

SubHEH e #1d ?Ri’é‘ﬁ@'f%‘@’i?f tfﬁ“ﬁ & organi ¢
mc&ﬁgﬂld?e@ﬂﬁ b@ﬁ(ﬂﬁﬁb&rfebrgﬁmm stopsl obﬁ)nfasmmg gmgmj Mere: ﬁqsq;fgte high

e S, P, WL ISBST, ol g e
sepicooditirmelements edd oﬂ'@g @pwgg cﬁm@gnqrgsnﬁg raa?‘{ﬂsh? eFor
ex%ﬁ%l%h prfelsé in@énﬂ?ﬁarhclLQQP'rﬁ%WWﬁélbw mﬁémﬂelm hgh quality

: ques. ter bri cati on i ntahl
prifabledeaiuania sAMISORAHFaNs P& SgreT Pated 1§ty Bind 8 Boting fuik single

cry3RffRie S WRitgdrid eSerSibdridasior binaterials fabricated by conventional high
temperature processing methods, such as high temperature (> 1000 Celsius} film
growth, doping and other processing techniques. After fabrication, such printable
Inorganic semiconductors are assembled onto one or more substrates surface by
printing techniques which may be performed at relatively low temperatures (< about 400
degrees Celsius). An advantage of having independently performable preparation and
patterning/assembly steps is that each siep may be performed at ambient conditions,
such as temperatures and ambient contamination levels (i.e. if clean room conditions
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printing techni ques which may be perforned at
relatively |low tenperatures (< about 400 degrees

Cel sius). An advantage of having i ndependently
performabl e preparation and patterning/assenbly steps
is that each step may be perforned at anbi ent

condi tions, such as tenperatures and anbi ent

contam nation levels (i.e. if clean roomconditions 6
are needed), which optimze the ef

aref headasi), ivhigs eptiniza | thet pisiepsiegq Ixﬂiiﬁggbgﬁ%emﬁlﬁﬁs of each
mdé#aie@ﬁ&n‘ggﬁﬁ%rfor&%vé' ﬁﬁltlééﬁﬂn%tté?ﬁ FEﬂéxﬁﬁﬁlﬁpH% prtebentpmemem allow

ow sem conductor na

serfiatnducier suetariols frob FCREH 616 (ICEoMBEBHST Begistk Pgaerate

u Y Rbaductdre. Ssmm@mucmoraement patterning
hig@ fg %h@%o?@gﬁghngntgérgat Ternin

[.or a
andiawessemblyreiowsyes UBaK Jife BEPSPILE! '%h’ sa”"sﬂtf"ﬁt S§iBRahially lower
tenﬁ:%ﬁﬁ&r@@tfa%ﬂame' RMedevidee TRMRE RO B8R Substrtrs! ba\fn@g lclewrneléing or

'cation on substrates hayi nqg;] §l§3 n%ilglg e ner, high
deadeponitios temperateraser schir 8§, Pagh s 5 man g

| ivail d of substratedariaces without
per?oll'rpﬁ&ééa{ig\ﬁces rﬂag%'esfamvgﬂ on rB gﬁgz rg?g fo a

cignifedaoslting.: Heeampesilipni PT SRAROIR 15, ° Ug’éﬁﬂtﬁpagrf?‘ﬁ%n Another
adv%E}tag;%t es%%r Wg Hehsitdrubop Wabﬁ@éironAﬁmeﬁerﬂxeonductor Idevice
a

rat1 ng seni conductor fabricati.gn
asmmucmmattlutegraj@m @fethea§§raweﬂﬁjﬂqt%f ?%‘H}enf%f’@ i?h rfgﬁﬂ‘a""e
d&% SRTuEn0d Sﬁﬂ)n@rﬁt@ TR&A) Be idehRvEd QH? @Qﬂé@rrmmef low cost and

evi ces and eVICG conponent s

Rlexbleecsaigy TAthadsouses cRIGTEnEIe6 AhB RO B8 SAEIP HEPRRRS, vihich
do jﬁ? P%q%ﬁg Woant (oBASESHAItRAE 278 atb icompRtibBtWitD coreinlnous] ngh, speed

0 not require clean room conditigns

devicerfatrichian on tiarge creas @b gubstisias gbg@dcq@ege%'}g@ aspect of the
pregsﬁt{ g@?‘ﬁt’io&n tﬁ@ sﬁrééé?ﬁ ALFBEs Are ToRfati Bl‘éeﬁnthhmritxhg on substrates

aspect of the present inv InSt %t fes,
compasmlrtudtyrmwn@teaaicmﬁydmgmieéﬂwsmstﬁ%%n 5°fbﬂa IC substrat

suc?l'h%sr %c—%ﬁin 0 cfo‘? WRrdrs! 3P eXdnhpie §illchn @atersBt @aAdlvafers.

RSt C Substrates and non- pl astic
substr at es such as sem conductor wafers, for exanple

si | r e loPovadeY hta@ﬁ)%mlconductor
thellnpgﬁ LERt e‘Jﬁv‘gé)tht F%n S?%rsltl (fjnzrgnt%ﬁ rﬂﬁ%bl tpa;

elepesriefor intégratiomintyhigh ipgromanse qg,gplp p nl'eggomc dewces and
degng%%éxﬁéﬁﬁémgr% @Etc%ﬁ{eﬁ%lr {8 g?es‘éﬁ’e’ln@&ﬁtl@ﬂ the ﬁﬁﬁl“pmtable" relates

e cont ext resent fn IOH h
to nteriats, nsttuctures, adsvise eampanests @le%tr@qgrgﬁeg unc’uona évices that

meﬁ}ﬁ%ﬁ?%ﬁéfed %§¥érﬁﬁe§ ﬁﬂﬁi@ﬂfé&t SrgAneea fanurktrﬂﬂiraﬁt@@'ated onto or into

devi ces e transferred
subsieatebwitnout pposire el heosushnieds NGMSEIRETaas i &gt degeratures

Ee?u%lgp ?orgte'\é u%g tc%%bﬁﬁibééd % eWGJFQHé) epRAGBleséthicbituctors of the

ures e at tenperatures = =
préms itearmionr muabmusab%mlcmc’%gﬁfé@”@é Fsgre able io be

assemgleg by na/ord %&PA%Q&‘%HH Sutirald Surfaces by dry transfer contact printing
andfor solution printing methods. Exemplary semiconductor elements of the present

invention may be fabricated by “top down’ processing of a range of inorganic
semiconductor materials including, but not limited to, single crystalline silicon wafers,
silicon on Insulator wafers, polycrystaliine silicon wafers and GaAs wafers. Printable
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present invention may conprise semn conduct or
structures that are able to be assenbled and/or
integrated onto substrate surfaces by dry transfer
contact printing and/or solution printing nethods.
Exenpl ary sem conductor el enments of the present 30
i nvention may be fabricated by "top down" processing
of a range of inorganic seniconductor materials
including, but not limted, t l. i Qe
serisppdustar Saments devved fiah Aigh GRS TRt HerbRCfor example
sem%%éﬁf&%ﬁkﬁblls' dehefdibd GSiRg \@aﬁﬁrﬁuoamdugﬁammter@vapor deposition
7 sem condugt or _el errelltl1 aﬁ erﬂeéglﬂn&raga&lggcmmc
procgssing t CRRIATRS nBEC IE1e igle fr apglicaly
perf@ﬁ{ﬁn%e 'B?.H&Js%rthé?é ﬁﬁﬁerﬁ@fﬂ@t teetter pumtgescand\@mmta W& Frystagigation
enperature vapar deposition roc SN SEsw
thancmatebigisaTenared Usipg BAIOMT HELAT 8%%3\“83%%".”%9%@0 4 entional
techﬁlqt%g ESH Hhdkind iR FSRIE Bnd RGTINRST I:&essmelraﬁmntwespﬂﬁwd@d by the
urities and ext ent tgf cr% b horb Shhf'tintable
“topmed ' spipeepiite dNEEIeAy ChdPe ol GEESSi ng .
har@S afr@fy @it printatie .d.eeud:ondqu@s ¢lennents may be
semﬁcﬁi\ﬂﬂ&ﬂﬁ%ﬁe&eﬁﬂit al s angé/nan%vm res, @ﬂ,ﬁ%hg&t@ﬂ 'ﬁb’a?F‘ocessmg
fabrivated mneweibyﬂeﬁneé! orignigfions Rfih P B¢ 1
tusel Vi8R FhsHeatifg tiaabwpes mhahhanopaémeson&att%ﬂmpe
meﬂ‘?&nyr?t?%ﬂg ng arrays Off,gil nt abJ e_sem ég\ﬁ%?&f’mns and spatial
sermidardiuolos elamerie T CH RO L

or:eﬂfdttSHé afrécﬁl'j}sco%gpcﬁﬁﬁﬁgefdme d&VﬁhtLhEpddmirtscancL spgtal orientations of
met hods typically

thesmdementwn g{mptlgg@kﬁ@gicpﬁ (9r arays-gf PL@QE?P&? rge {i80¢ ' ¢ 3h 'a@Y%ransistor
arrqi(g@rﬁ%ﬁg%%?é el ements may be fabricated in arrays

Vi ng positions and spatial orientations directly
corresponding to the eventual positions and spatia

or| tta%‘ié fn?gnduétﬂﬁsﬁembﬁﬁemeﬁj icombtise turitag, siegiec eystalline
rays 0

unctional device such .a n t
lnomnmysermpormug@é sgpptg@ hqxgnggm@ﬁ raNgg %fe a o%‘ d%l%: Q§ ribbon (or
stnp%?b EEEE Spigtdlet £ UIBEsS Bost) 'c%ziﬂfcbérs i Igi! eombiretiahs ioh éiese shapes.

ani ¢ sem conductor s

t .
PrintbblesapEsondydion e@gnqqtq)ggﬂ'nez %%sgrrgﬁgsm\( 4! rﬁgﬁx%gﬁe 53096 range of

L3 | t JsBél@s fra abautbitaananeters to
ph)%fcai ﬁler@%rﬁti ngbgbg@agﬁﬁé; thlcﬁb/é 5 ity frany

e s conduc or, e t

Jbaid0pmaisions, WidhSERRG fay 7 e oh {eé%boei‘be‘ﬁgdﬁ"'%t‘: a;‘d
B0 micén Qesadmhe,1 inbiirsdtees dése phsgmiggnductor
Iengﬁ%n#a ginggﬁr%rﬁnjgnorret ers to oyt 100 cr R&naf tmng}ela%r than

eletramts nayirig thivkednsas gmtwéh@mﬁ?%“ BNABGHR'S 2
F&erf' P ForadHmne abp!maﬁbmmebmsbmma imensions
ab%‘qd?qd ﬁ%%}nt']&ﬂ; sen‘1§ conductor el eg%‘g{o S‘ %ggch as thin film

mayhirowde sieetsonic daieas ofhinEEAR SerRicRIINENS

tran5|gtors ha%negaé Séwf:élﬁéld effect mobility greater than or equal to about 100 cm® V-
1 and preferably greater than or equal fo about 300 cm 2y g and more preferably
greater than or equal fo about 800 em? V' s, In addition, semiconductor elements
having widths greater than about 10 nanometers can be assembled on substrates by a

range of printing techniques with good placement accuracy and pattern fidelity.
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about 500 nanoneter are preferred for some application
because these di nensions 25 nmay provide el ectronic
devi ces exhi biting good el ectronic performance, such
as thin film transistors having a device field effect
nmobility greater than or equal to about 100 cn2 V'

s'l, and preferably greater than or equal to about 300
cn2 V1 s-1 and nore preferably greater than or equal
to about 800 cn2 V.1 S-1. In addition, senicon

el Empteble semigpriyciar elasends ehitherPreshil inyggtien gy a\Jso be provided
mtm%o'éﬁ%r?ﬂéntc iSRS SEiBRlcAt tAA ShEvhhRiREIBS chn@;ts 3Ae printable

range rinting téchni ques with ood | ace
senagtmﬂug@y @jﬁ@epfatt@ et rfngmg@s,upytratg 1% semlconductor wafer.

Ahgﬁﬁi@n? E‘%ﬂﬂ&lﬁﬂb SrRdmdbfe @efliter ﬁhm&ﬁtﬁlhg ianseRittddosriemeation and/or

provided wth an alignnment nai

posilosrehta { printatie YRR CHRREE! SrRE B?n%i? Fapfasembly andlor
inte Fﬁﬁoﬁoﬁfgﬁ&és‘iﬁg %{%genhll shéntTRidiRsinRgbslbimehts, afalsoaaseful for

em conduct or” wa nnment  mai nt ai n el ene
maiataining eslativel pasitionp r@nduq'ilieﬁ%f'a"% of 8 ety Of é‘%T“&PFQHPtOf elements

def@ﬂg{%elécte@ &éﬁfbf%femﬁcoﬁ&uét&aabﬁxeﬁgm@mgd.taaz;fer Asemblytand/or

tran er assenb yand/ inte

Intqgraimes@rqﬂgesgﬂ@pgtepw i dhnethodsi ﬁ’f ahRi R S@Wer\%‘fﬁngo'%tr glignment

maglraﬁtgp#%fén"ﬂén@ eseﬂ%‘ é@iéﬁtél’i Pésiti (ﬁ{saéﬂd/@ndmﬁlmsmng@dntact (and

I ONs lurality of sem co ctor ngchrren S. of
bordiifg) nofh ghea PSlétaé‘tet é@mﬁfé’ﬂf”éfitﬁr SHeratis Wiy E% or® n%ﬁ{@e of a
corfftldbe {rEr?é?élf §éwceﬁ‘38§ém' ¥I|®H€Hr@rmarhtﬁhﬁ'@ élbm@ﬁts in this aspect of

processing st ds of the present Bven Hduct
theawnegmtemem@nrrerﬁnmahlengf iseneraing foBs dre, @igteble perpiconductor

eleﬁﬁﬁt?t 'uE?rT’o 5\%1 it &4t e EWOMBI@Qr&@fgra@éwdeaMhout agmfcantly

e printable sem conductor el e B' duch
charigmgccum aasfectert fpagiond ad'd eHaRigHaRDH 1% 11EaRYY edé%rf’tcé’" uctor

elehl‘?aﬁ{ Dﬁleﬁ%iﬁém&l n@gﬁ&@ cri‘l@ev%l:iqjﬁéo"éurbrbrtrélbéseﬁémetallgnment

% he pr nt| are capa e of di sengagi ng
maintaining mrmntadwmgsn@\e&w%@aﬁ@ttéﬁns fef | deMighit s upon
novenent of the conformable transfer device w thout
significantly 15 changing the sel ected positions and
orientations of the printable sem cond ctor el ege@caf‘element

Di slamgrs@émmmmerg of {f151 Rrasany inyeniion, 4 By tabIg seqcen

has 8@ \ﬁe%ﬁﬁt %aﬂe%a@édt&ﬂ:@& Hy w.ﬂar Bh@d Bhd@ relnreecdrirativagiorg In this
enent of the transfer devi

d f.
emORGIsNGs ARy STRINGIING. Rt 256 OUEeq S lrergIets Tsotropic

etcﬁlngnﬁéﬂe tEthd dfdeR IRIBMNBHA ebmplte fd@&bpletétchm@d)ebyaw flercentral
en a narrow central region. |In, thi

regiori. gnTi%ﬁtpf@@sﬁ'ﬂﬁl lpahdod & dyetar ﬂ%@‘?@e‘iﬂ)"\'}? 848" mother
subé?%? t@\{oe bisStdopRbSonddicL i BEcibeneaf fthd Bemitoriductemelement. In
? I sotropic €etchin Cg geneat t%ﬁ 5ent r arbbon shape
anetbgi (ﬂmboﬁlmgntprfb@eﬁ%ﬁtﬁléel S@HICORUYFIe HATD Hrd 1 p
exteh8iNE HiorfPS 861t JorighudindlHHET In this embodiment, alignment maintaining
elements connect the both ends of the ribbon along the longitudinal axis to the mother
substrate. [n each embodiment, binding of the ribbon shaped or peanuf shaped
semiconductor element to the contact surface of a transfer device and movement of the
transfer device results in fracture of both alignment maintaining elements and release of

the printable semiconductor element from the mother substrate.
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substrate a two points corresponding to each end of
the sem conductor elenent. In 25 another enbodi nent,
the printable sem conductor el enment has a ribbon shape
extending along a central longitudinal axis. In this
enbodi nent, alignnment maintaining elenents connect
the both ends of the ribbon along the | ongitudina

axis to the nother substrate. In each enbodi nent,

bi ndi ng of the ribbon shaped or peanut shaped

sem conductor elenent to the contact surface of a

;@‘rm?{bié s%ﬁ.?’do%@ &&delgﬁégi@nsﬁ thefprbdent 3iventian $iaes intispeodently

ospisvmats roscse S e ST B, v

rouggg?.ﬁs aﬁaufgi’ Orsts.g ﬁ\(ﬂ? ;%Ezl(:)afété?@e ﬁvﬁt\ ?s h@;hFi?er{gnvééabf eccuracyén t In an
exemﬁdﬁjp@nnm:mnbyt pby;el@(tﬁmr@lqglﬁﬁ ,p@g* mlgp%% ore K]e"?‘iq s may
be s\g'egierqe@ ﬁ‘{ltglﬂ% &% thifl 'aB{Sﬁ{e‘ﬁ%eﬂ_a‘ig’é hasBersr siugrintatis semm:dnductor

are selectable with a high d

elen@ﬁslhaﬂlyg highhanniorexeaignted pPhisienh 4l fﬁ%’?ﬁ”’g 2‘?%%%”8&9‘1 “S‘“Qf
émbb&nmnt dangayhunigers o

ek e o e T

prm@blepﬁenibahdt@t@e&‘mmemmﬁﬂobe abrigatert @VM%% § é{

varyuglyglggsm t &l ea%%)ﬁfj é] 'fﬁé; ﬁ:lreﬁnimlﬁ\%rﬂbn Meersford, qin’omdes guiintable

t t
senfieoRdptar giembtsdmtf@nt a slgm?" ggnrterﬁ?mpse nd.ahape dbﬁot{bﬂt'gﬂ? éﬁ] contrast to
conmﬁgp%ln au gﬁ(ﬁés %Q{aﬁ § %Mu@@f 'KJ adigrifidany izugantage of this
nsi

vary | e t han
ppidéch Thihapstesatures iand Glﬁt'lpeﬁnthat ﬁgqgé@tgrpémt q)-\;ﬁralggnd%cyor elements

| nt al %o é&iateh@iu ral size and shape
o 4 Ay TS5l S BG tl horon n oo spe
of the s@rﬁi&madﬂotmalemmtﬂmdl@ é@mgeﬁ'@PS@‘m?Q tﬁ% Se"i

elergg%lé h}e gﬁﬂ\f@féblﬁt%g hale \Fel?jl fow Qﬂf&c@&@hghr&ass Hat example having

Integrate printable
a safffte &n@hoesﬂ (esbctrem@boUo. 5t h@%‘i‘@@'@nf"eﬁt ARA PRy Printable

seng‘gépc@ﬁg)ﬁ glefee {7 %r Hle ﬁe&r’ft%ﬁnﬁbﬁ n@ﬁySWeSd:mon mosd ftat surfaces.

eﬁlCOH uct or el enents.

Thlgfﬂéﬁﬁgm’aﬂiﬁrs is pemeftcmbnre somei devier fasicatiql) é‘RB'l'ﬁaﬁ"’bé)g??ﬁ%use flat
su g%%?% Uﬁ%{}ﬁﬁ)& e Eabﬁé’h\f K\‘Féﬂécle@%ﬁn%tﬁéﬁéeﬁw ebmparsnts, such as

a sur ce roughness | ess I.#:shan about
corfiuBtirita semikoadscting andhesadieleeftia AeviceFempefif

sem conductor el enments of the present invention may

have one or nore flat surfaces. This conflguratl ocp Fintable
berafrinet athei presente mitividse and IOMRPSIUERS L pinatieh PEES P

DA or aiat € brafataialsng In some
N

I"ce coriponent s,

uc S, .
erfbaaREnts NGefus cfoir dabritabing riyoarrerfosnacke | r.lan devises, printable

se§%§& AL %}%n':%‘[té :}hqvpe%\hgu geﬁﬁﬁ‘t?:‘%ﬁgﬁd& apeut 1000 or less of
conventional semloonductor wafer materials fabncated via high temperature processing
techniques. For example, the present invention provides high purify semiconductor
elements having oxygen impurities less than about 5 to 25 parts per million atoms,
carbon impurities less than about 1 to 5 parts per million atoms, and heavy metal
impurities less than or equal to about 1 part per million atoms (p pma), preferably less

than or equal to about 100 parts per billion atoms (ppba) for some applications, and
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sem conductor el enents conprising high quality

sem conductor materials. In sone 25 enbodi nents
useful for fabricating high performance el ectrica
devi ces, printable sem conductor el enents have a
purity with a factor of about 1000 or |ess of
conventional sem conductor wafer nmaterials fabricated
via high tenperature processing techniques. For
exanpl e, the present invention prov

more erelecRiLIGES AraPaniuA! 30 ROVILY PRI PiTerb AfTe by oy some

appﬁd%ﬂansa? %ﬁm?mé OsedficdtRiUE®T REEMBMts | manm(_;aumﬂeve:m odiahela@yl metal
uritil es

ess than about a
mpmtlasg(e galegs Hamaboyed pertsipeh m:[fu?q @@R"si are Pene 6 eﬁfé} & or %ﬁglfcahons
and td%vEQQ k‘%qaugnrgaddod R cirdhic ﬂé?l‘&rrﬂém ab mm‘rpl)esemeetbfd'r@by metals in
r~ equal to about fa& per "h%llon
Sem‘?‘!"ﬂ'ﬂd@b‘ﬂ’@@ﬂab&aﬂ%H%eb{rﬁﬂgfﬂéttf‘%‘ﬁgec g Prel®
o et one obbey. for oo Loparot LSt B
2E i | i
seit 0Bt NG ABHCONHUIPGETBAR B, S5 JREa.f e Fresent
lnve!mf)ﬁ‘havé %H%IBW%SIQ@@ grafas, fohéﬁamblew leds framt ahquéﬁ% to 10%

are benefici al

varicnr aeross s rorty Goasieck ot b reganrby PR BoUEY pphanced

h dTRb Aohyértiondl §@ﬁicﬁﬂdildmﬁ matenalsedérivkd from
doP@@ﬁ@&?@}tg Wlmg@é)?%de the|Vr l(gl ectrical perties.

I
“bofiaftli 6"oR(OCESSING deANBIGHER: SHFNAY BRNEY BRI hapoysel Materials.

Furﬁipegrtlrﬁaﬂg §e{?ﬁc§5cﬁr%ﬁﬂteleﬂn@m%nbf 6412 Wna imesmyioh anay comprise
resiStivity ient, for exa

th
senicoridgtor \raateml:e uhibiting seery fiew (di ;H)%\?‘?%'Q”S T‘éﬁf ?’%@‘B%c @S%ftr?aﬁ 500
dlslggﬁpﬂ‘[j %%f '%huélﬁ"@é?\hh‘éférpr@é’é desepizbamessr dimaatsi caynprising high

quah@tmmsad:rsiug@r mpééjﬁa?e? lg%engﬁggl? Al q%::e fge%c@zlgér:aﬁglnca%ﬁ lrequmng
gootﬁ,:%qggﬂog*@seﬁ I%qijeas nanow re and nanocryst al

printabl e sem conductor el enents
of the present i nvention may conprise seniconductor

Aﬁ,peld%ltl t;ﬁJe OhdtBibds BAYW hfosRiohs @n snatfiediprovide printable
ess tha

OO di sl gcati ons per sq
semlenmdueBIr@iemenie l’@fllngémﬂﬂb#ﬂt@'ﬁbm@%%w @a% ?Q:ﬂt% uniform
Ctpkformbyerwitl Srebpedteref purital dopant
COI'FI%(%ht n. ce?% thVp?éac@tSS%Bé irormiye it Srebpe p

I'cati o

|cat|onsre irin ood
coreleatratiansi dop@'ﬂfaﬂaﬁaln@i@trlbp rgsdapql ie¥ients E)g @Igﬁﬂ The high
purﬁ%&%@% r%o%ﬁ%n?ff?l[ﬁ'ﬂg%ﬁﬂ %ﬁe&ftoﬁﬁé b@rh Bt ﬁbﬁ dﬁarmtabbé abshizonductor

ctor el nts having hjig

eleammprosi theqrssent rprwnesfmmr@hdevgw f%/lp mtlng @nggwgs efiability with
resrﬁghett%sdévgcgg St?rfca{e‘zf ﬂ%rﬁCc%nUéHtfoﬁéf%érMc@hdd&tdrqﬁmﬂélstdanved from

concentrations, dopant spatia |
“botliont up”puodessisg ieniinipesraush @ n@rzy\mlﬁmi Ea@q%@talﬁﬁefﬂﬁ Yh
purities and good uniformty with respect to the

conposition of printable sem conductor ¢
Printable semiconductor elements of the present invention preferably have a

least one smooth surface, such as the top or bottom surface of a microribbon,
preferably exhibiting deviations from average surface position of less than 10
nanometers, and more preferably for some applications exhibiting deviations from
average surface position of less than 1 Angstrom. Smooth surfaces of printable
semiconductor elements of the present invention allow effective electrical contact and/or
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el ements of the present provide functional
exhi biting enhanced reliability with respect to

devi ces fabricated from conventional seni conduct or
materials derived from 25 "bottom up" processing
techni ques, such as nanow re and nanocryst al

materials. Printable sem conductor el enents of the
present invention preferably have at |east one snooth

surface, such as the top_.or bottom M iR an integrated
physical dniegratiborfo bepﬁ@ﬁ@isﬁﬁ‘?y‘“@‘x?}tgﬁﬁ F?ﬂﬁég{é@‘?gﬁ Chs from

aver eRchast ib@e.of | ess than 10 30
eiectrﬁg c?%g?g?)g,&r)%n%cm)re preferably for some applications

exhi biting deviations from average surface position

Of, L £S5, AN A irkaB Stk sAduBID alidments faicibs RESEHI YRR MaY

s@% con u)é’tor el ements of the

t at i |
compeisé e coinpesitsl mrritF@épctebn?!g@pngaﬁgy%gﬁa f'l%\éﬁgﬁdneﬂct& Stiticture

si cal . ]
i.nte racto' REiL® 1BE RS @b iosd estididanial atclurase\sush as dielectric
°per%tl9ﬁs%ﬁenbs in an integrated el ectroni i truct
struchponebediciogtudARdes APEERIE: TR SRR e wres o
e fr\%ﬂgH%f%e%b.eﬁmwamé dohrpopite senticandueior | MRy Prvide
any &8 Se conposl te semni conduct or eLYegﬁJ'teﬁe&ﬁr\éIWﬂlté@rated into
matesiels anch device rcospopents that B g €8RA P Conhected to

0y ef AfldcRBRt deviesst iy aditicautie assemby methprs of the
o Pl O, e ot
presantdidvbmimis aﬂé\mnwg%?@lééjr}%ggﬁﬁf%é%%&s t§n§§ ﬁrgﬁﬁléd ltt; | ar{gz
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semitohitioctsr odtructuse, sHekedt P nSagE; 8wsgq||fngw‘?%@'§§@gg‘lséémlconductor,

sem cpnd e Srohic RRelpctoy isttadtuien suchags a silicon oxide
OpeE?S'BH%B’r Fé@e\%?g?{gi %ﬁg@j gcent el enent s

f
layeP! h&his dmbodimemtfdhevprasent TYBNtIGILIR éjfag‘i{sgﬁ.ﬁ f&rFaSidelion o

m cron
of each iy PRI CHEREMIEE usd abbreicerdriatern gt ghielectric
highg | B?fgq{fnagéé] FH% g{rnesgnt |tﬁl;?eﬁge:%$lrj1 o g(re[rjorgna Aus LE& LY unitary
corfijonentsunay berassgmblediigie godlei RIS SSdmiConductor culator
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conﬁ@@?ﬂami exrﬁbib'e*hq:}m_rvﬂ@fv laakage @ 8'?;&'6% i ja TLEon  ment
oxi a odhaedhi .esien e g
sem:gofﬁﬁr\pﬂrc%%'re nbgg% S?F%éorghf abr :rgﬁ%ii,on ﬁ é-néﬁgomprise integrated
prir&H16 Qiermeaneluttor reldments of 478 e ‘%"@ﬁﬁ%

| ' | : be easil
funé@é%ﬁﬁ?@g%, %ﬁ%ﬁgéj dﬁP@éﬁ_‘Eﬂé, ¢ranSieROash OLERSy whish may be easily

single printing step, and because use
inc8fpokiiéd anty sRibsteate sutfagess conpri sing both semi conduct or

and dielectric conponents results in insulator
configurations exhibiting very | ow | eaka

curTieN indiionm aat eorspesiiionsdd 1§ pregent iavahtion (HI”O\ﬁ(l.k? Gl |5!ioEessing

platform enabling fabrication of functional devices exhibiting enhanced reliability with

devi ces

respect to devices pased on semiconductor materials generate.d via "bot’;or.n up
processing techniques, such as nanowires and nanocrystals. In this -context, rfahablhty
refers to the capability of a functional devices to exhibit good electronic p.ropertles over
extended operating periods and refers to piece-to-piece uniformity with respect to
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sem conduct or el enent or source and drain el ectrodes.
I n anot her enbodi nent, printable sem conductor

el enents of the present invention may conprise
integrated functional devices, such as diodes, LEDs,
transi stors and CLEDS, which may be easily 25

i ncorporated onto substrate surfaces. The nethods and
conpositions of the present invention provide a

processing platformenaplingf [ '
acchstorsnrtee oo sor B A AR B gt oo an
comg‘é\ﬁr;isqtl?)ns.r eppeekamBied eievices diahe chresent enverdioduethdyit very uniform
t

erials generated viag "bottom up" r .
threshelsheltaues (6.8 RANGELS HEVENT oo an D AR Ufform device
mobfliﬁ%sS €Yt SXhdartiCediidn tof lessf thaa vbodthd 3%apabThis t epggsents
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t | d t hi pbi t . ks
R

abholtC4PiaRG & FAteH SCBbetRi &, Ofeapéotively! bveresamptira baserp devices. The
excegt{'glgﬁtﬂ Eflal;':a%lﬂitwpéo egéé@?ag\&%egﬂqfetﬁél%ﬁ%égt @(ﬁ%&%\ﬁ' i§ provided, at least

in pa? ﬁnietﬂi@?%iegr%@roquﬁﬁﬁhi& ofcteei coepositionsh ang pbyeieal dimensions
Invent i on exh bi

it very yniform, thres S
accdseiblp usingpririakle semiconAuFoLFengats O?Lt?n& g%%gwegﬁ%ﬁver y
uni formdevice nobilities (e.g. standard devi ati on of
| ess than about 13% . This represents. 5, i
| ninarictanAsppeistherpresas AMETPT, PSR &n 2leet g@ﬁ%\é"%ﬂ?ﬁsm
a fir%ﬁ%‘%%ti'oge?ﬁ fbo baekéde aid aghiatiblel€erainonductacie@nerfpositioned

, respectijively, over now e '

In effieicalcsopisst I SRICER A6, S0CE5H BECH RSt 1B35F e%@i?‘é@ﬁiﬁ H?Gdf”' :Z:

i Hing ' i yefetinande, temptintablg gearieonduc
app[g&%toﬁée ?ﬁdwgng‘ o e'ée{bgtpcégﬁd]?g;r@\r/ﬁ tHesinande, ! bie gseniganuc
clement poyelisesi A UIABT dPRIOANIE SRl OKTHES i S physical
dimgFLRO Y C%@J&ee WREpogides 4 M Rioks ehetweaw esaid dfirst 20d | spcond

S ) S \% i

eleatiodles grasier trely Pceqush iRt %84‘” gr ?V?@_t‘f gg‘?ag%'lttﬁi'%%’?g%”a' :;’pf/b‘:”t
so ARS8 ARnars oty gt s o
songaatapnﬁbaébe%t Sativaiy. elgsEcaynisorsp! TS Bbopishert MY furtner

con%ﬁ&l | SildoRASorirftabiL 'sbRcaRBetoe blenients &r alewipte printable elements
ertornmance, the ' '

. rintable sem conduct o 5.8l { with each
susstampelys osctiidnally aprieriagh gt Pl el Bsﬁfﬁhﬁk‘%s?caitcﬁ’@?ut‘r"{é t.
vi i cAlinledirfRib S8Hicanductdragemehiatof the praseat iavention
Othpﬁ ‘"%5%%3? rﬁetE\@ceBn said first and secongj( \gt{iiﬁt‘jﬁérgg‘ﬁﬁ factors
mag fheatamfigtredrin sleviegs & deyWca BHEYs Ihdg, AN ) hu g M) .
Qtrhﬁarn ! apsnts,, 569%%rf 80% same gagp iectonio perfamance, in
(e. gatgf ter%gﬁcgb?c{/u%r eater than or eg,ual to Oogwte &%cfilﬂ{mﬁ the
cortrasetoapystamminvelvisg depsely RaFsA NANOREEATEHP ) Y& Ces of
prirtltgé)lg see'mt?&idfﬁ@ﬁ? diEefiMdshaY least one cross sectional dimension greater
than or equal to about 500 nanometers. In one embodiment, the printable
semiconductor element has a ratio of length to width equal to or less than about 10,
preferably equal to or less than about 1.5 in for some applications. In one embodiment,
the printable semiconductor element has a ratio of thickness to width equal to or less
than about 0.1, preferably equal to or less than about 0.01 for some applications.
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20 conprise additional printable sem conductor
el ements, for exanple printable elenents
substantially longitudinally oriented, and optionally
not in physical contact wwth each other. Inportantly,
mul tiple printable sem conductor elenents of the
present invention may be configured in devices or
device arrays in a manner providing large fill factors
(e.g. greater than or equal to 20% 50% or

oTns ebm rafnthe presealr inyeadon ifurthas eIRRNSSS: a‘if?? éﬁte'ecmcal
dewclgg,\éghﬁ\:/ ﬂgﬁﬂﬁb% AIRIGWIER 86viesss . light amiting devices,

| d |
s s et SRRV o
elem%tg ;&sq‘lﬁpét&n‘mﬁﬁfncgpgmgé&w {cSHirst Aan® vecanb eldictreds., [n one

sem con

uctor elenment h
embd;dh’ﬁshth ah carmydjf hl@@{[ml devices COraRIiSes 1pYRT g@ @JP{E%E? Qerfibonductor

elemg{at%, S[r:eg? g%lxeo%léf‘ m?é n%%él%ldohaﬁbt@b@!@tneﬂmtaﬁfor sofner appdinations

odi nment nt abl
and, $®iTe paiciablycoveet @@renmtahlggswlgqﬁugt%g ep}ﬁngi L SQIMe %pphcatlons
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eleC‘é %tP%{ﬁ%I}'g? Sgueﬁéé gg&t%tﬁvpgg?gbﬁrgsl ces, i a%@ht 80% for
50%861 *scbme@lpdmtamomand mprei(arﬁglyéﬂ?@t%ng‘g’:‘gglééﬂl‘%a;8 ol
secon ectro d fn e substanti
somgeﬁpEg??gﬂ'a? or Bﬁptgﬁ‘%n?ss%ggﬁche%{ in el ectalry ﬁ < g selected
1ongﬁ@$h§% oty Wit respest t@ms@@@t@ﬁ@"a!;ge%%% s4S ?t) erf et
ennodi Ime e losest mpinisefssaid firs
aligruen o et s Ad AL o i e e

conductor, elenents, prefer
andOyﬁonaoe@bﬂnﬁalabbmtastam dOnmﬂ:tQﬁFb@"’@ﬂ'ﬁngé f&?ﬂﬂg‘a GHllohs and

onegt@ﬁp %oth%tn Qsﬂnt I%ﬁerﬁt%ﬁ?%t&g égénrg@g% a;P?/ giltetlitgﬁ i@withindessethan or
equBinBamolEs micreed. uln drererappdiineat prgwglng&%p relnﬁa Sgggeé?&%tuon of
the g@%;:c:ggh@q?% %gr\ﬁlgﬁtghgﬁ{hf & émﬁﬁntablb%nﬂédrﬂhaﬂbk elements extends a

s provide a fill tor
lenétﬁ'a@hdftbfrmhatél@ Sist and seooed epds-odehigp gllmeln eth@eﬁ& ends of

g the first
saiq (pl#lg’l@g os?@%g%c? 1 oRhRh& %Pé ?o@ﬁ@ﬁétﬁﬁmﬁ}hﬁﬁ wicreguaf the firs

sBite appl1cations and. nore
elecE’cFﬁ@%ﬂkthy satcraitends o aaidqrintalpernisoRdistar SEBENIE Are positioned

wﬂhsig)%e @@:rtg'lfbgfa stglﬁ(f ﬁgﬁ:cindr éEP&?&J Res< endudiient, elreaneat of electrical

ongl tudinally ori

deViés&ahe ofe @nﬁﬂvenﬂwﬂomﬁmr@mp lugalitys of %d@%,%éegucoﬁductors are
sel ect ed rrent falf IBAGtudmallx iosiented, are

prowiied fin Serrlan SRgT Bl it %ﬂeﬁgtggggﬂ a9 A

notift ?Jﬁ?fiC&ﬁ |c©ﬁﬂat:ﬂ Wit escinother @.e. o nekvedABL apﬂ@m in n%lﬁérl@arf ontact

rela

P p L QRS can ' S themepstiysicabdimension,
Wltbélfﬁt@@ﬁ&@e@ elgptrgties, 9n e eglélfd'%ﬁm&ﬂ alObadthehenstiys

s are ected to within I'e

sudi28 AferadfdWtigtt, Cavalbage widthi aNdiers average Aic ﬁdloﬁélﬁ? printable
ser%{c%\rqagétgrgel men’ts;ellr11dthteoal$£§/d of SRchichPUbREeOaries by less than about
10%, preferably less than about 5% for some applications. In this embodiment, the
printable semiconductor elements in the array have selected physical dimensions, such
as average lengths, average widths and/or average thickness, that do not vary

significantly (i.e. less than about 10%) from each other.
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t he sem conductor el enents, each of said printable
sem conduct or el enents extends a |ength and
termnates in first and second ends. In this

enbodi nent, the first ends of 20 said printable

sem conductor elenents are positioned wwthin 5 m crons
of the first electrode and the second ends of said
printabl e sem conductor el enents are positioned

within 5 mcrons of said second el ectrode. In one
enbodi nent, an array of electrical devices of the

present in ' MR 4 transibtop hiavih@ bl pgintable
S&}ﬁ%‘ﬁ*ﬁ%}'ﬁ%%?‘?@p%@e%?ém .egﬁipﬁd)\gde?qnfrimyrg{)i on ? g«rl/ention
semiddndtictbh ejenaerd. smbgn@m@d"vemtoﬁgtrﬁu%?tﬁ%\% i SITRRL , )
are 25 not | sl pre=ty ' eratendtahgdin gleciode an
Comp&ﬁe%ﬂtsogvgref’%rg@pg’aéngﬁrlg?glgi n e%oeﬁg‘tuﬂégal c nt.a%‘[m feva & Bre both
a gatb ielestroda.d Irsthisoredfiguralian; HiRsoures SlsrEodnsbPRIa Aloctrage o
in e!éggrgiségagnr}%tg\gh%ﬁ gﬁlgl/se LRGP bPNthe prinedbidSerdicendgtorl eergent, and

of average thickness, o

he
the duité Ndledifotle isesenmanaidd dram téaemﬂ@eiwmlﬁ@“&\cf%ye'%'ﬁe“t by 'f“e
dielegtlyig.? é %%%bn%@ﬁeggﬁicgﬁ&%}?& Q¥mleRS ndynesmpiaeua unlt@sp crystalline

an about 5% for sone ﬁg Ilcatig Sabout 50
inorghfictSaivicaminoi stewrtyrethiasing(a Brekneahpeat MULARLE

el ement s i 0t &lef thaphorsdual to 100 nanometers
“3"08792%@5?'@5%?‘3%E%h&%ge:geﬂ@%‘gog%‘eﬁhgngt hs, avequgrge Wi dths. 200
and aivef ahory Qrefgmbiyhfark seme, applisationRs r%?at%rtba or equal 1o

significantl [ . U tAP¥stdrrimavingaa hplurality of
“3"0(5‘?‘%@{5: ﬁelmgf’a%n(t)t' eernlhgli;ael%ﬁﬂﬁe&p% esent ir,nv?r:%? 90 Use of
print1e \Seficonautionalsmentsrin frautas wih SPHIGE AR electrones. - 1ise

seni condyctor el i S RAisistér rhayabs beneficial in
a pluysglity ngrﬂﬂég% ﬁ?'%lc‘ég@#t& ?roérllé}n%g@nﬁl? igggg' a _soS'ISr ce ¥ for
somélapplidatigRs becquseiiitray eedvieeriten vl QPS'BqJ'@théﬁ‘f‘{fa%Y flgrgpoes fo

_electrode and 3 a t ik leietrodes and dielectrics in
varl%rﬁ”‘ﬁvﬂ;’ﬁrcé?mpé’ﬁ?a? ﬁ%&g%%rsgg'%gf g%?‘fg%deggnd a{i)g? el rgct rode o
fieldadfrRcbabfsistors. eTlex present inwmoaoqlswmh{deaﬁgﬂ oty &

by, the prjntab ' SR BRdictoraidmerith&sgaf ene or
pr.nr@?%ae.naa%iug °§818§18§Fg](?c B%m t hesﬁ?nt ablon% e ¢ invention is
mors SlictnaBIc samicehduntort elomentsein Faasiglors of theppgesent inventio
printabl e sem con [ e ERaRhédhanizalmighadness in
benefﬂ%tb&r:?‘iﬁr?e'?PWS‘Pgﬁﬁ.&@ dg‘zilr:ngggﬂghct or Cla‘sht ruct up eaha\g?ng
flexéd, IsttefkBe 96 dgfosmdddevidecoriantatioisal to about 50 10

nanoneters, preferably for sone applications greater

than or equal to 100 nanoneters and ever nor % f nce

br @f ehabley dreiodiment, pIpresent dRveNgPB ATeYiIdeH £ Nigh BETAM2

to 200 nanopeters. .T i RN bRiati@lsEBstrate, such as a
tranﬁﬁgqr@y@golgecfggﬁgf@{ N Bﬁ?ﬂ%ﬁ%z&@aﬁur‘al i tpy of " printable ..
pol%ﬁme?%ﬁﬂéﬁﬁb@hgtel @ﬂmugm substeaiat attangistors g&ﬂ?'ﬁé’ y iment o

rain e ect L o0es e a8 tor SbmBhi BéraPiging a single

preseifi iBYRine t'opY 3?&%?@%%‘%%‘%@% ransistor may be =
cryé%Stgﬁé ifdrganit Berhizonduatoragtpidturas Seels apecallicd o4 g%ﬂfﬁnmm- He
device ggr?figtura%ogg Uit $odd ééﬁé@beﬂ&ﬁﬁﬂr@%ycﬁa%c@ér@ﬂéﬁssdcfﬁras field
effect mobilities, threshoid voltages, switching frequencles and on — off ratios. In an
exemplary embodiment, a thin film transistor on a plastic substrate has a de\ﬂce‘ﬁeld
effect mobility comparable to the device field effect mobility of a transistor having a

semiconductor element comprising a crystalline semiconductor fabricated by
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vari ous device conponents such as, source, drain and
gate electrodes and dielectrics in field effect
transi stors. The present invention al so includes
enbodi ments wherein the printable sem conductor
element is a stretchable sem conductor el ement. Use of
one or nore stretchable sem conductor elenents in
transi stors of the present invention is 20 benefici al

convggcause I |t %g%:g@og% dq? \ﬁ'@@boggeﬁ ‘féa aatﬂgrtce field effect
mobfﬁﬁrf SEERAtHIRVACRRI teB0tREMDYS. s momptdieﬁbymjeateﬁtmﬂ or equal

reet i nvention I.OVI
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as él(ﬂ@ésfe%%loé‘@ﬁbé‘ ¢} ﬁ\uch? efiatienpavedrodissipativanever d‘ﬂMOSsﬁeia@’\ology

a crystalline sem conductor,_ f.abrica

t
Voreovercfhei GHIS 0P ehiyes it e pPEL LB Rgton, B s teghpolony '
part?c?ﬁ \ﬁtfllas@t%ﬂ'fﬁﬁ bhit&l bpefdted electromit |dystemy: Etady, gitgaits design
ua

1 .

uSI@@lMQfﬁ tegfnsiony areoeuEipmora. empa] e 3ot rfonductor

rﬁﬁb%g ERlor &é\ﬁcé&rﬁgnﬁadmatambepntegnam a Si - MOS
ra

I stor aV|ng a single crystalline silicon
prlntable sem conduct or el enent capable of 5 high

HnBC¥m Bgﬁ‘lﬁ@ni Ofhe §i§léhtrﬁsamp&matsenncatduﬁhoeqqgamp@n@@,ts of a

bout 280 o t he nh d
trargfswce)tpf? th?aqua@}ﬁqt & tlm @g@?sgg ?"EYSH{'J?"E H@gft&é et Ba lrlﬁutar)y %Iomposne

Cs%?rﬂ&ﬂd%to?' EI6MERS cmtamatﬁenyg tlp)aé ldielacthe, gate electrode and
sem conductor el ements. For
sermemcimtm@@mﬁgt af @nE?ﬂ%St‘Pfan H{js |qngﬁ$t| of f.\tl{e éf&%ﬁt nventlon may
Hintable Bergiabiyd LEttﬁroeleIN)ant y bee dif @egomposrce
ea are toformClVDS ui t,s.
prmtsblpasemtmn@#qtgf |e\‘ﬁrﬁ‘i”gs{1?\‘1@9f@? S 8‘3‘?‘!“’8!%@‘?“?@2[14“? znsu!ator

bineNspplicatfe %aﬂﬁ:hn@épgmvld&sx@y mgbhquallty
Strdc%ﬁlfe?%éo\gf\re@ I SSi pat | o"r31 oger

dlemmwaemlcmumﬁeg@pﬁ%pbayn tﬁg\{lgw[ﬁgnsgﬁ Qts; WR%X exhib;t very low
Ieag%gs gt d fiions UskhéiS at @FhRIE Printable perticandLietor plmmnt having

for after operated el ectronic
mté'gramtl Isgmiaoinduetpe grslldj@gplgt@r structures also prowags *or 'Wcient assembly of
device components without the need for spin casting steps for integrating a dielectric

layer in a thin film transistor.

in another embodiment, the present invention provides streichable
semiconductor elements capable of withstanding significant strain without fracturing.
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15 using CMOS technol ogy are usually nore conpact than
any over sem conductor technol ogy, so nore devices
per surface area can be integrated. In one enbodi nent,
the dielectric and the sem conductor conponents of a
transi stor of this aspect of the present invention may
conprise a unitary conposite 20 printable

sem conduct or el enent. Alternatively, the dielectric,
gate el ectrode and senlco duc

Strelahabis: S poTSRCoR SO BE BRGHE 81 B SErmer i Enfon, Mot
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greaierenioaauah ApPyigl- ﬁn%e@r%){g ys?en‘g @&Ho‘ﬂﬂe Preg%?g&g%& a%etchable
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ut the need in casting ste
presant dgyentiph gnay otPQaIPé'E g @ cg);réqy %ngrlg%lq??r;pqsrte semiconductor

e[e&éff’@%aﬂ ra sithiédhdabel heticiard eferationallyt bannectesietot other device
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|nveIr{t|8ﬁt|HttEIM& a vﬁﬁeﬁ%gé cérallketraratrianaio ugptoslectmmit cle'ﬂces having

el ement s

t he present |nv nt| exhibit 0
stretdhabter e f}%qu)ﬁgmﬁe@dt@\tfg u‘mf‘ﬁ %o ’ﬁr@{bsistors & Sges LEDS,

n Sifdaidho-cittibrsehahitdlidevicgs.eat er or equal
OLE’I%Q |a§%-°@ﬁl%/o preferably I % and nore preferably 2%
Stretchabl e sem conductor elenents of the present
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us are ca e of signific
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testi5.rincs PbisseTaRpRANAT STAES iscpaecia e PRpgtiE Stifece of
thedﬁé)%lgesgjbéﬁ'ﬁbes xSinbfaig kaRliconanetof Istséiotes having curved intemal
on

sem C tor elenents of the present. inve
surfaseprusafulii presantlinYatiRoRYIPPIRE gﬁﬁm'i’@dg@ﬁ' Sg'ﬂauc or 1 the
contxt e Yo ? é}ﬁ‘i&h Ng “Serft YhficINduUEton stradtanet refess to a semiconductor
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l&”ﬂéjr U HRive Sl or mbieidedregionb.u et semiadeductor
Se@ﬁﬁh& Lgg'ltugf:tersom and/or opt oel $ctron| c_deyi ces
stnhniuneagnay be present in a coiled conforma fon or in a wiinkied conformation.
Semiconductor structures having curved intemal surfaces, such as bent semiconductor
structures, may be bonded fo a flexible substrate in a conformation that is under strain,
such as a strain less than about 30%, a strain less than about 10% or a strain less than

1%.

Curved internal surfaces of siretchable semiconductors of the present invention
may have any contour profile providing stretchablility or flexibility including, but not
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stretchabl e and/ or flexible sem conductor el enents,
such as transistors, diodes, LEDS, OLEDS, | aser,

m cro- and nano-el ectromechani cal devices. 15 A
stretchabl e sem conductor el enent of the present

i nvention conprises a flexible substrate having a
supporting surface and a printabl e sem conduct or
structure having a curved internal surface. In this

enbodi nent , ortio t i nt
i SR o SRl Y Bl g, SR et St on
conch@@ rw d d:diﬂmﬁairohajtf et lsbsinhe domvEX eedian @cé@tﬂgqqt gftg concave
ar m conductor . s i
reglqnm Igra{maqa g(ﬁm]eatc Chirgd, fntt:%nglt fRe AR Y sril%t&féb}éeéhdl or flexible

resent I nvention
semieeﬁmfctcﬁeetaﬁaﬁt 20 comtdux:pmfneschamtamml by ﬁ sukatantially periodic

context of t desc t
wave; pf g@pgﬁgnthllgfagpgmf i wgeg effﬁ]the c ?g of $RSHESEHHHEA, Periodic and

con structure having
aperﬁ)fdww:céﬁé’s ﬁ@?&ﬁé ?nyltﬁm arethrde dmgerfsmai wae 4o |"!9ééli<1"'aﬂq bt ot
a force. "Bent _senicon c VBorentzi
limitesh &0,0$INPYRYSF o SEHAC r\%eaaeahg\%% Loérgﬁ E%H% CWV 8V Eorentzian
waved I SICEHY @sonibyatios of tesel | Fon &xen’ip&d @bﬁf@mﬁ‘tﬂﬁoﬁn%rﬂemb‘e

n a winkl ed nf or nat,i.on
semlﬁ:goqiwéor::qﬁm@%tq g‘i’ prﬁg?ntg \feﬂwgerg%%gﬁgl% BQﬁt S%Hlé&fd%i%ﬁ ribbon
hawﬁgbﬁl Wﬁé?ﬁal s@lt'fé?@tnﬂih escortayr efile @11&?@’(9{!'@9@ by |aegylstantially
strate in a conformation er
periedie waye gxtepding ?Q%y‘% enot og% eq ;wﬁ Str%ttcfh%bfé and flexible

a strain | ess
semiddfBuABOHEMERES ¢this ethisalimentersiay tblaaaxpan@eblegr coptracgible along

I nternal surfaces. of st bI e
an e exnRding, AN o Eng o B RR)- 25 s B TIRpR & aéiBfinable
alo rd?]\éldr}lrmge%m@tagmbl ility or flexibility including,

ut not 17 limted to, contour profiles characterized
by at | east one convex region, at |east on concave

r e@‘h@ Eombux%rame’@f @@hlo@ﬁdmﬁoraﬁtmlc&mm indiie eobrdisment efthgrpresent
and l'east one conc d "
invepfion guay, GheIoe, SR eeT PSSR of i AR aEtHbplied o the
sen{hjﬁ SMLBLE elehfit.COMAGIioRE, theability tdﬂmnge@:omoaupl’qﬂleofpf axemplary
seng@;géﬁg!}q)? ,rs%ﬁc?tgreg@% g&?@%&g@ aellrll %Ilﬁﬁ i g%}at%d5c¥\?t¥a%t Gfex@deform
d?tﬁs%éh@:w&ﬂbut Séfﬂeﬂﬁh@n@lnﬂgmﬁtmﬁl mdtftanical edamage, tb&'a%mge or a
or three di mensional .wave for
substaﬁlaie@dygtlons|mgleﬁglggspelgqmgln8e ﬂié %h}él elg% ﬁcsq?%%g of the
nﬁ?&&ﬁu’cﬁﬁ“ sfa¥ere n%d?“@é%éht&ﬂxouﬁ@vmmedrtoathg stppoiting (sugiace (i.e.
these. For exan an_ stretcha Xi
ML= e A i oy SR Raf B eddog X Abhatively, the
curf RS Ss A abe BF th‘éeéénﬁ&mimtda rstmcﬂ:tmmay be discontinuously bonded
to the supporting surface, wherein the curved internal surface is bonded fo the

supporting surface at selected points along the curved intemal surface.

The present invention also includes stretchable electronic devices and/or device
components comprising a combination of a printable semiconductor structure and
additional integrated device components, such as elecfrical contacts, electrodes,
conducting layers, dielectric layers, and additional semiconductor layers (e.g. doped
layers, P-N junctions etc.), all of which having curved internal surfaces that are
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10 having a curved internal surface wth a contour
profile characterized by a substantially periodic
wave extending along the Iength of the ribbon.
Stretchable and flexi ble sem conductor el enents of
thi s enbodi nent may be expandable or contractible
along an axis extending along the |length of the

ri bbon, and may be bendabl e or deformable al ong one

or nore other axes. 15 The contqur profile of .
supmlmﬂdursitwvﬂmgsaurfa@@wﬁe@ fleniblens b ﬁﬁ%odjnflr%ﬁk'“’sﬁ ntgrnal surface
confR AR of 1hY SabiiBhal Wﬁﬁérgﬁélw geig onfpensatsi amabies teoseaknibit

OTCGS are a

to t seni.cq dugt&{:am such as
goott| eleetrunic Tresfophanae, vhe Whe i ¥ W@'%aﬂ%@ '
ma"ﬁ‘?ﬁ{mﬁe@ﬂca‘? KRl oriRsTistRRME! 8 tesicondeaioreslemayt whie in 2

elr ability t contract

sretihbaonbat cantalsmiTorAedi b BoARa AeRa PO T i s gopect
of tqeea[?g{eh erﬂ%ﬁﬂﬂ% hbv@ Gt vEre c@hf'g’ilrat&iﬂbstjdmtased Sailed or wrinkied
C

I'n el ectrical perfor The, cu
coniugwaumnmassmscm drovenand Sy ko IRHTCRtSF %Sﬂ'}%getcﬁﬁgues gimilar to

C &P prRfid guof b dlmant for
ol AU KeDeadnd ey éshauatimontentg b, o
exampteersteétctmwe adsyjce APF'@PH%ﬂtﬁ:vén ding, A @[ﬁi&é’% ACer Al

ﬁémmtwcanmﬁt&ecbe Aiternatlvely, the
elerfiil, 25 b ﬂ?% RfEpERTIHNG  41d i {

oo o oo TP RIS oRHAL i, anc e
resﬁﬁlﬁgﬁlﬁéﬁl X ur Ié a4 heﬁtﬁ) (648808 piovidel cungedtihterrali surates to

ace. resent invention also includes
all Grtsoatecdt di daewd:ee@lmnﬂﬁiea Sdevi ces and/ or device

conponents conprising a conbination of a printable

sem conductor structure and 30 additignal
de\Rrineabi ngeorieondsictos Lgamantse PEANe | E@ﬁe@oﬂﬁ"ﬁE{? PHh&Y Bmprise

hetg%g%?ro&%:?emfc%ﬂgﬁﬁ@‘uEé;iég}ra&?@réxhlﬂilﬁ eshbheed ayepestiesanslich as

sem con

entf2ndeq urechamoa, electriyal, magn%tﬁ: %{q?qrhom%@x WOB%%?@ %’éﬁﬁ ta varle:y
AR 1 b@ﬁs wopetdri elgments
o T il i S i, mpompesesners
areSMUlftla@rﬁpomnfstrga;Iuwslergmgtqqgerg@gpw%q{dp cpmb&?& s g@
mogq?\e/a@?i |5%$ gpg]erﬁﬂés confaP! o H?se'ae&ﬁnpﬁéﬁl biigitivegoedmprise elements,

ormance even when under

et fandeumpteral agorsgases 480 PREIIREANEReHY (ofl K dfesgnt rom the

conduct i vity, ubat i h sacis &dF edotived diaving a different
Se'@l"@ﬂ&ﬁ‘& g?(’rh kﬁ@SEg Fg?gi#gg oS?cbent configuration . o
chédidiat mn@bsmmsegrutcmdpmmab @tétﬁﬁpﬁﬂﬂ%npysfaﬂ'nﬁhl %e“%{%fe{ﬁé‘{"“

a o theu{ir gntUée{fmegﬁdltﬂfésnﬁy}ﬂ‘?\ﬁp@dbﬁnme invention include other

SUCh as a co or wrink] ed boron, and
seﬁn@d@ﬁd@ﬂ@ratnm;alsasNdiﬁa:an@e‘ﬂ-fmodéparﬁ%cﬁuﬁ%yasoé‘rsemc oro

anglr?lgrnylf,cattrugturaﬁl MO RPN QESchSd Mafdriale® and  conducting  materials.
Heterogeneous semiconductor elements of the present invention include structures
having spatial homogeneous compositions, such as uniformly doped semiconductor
structures, and include structures having spatial inhomogeneous compositions, such as
semiconductor structures having dopants with concentrations that vary spatially in one,
two or three dimensions (i.e. a spatially inhomogeneous dopant distribution in the

semiconductor element).
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those used to fabricate stretchabl e sem conduct or

el ements. In one enbodi nent, for exanple, stretchable
- devi ce components, including a stretchable

sem conductor 10 el enent, are fabricated independently

and then interconnected. Alternatively, the

sem conduct or contai ning device nay be fabricated in a

pl anar configuration, and the resulting planar device

i s subsequently processed to provide curved interna

surfaces,.to all or sonme of the device conponents. 15 |

Pr it a?dﬁo@eéerﬁsé’Sﬁtdu&eg‘“rm%?r@f?ﬂﬁt SERHICARICIOF o Slofpents  comprise
serhiltjmmhionrstrﬂatﬂ_ gﬁi)_ﬁaﬁhg%ﬁdiﬁehﬁriﬂtb‘gmwﬁur&ﬁiﬁhﬁodwh i 86mponents,

ement s exhi biti enhanced properties, such as
such i, AL T BT, (Ot OBP B B PF BT, St Sopetdpact layers, P-N
junaninispadfditlﬁnepeémigaﬁdudftt;feléyiérs,! m@in%bﬁﬂmulm&y&eété&@ for charge
nvi ron .S and . confiqurations.  Heterogeneous, .
cor Bemedin oL ngsrented Tubgliondl HeviceorrRArIRn =cen it et of the
pre@@'rt‘pzo ﬁm\&snﬁ? airﬁﬁmbcmlbﬂucﬁ_@rhicbﬁdmﬁudhfdimiﬁ@ eiriiGtufdde #Hd non-
re aaqitives. this context of this

senfeQielr-Coaning; EYEUeSonpr i18e SHsmamRedmeR) o hefesggeneous
sendlEshduoiop leforents aggiptigatiesctional deviddsslsBsh taeefRtddstortNalodes or

are i n which thg

different fr the m. conduct or i
solghy G, iy EReradrt Tuadional fevGo SoRRORIS dah #recrable of belng
effectiedly patterstyResdrhblod andodinfircdHbsicddn #Silstate Ralrial.

crystalline, semcrystalline or anorphous states).

Useful additives in this aspect of the invention
ipn;usudagI q:;rlmabteShaﬁmg@@éumcts_@midaga@étbﬁleﬂergéht&y RvRled certain
- e uc rseni c, boraqn, an nti nony,
advaptalBs it 0 1BRRGAIEETa At PO R, HESTARIrPS. AV, the top down’
pro€eadGipbRECHRYF Hid @leSent rinsth6d SIRNBOHRURGENY ARsHI61 Smiconductor
el epnents of the, present i gentl on ncl ude structures
Progess g SUBLES SPatMEGBBIRTL ORING doi 14 GarEed St in fRbrication steps

sepHitité abil SUbEeRatht SMcEMNTSEPO B (ISddTinfgUthe Spafid) dirhSedicHicof the
tructures having é‘_ﬁatl al i nhonbgeneous cong_gsml ons

semyGRIGUSIEr SSmeBiR WBh A EesmUng dos SHBSORIHGIOTPIDRAA 08 Substrates

andVihfo fueatidE 8N dvitiels O 'Sephfitibn \6R E¥mRAL AT probdssHfrom (delices and
or three dinensions a spatially inhonbgeneous

i.e.
devigs p SPPRfiest r3358Mbhn é’ﬁ ffrsconiestion i uibeo Preseabeithods gliows

prodedsmp QfRmidshaiasior rRéR) & BE Ui BLICRHE & Pinge of conditions
nts conprise. sem condugtor, structures havi

| enme ng . .
usegq& g‘i’rt SILRRING YRRy righ QuRktn SemireRdueay certaping, Bl [ags including
singhdleFyshp seimfloRBlictbe hali®y Bop& RSdidrRORfh viRllleddfinkd Aoncentrations

contacts, doped _contact |l ayers, P-N 5 junctions, .
and, gegtial (iepans cigtdtytigne apd | jegrated o semisondystar dpuitilayer stacks
exhiBiting | higly PurifdAC o f anpi! 4P arfRR | dERBbndUR frb®dRlIng and

integrated functional device conponents of this aspect
devige cppponent assembly, allows for semiconductor processing at high temperatures
and under conditions of highly controlled levels of impurities. Second, use of
heterogeneous semiconductor elements comprising a plurality of integrated device
components andfor functional devices allows for efficient high throughput printing of
functional devices and arrays thereof in a commercially beneficial manner. For
example, device fabrication methods of the present invention using heterogeneous

semiconductor elements comprising a plurality of interconnected device components
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present invention include both

sem conduct or-contai ning structures and non-

sem conduct or-contai ni ng structures. In one

enbodi ment, heterogeneous sen conductor el enents

conprise functional devices, such as transistors,

di odes or 10 solar cells, or nultielenent functiona

devi ce conponents that are capabl e of being

ef fegti tlerned . e st/ [ i
redgﬁesa?@%g\g %ﬁéj e e?raéfeﬁggff&ﬁ%s ggégdapr | nt %glleléglttﬁé "R FRed in
mahefaeiudgg sarve sesioes.conduct or el ements provi des certain

advantages in the fabrication nmethods of the present

invention. First, the "top down" 15 processing )

appnoaudtharf asgeet,ptres gresenktiveton| provides, imetheds yof aagpembling,

type of sem. du cess) e Su S j Y o
oyt | SEERTng ToREreR e Sty ey SRRglrgy prinable
serpicepsuctsegamatis bnionps lnte esppstrates avin | & 48ngM oft KNG f methods,

. {1 defini i i neasi ons:.-of -

ki 1530 MR o RS TRRfod M, Prong merac

of the mresentineerdioneire sapaiie ohintagpatinganer mavd spiepnductor elements
f unct,j onal ice rat f ' . ical

o 356 Blp-HR, 152 eSEEPAA 388 hof SILANF ot e s

propestiesband/anthechdrécal ovhacattériatics.n Inhedgitiers epiintingt metwds of the

|| i f ! - neiar :
predapt ey o Sapebi® of - ARLAR SefifcdiBibt Hdngdl Yo or into
selgetod regiomgof arspbkirale angibini selectetrseaiall oewstionnt Euherg printing

A Lo A9 Y b SO, gmons

" andathes piaticea lconhppaetts dite tanidinatantna substrate in egnannay providing high

oo BT B85 DL BTNt DA e consucoy

beWe@pesagctgd atieliced enoimpenentsp qgoedt Insstation| hetwabn oseleqted device
Or__Dr,oces. i r at i .

coR RS0 BEOGRER Mol 1, R g Beon coves

comnpdnents.i es. Second, use of heterogeneous
sem conduct or el enents conprising a plurality of
i ntegrated device conponents and/or functional
devinc ese adrhissdiméntr obfthe cpreaenthingantion; cegipendugiar nélpmgnts are

f 30.f ti | .devj ¥
asgkgnfie £ 4 SUndinlt PR RE R FareBfoohbet puid'n@inods, such as
soft athogehicomicrattansfis oo fnanhbeansfeseethodsv énonemefbpdhgone or more

h 1 i d t . .. .
PP B P GBcIor AP ES T ch Eet W o SONREbeydster dovice
haVig Usies of Iﬁﬁ)rﬁeﬁonwrfaog(sj.ab@brdmti estaldisbpd hatween the contact

t he, cost.s, L nvol ved |

oA e S el itlen B i P eppsocates e
seficontgasr erineatls) wf theseemdrt isugace(s). pOptionallyi sgnformal contact is
esﬁ%h&%%hé{qrﬂﬁ%eréﬁg%fgfﬂrctwlgacef)sﬁtawa rtﬁ]é Bﬁnt%‘lg/ hiconductor element(s)
fo facilitate binding or associate of these elements. At least a portion of the
semiconductor element(s) disposed on the contact surface(s) is subsequently contacted
with a receiving surface of the substrate. Optionally, the conformable fransfer device
also establishes conformal contact between the contact surface(s) having the

semiconductor element(s) disposed thereon and at least a portion of the recelving
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sem conductor el enents onto or into substrates via a

range of printing nethods, including dry transfer

contact printing or solution printing techniques.

Printing nethods of the present invention are capable

of integrating one or nore sem conductor elenents

onto or into a substrate in a manner whi ch does not

substantially affect their electrical 10 properties

and/ or nmechani cal characteristics..| L :

i : 'device and the

surfage.i Separgtioneohihgscoptact ﬁlérfaﬁf’f%é ﬁtCOPi?\Vﬁ% gg‘lni)ng@% dgtgpabl e

i s BahsRAIIU semichedmtdrselement(s) ontatibe receiving
semi@uBpERRriafer

f bstr at ' .
curaspihemby orsamBGitomsem GRS, PP 4T 08 TeEfg Suiface of the
subsé&g. pfneéﬁ%tmﬂda\fﬁéﬂti (SBfciied foapbice fabridation gpplitatigns, printable

eni conductor elements and ofher device te d
semicartcicton dleorenémare RosSione ARNIET INeasatR ARl trs SIS 17 selects

providin
ion|. ' g Rshdraniaptianallyo fiedtednstarmoetess is repeated
il Y P edBsiapombasiaanon

I shing good conduct i vi _
multiplel tiruesid FeideBAtRSRIBE B EGS aé%%odfr%%eﬁ%{%osﬁ‘p‘%téﬁgg Subsrats
In th gie!a%ﬁ)ﬁﬂ}e‘ﬁﬁvﬂg@etr?r%t?ém%mﬁt §?mgj_/pﬂntagle?slerapandha}tor elements is

rgnnent and relative positionin n .
contausedovitintes Aot nresinn OhHba; REAYNGr S‘ﬁ’ﬁgg%r S Eab successive
pattei;ﬁ]i}ég %Eeitp‘? nl{u tRiEHh Yeh/OErgd! #1886 bba aeaivieg serdricaday he pattern

Strate

surface by dry tr,agrgsfer con ct printing
with semivoddyctenaiemens degyed frem RRPAP RICNSHALt r ansfer or

nanotransfer nethods. I n one nethod, one or nore
printabl e sem conductor elenents are ¢

t i.t

c ot advariiage of thagrserof fisy iraasfeh sntag P&‘ﬁ‘gfr‘]% rﬁ%ttrrigéjdest%nﬁz "ﬁrzse:dt
inveSieh bR Drinidem taficosdiiotdrs ictdmezhtd etapdentranaierred a
mvegfgcm %‘i{la@%’ﬁ 2 alco s _ |
aSS@hiﬂﬁégﬂ(@)tlbg#;teasiﬁgi(ag%sr;g?ﬁzméﬂ’g@p l{f%%“%g%%F'?g{ﬁg&ﬁsg’?g?ﬁr%a“"“i

| i & .. This i aspebt e presen

o« GORPIGP Sy o0 g ot
investtiorf ds easicusatty baeefisial Hior ARSI HEIET o P fe‘e n&to?gé

5 QniAGht ! Lndieng: Qredapsael dbfmaf pbéitares ahe relative spatial
sem&onpggcgé ege?flipo rl{ LRk Bicafe

%0n of th j t. :
oriedliatipos adhiabndit&cé;( %ﬁgamndg 5 Sg{g‘g){c%‘ad :ﬂgwgf% é@ﬁ%@ﬁ{lﬁbr arr::/ o:
: ' ' b W oénttimention are capable o
dev@% %Qﬁﬁi'{?%"’%%p ‘t"?"ir'crl Héfnfl'l p{i{ﬁﬁtﬁ% Wiefithds f trroresdn

ona

e conformable. tr r ice
transfestinge s pesitianinge ando s eRmelingc BHP@E{?BE?\‘/?@Q%G%E': e'gﬁg"‘*gt andfo

cont ac
e acel ' seniteaadusiass lckming, (kut not limited o,
P""Z?ﬂ%o%ﬁﬁ“ﬂ@?é%%ggﬁﬂﬁ% least a port] Oﬁ of ﬁéﬁicl systems
trarfsRtarbyi ng opfitals ur f acyeguidear at | GHCGRICEFIMREIRE ’
surface r | dfodek 2618/ foftead ciecusind t he
“a@g[ﬁcﬁgwaﬁiﬁnﬁaér%?gsg&né%tl s transfer?the sem conduct or
el ement (s) onto the receiving surface, thereby

25l A0 diShoRAGHC ! fdsht FiveARIN providSeselentis? rangfor and
assembly methods wherein some, but not all, of the printable semiconductors provided
are transferred and assembled onto or into a substrate. In this embodiment, the
conformable transfer device is capable of binding selectively to specific printable
semiconductor elements provided. For example, the conformable fransfer device may
have a selected three dimensional relief pattern on its external surface having recessed
regions and relief features. in this embodiment, recessed regions and relief features
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substrate. In an enbodi nent preferred for device
fabrication applications, printable 5 sem conductor

el enents are positioned and/or integrated onto the
substrate in selected regions and in selected spatia
orientations. Optionally, the transfer process is
repeated nultiple tines to provide patterning on

| arge areas of a receiving surface of a substrate. In

this enbodi nent, the transfer, st hayi| i Ot
mays b RRHIREE oPUTH] B Ay SEIeclRg, PURER %g,hﬁgg&{jﬁt- { Bnfents are
cont%glghoﬂ¥ ofnd I meReicohtagt sulfatesaipeovided duycthes uelisé suatigrn, and
p

atterning step. In this ner .,V .
subsecnt e P syl ob Opt DEoX s e B e
coni%h'ﬁﬁﬁ@th%n%l‘ A6 FiagMale 3 dugltact st onglirality ofigontact surfaces

advant age of the us

f dry, f L O] .
o A e e S G b BT o Rk P Fogon

patterns o
havﬂhih%ﬁ‘z%legréﬁﬁg SAEKHAE] oA ted eortattsurfaye bed/or regione hegiag one or
and

15" dssenbl ed ont o substrat fac i
morgr adhgsiMen §uatee EPAHNISpat' af"'So P@R?ﬁfﬁ”@éﬁ'&f thoSe "EEMIEnductor

clor&Ts GRACLE! Bintdtedaiinsthahbinbingefebivas tdre theatordael. surfics(s) are
aspect of the present

[ i pventipn,i i cul
bound rtefthe iteansfes dexises And, stiBSEAUEH giaﬁs%ﬁ%@ l??xglzli’s{s%}hg}ed onto the
subQﬁ’%tPtsg.‘WfaEe. SHTLERIMALE OF selbeiventanstarearfiabssetitiehetrpds of the
we efi ned positions,and,rel a&l ve sl@gt 'sQllnicoanuct " delements
cte

preganit e invaniiasngs wia hadirst c PRYETE o OF BIUAYS 500l

chapfc‘(ejf-rfz%d ‘bg@_‘i"irgwe@b'f SokitRhs aintiayatidl cfienitionsway be used to generate
cont I gur

a 5@08§@$ﬁemtrf:?f$ i?]’ia@-}g %Emar%ﬁ%&tﬁﬁég%ﬁrgﬁn%g‘ﬁrst paﬂfarn and
chap%ﬁéﬁi'eﬂ Hyg sabishdoset dbbsifiensPand sipdtiab osentatiomsdoeresponding to a
e

ements "and/ o printable (ﬁ%{gecon uctpr cont ai ni ng

seléatedt dederaeoniieuiadiar of AERYef tﬁﬁ’f‘ﬁ%'if? i ted to,

transi stors, optical waveguides,
m croel ectronechani cal syste oel e i .
s ciiroas o = R B B lrcs
at'?% r od|;5e 8t arl BRsRhRFRNrarisheresthinprorpemupatite, multi-layer
dryse eég‘?i ?/tg ransfer and asserrbj%% mgt Eoﬂﬁ @'Pe%gaﬁi’: iﬂvé‘gﬂﬁ’include
pattaming devige! Copformalde Hansfen BPUCc RS yl <a' ¢ BieE Br BV de
pat?e[rﬁin%; [R0RES EBﬁ?ri;ﬁH@ aaSamy of bopmiep layers as described in U.S. Patent
substrate. In this”enbodi nent,, the og; or W&ﬁ?wi s for Soft
Applicatien dserigb N e /41 %8 bpitied &Omﬂ"ﬁge deetie, 4] on
i i Gl ik e 1B 3P aAhRPTEdemark OtficentApripR6\3098dwhich is
thli%?&e@dﬁr%ﬁ, tﬁl]léé conformabl e transfer device WB% erﬂﬁ%edevice
heweby einearperstach by crefrarges b Mgl eRtEeer ARaPYEPRATN e .
#haMica8nt iRER oA Gomprighsm solgmer ket ledving a low
us?egebté?e[?ﬂgé nﬁ#ﬁéq%ﬁ?s eﬁbod_i ment | recegsgg‘)gﬁ)j%i/ Oné e?é}g?l for SOome
Yound's dodulus: anefsas apobdgimsinyiRiore? g | TnBECATY
apSiftaB6iEhaid ARbiRss SBlecRAG M te @hgaenbisoutriemicron to about 100
microns. Use of a low modulus polymer layer is beneficial because it provides transfer
devices capable of establishing good conformal contact with one or more printable
semiconductor elements, particularly printable semiconductor elements having curved,
rough, flat, smooth and/or contoured exposed surfaces, and capable of establishing
good conformal contact with subsirate surfaces having a wide range of surface
morphologies, such as curved, rough, flat, smooth and/or contoured substraie surfaces.
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contacted by one or nore contact surfaces provided by
the relief pattern, and subsequently transferred and
assenbl ed onto the substrate surface. Alternatively,
the conformable transfer device may have a contact
surface or plurality of contact surfaces 5 having a
sel ected pattern of binding regions, such as

chem cally nodified regions having hydroxyl groups
extending fromthe contact surface and/or regions
havi ng one or nore adhesive surface coatings. In this

enad ot r%?el; \Hﬁ}e ' trventict enfusthehabmprise a

a?@&tog%ﬁ%c‘f% V{'/Iy?%‘l eogﬁir?dlsﬁﬁgﬁggi oﬂé on_the ¢ taﬁé hiah
secopdiAyer dagig anextdsoalmiriace opROSIE SRR SYHIE: a‘é‘iﬂga‘” anig
Youﬁ%iliaeor ! lSYICI# %@qﬁéliﬁrfoggiué%lﬁﬁqw&?de@ﬂﬁ@ Idyee, dldss layer or

Surf ace. vant age of selective tra

- ESf Fhnd the
metainayens seittis pmbodinuns, the interaal priace fl the jish pPYmer $YPh4t
.afir I ari b anghiidyuch teaterforse applied
'“te@ﬂ'a?’féﬁ%gﬁ{?tsgsegﬁﬁih‘gf‘r"igtdag‘_lé’? a%’?ﬁ})osi tions “and t ] ah? first
to t iegletrad isurfacersf the sesentl highg@adwlys dayey 1§ é@aﬁ@?t%ik t"e

of printa el ntbirflbggrefor Yacking tiager) in
Polymelrﬁ?y at p%?nﬁaér?g%gﬂ'}gggig% e%cggﬂér&b)? a rseﬁ)n{j‘h!rset g? transfer
frangfesidevicas cirttie sprasent| inventiont ist Peseiciat BRFRSHo RGeS "3

15 sel.ecte [.Cex f i aurati , e 608 b " transfer and
o AU AU 30 Bl grnotrenco oot ot
assetavly ahaictaristicpr Eoeaxamplo.cite 8ina SGRBIET JEYice hayng a net flex

. transfer 57 N8 td Gbbun xf H#r° Ninaminimizes
Figl 58%@3&&@@%?@?§%e0@1%?t erning fevice. . oo
dist6iioRo okl psitioas of eemigendusty Bels g rofher siTugiugs ou

i nvention |ingl r &y bRSt QAR isabstcata surface.
the ﬁpmaaf P Cﬁép &éé’fﬁﬁ%&@?ﬁé’i& gfaéqs?\groiﬁbed in u.s§{. dai
UsePéit £ high medlus; algicbacging layeraiso ishrengficialsiar preyeringedegradation

" Conposi t e Pat ' j i lsbit eeamplehyy , prevent
of g gﬁ”‘ﬁ#‘?hs?'ﬂlggﬁﬁ@tagg entn&g?gﬁ%] atgég{nsg?rk Ofic pon i Z d
cradhifig bf 28, pr@aBle seiicondustor Irseshy ThifcBiTRMS PERYIGRF Methods an

reference in its. Lr edthafty Hdibidignhigh placement
devifssi %feasst?%@ﬂpesﬁlnﬁéﬁlﬁe&‘hnﬁ?%r@ggﬁgf l_t hgﬁt resent & ig p;
accfit§ Nrido gosw atteme fdalitp o Tyansfen dgvises QU ithiy PEseplifygntion may

cor%;gs%%%dsqit%gr !a%%;se?réﬁﬁ%@ p@g\\?@t geﬁ}eii'é‘r%h chﬁf'idir@( aasy) handling and

t h
maftériine¥ sl thetmealtmrdpdrtiesand énrrnmﬂ@i%gﬁl@(égﬁ ifiygiag gh 3 foroe
ap;}liggj 28 ?tﬁjé tr%rgﬁ?grf {fl%vﬁ aoﬁzthe U BrePiorfadt QUrfABS(Y), 48 taadht e U.S. Patent

ecause It provides transf % Soft
Apﬂﬁ:‘éﬂ@lﬁ%é?iap aly. el 0115854 sritited fGogwesite &ﬁ*@g&%ﬂ ifes e
LW th ong or more, pgi ] lonGARINent 005 which is
Linggrang fiag MR AP aB B A o
incEipoMRed bpfeferengd in ifd exttiretg hexsih and/ or cont our ed
exposed surfaces, and capabl e of establishing good
conformal contact with substrate surfaces havin

W df &roieer approaci,abe prhvipmob’bﬁoﬁsgdmgM' e é@gqga’guide the
traé%glg gggéel ?ﬁe’ vigape?éa%tigﬂg(upé of RRIRIHGEE nStérddl oRltRe transfer element
leads to a peel force {i.e. the force that can fift objects from a surface) that depends on
peel rate. At high peel rates, this force is large enough fo remove objects from a
substrate and transfer them onto a fransfer element, even when the static surface
energy of the transfer element is lower than that of the substrate. At low peel rates, this
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23 Optionally, transfer devices of the present
invention may further conprise a second |ayer having
an external surface opposite an internal surface, and
havi ng a high Young' s nodul us, such as hi gh nodul us
pol yner |ayer, ceram c |ayer, glass |layer or 5 netal
layer. In this enbodinent, the internal surface of the
first polynmer layer and the internal surface of the

second hi gh nodul us | ayer are arran ch,t
peelfiarce s lapplin sometembosiments.dpriantating %ﬁt@ rﬂ?é“‘%é 4 gupports
an a%?)?ﬂg? g&s%@a{n@{g ﬁ?nblssdﬁsﬁﬁt%”hﬁd gbntpodlihg tHd elsment away slowly

nodul us seco
leadb &y die (rmsf&ram‘léheﬁy Dla§@t§)frqnh thq rapsfsres! elagmn t@e@e C#lg?tﬁate This

sent 0 e krolpE kng tratps osdndbs used in
appl'?)?(g"h thbn%g ed\} @g%ﬁ avpﬁgg gécﬁte? fl ?éﬁra% rigidity
combinatien witiothgother tmfﬂf@éi)@@@é?%‘i'ef?ﬁ"iﬁi( ¢FPlihsfer and

assenbly characteristics. For exanple, use of a
transfer device having a net flexural idity..
seTratfed dévicen ofhthenipepnt ifveaiiLmay Nave 3'g%ﬁ1ﬁ°ﬁt"&‘b°é‘8t°°“"a°t
t @DFads. t Maepemitadt cusfacé(s) of
surfg(‘eemog%ng Pé[lﬂ f;:de@rrf\éﬁt&uog%éc;ogﬁdcot her St eﬁr es bound, oo
wransfer ddvisesooft die preserdciByentiogpiaYebe %‘F Y 2ofitof nal
dim cont ae qu?lggaorga SR tgé&?@n %ﬁr@cﬁaceﬂ@edﬁ@gloﬁs aanbl @hef features
i'gi d bac &\ger alsg is begﬁ FH ; %5;1 vention
havpg@emmtemys@gk dumnsms ntach sWifGasHeB! I MR ‘Bf
nent ¥ andreerity byneviader Waals forces,
masd)%gﬁ?qu gfﬁlbﬁiﬂgynﬁ%i SemicOidu@ e bl?

rintable sem conduct or

covaleht bdndse apheawedbgemtch@r@g:alé)haao H‘lgg,rgg@ngf%)ﬂgg gngBgloﬁs havmg;
NoaD tforegs lorgtpmbinations o
hydﬁq glarpéxﬁg d?sj)'gc&ﬁ’ U sn.ﬁ'l‘a%ﬂ?néilﬁol@d?ﬂ)d?e foregs orgdombination

uracy and good pattern flde
thedk. aNaihsfer devcasa td praseniinvaidion max Raye %*?%”%’es having any
conpri se additional |ayers, |nclud|ng polyner | ayers,
ar®f-or provi ding easy handling and maintenance, good

t her mal properti es and for providing uniform

di stribut 0 | t® fooMtdte aﬁazfsséer of printable
de\fr cnp er ﬁg ;"e [ re corYtab%O sed

act surface(s), as ta
senh!c&dtﬁ&ﬂ"@td]nernqs)ﬁbnnapp@tﬁciséﬁage intg or g)m qgulg,%cr Dlerddd. tn an

entitle Oflel K f e Sastrate surface and
exqmpl ﬂygqr%ﬂ%;ngﬁ fﬂe S‘ffgﬁﬁﬁ;ﬁ:@ il b%gae%gfﬁ to ¢ r?d i ara

thecécfntabe sariacppriomokas tra@sjg' {arihe rpubstrate SUrfaesy EQF gf%ramlsytransfer
Cie &res PRI layarthaving a

ey B S B Rl B B e

lowleh @urfadeaarsdigy to a-leubstratﬁ SRR (AR SRS %?e’%es“c as @

Surhace, mherial ngf %Hdiﬁbﬁf@ fastid eatsktrateosatace may
polyigitie.(Aoy 83'1)()('3% of gEEg‘?%%C%t hat can P t objects fr Emrintable
be Softeiddaoepartifiht md&eprbbuﬁeehngggﬂcp‘et@arydg{redurmg GOREAGt wdtg) P

S Sb 9k S e dhefdt sténﬂbd)rﬁmbmr elements
B eI S bgstagrﬁeg%gf er %ﬁeém oni6 oA i1 AL t
enftle8a@&Ntin thy esubsirate. t hloing ithe substitie to cool and harden prior to
separation of the contact surface from the semiconductor elements promotes efficient
transfer. Alternatively, the substrate surface may have one or more chemical modified
regions exhibiting an enhanced affinity of the substrate for the semiconductor elements.
For example, modified regions may be covered by one or more adhesive layers or may

be modified such that they undergo efficient covalent bonding, attractive van der Waals
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energy of the transfer element is |ower than that of
the substrate. At |low peel rates, this 24 peel force
is low In sone enbodi nents, by contacting a transfer
el enment that supports an array of objects against a
final substrate, and then peeling the el enent away
slowly |leads to the transfer of these objects from
the transfer element to the substrate. This approach

of the L nvent | on,. us t
forcepag@glecrﬁpfﬁﬁgorag% gr eom l,gag%quﬁgfgtg%g% n\ﬂl‘va\} %l% cﬁﬁ&udtﬁgelements to
pronbff@@ﬁfc}%ht &aﬁéféraashteassiaﬁkﬂm Utharria&welnyna plrrtial gfobmerized qaotymer
of the present vent onk i
precysaR dﬂ@yp gq”qoatag %’erq@on%y@tg?sglg %In%ug)t SHEH device
compsheh&Cands ﬁﬁﬁsﬁqeéntlyTﬂmymmﬁedptessm ng irclorsjtianf of & substraigrhaving

devi ces of t esent.invention nmay be defined by a
semigqctes ¢! Q’?ﬁr@%e'%geé‘%‘f{etﬂgf “Bhal di mensional relief

pattern having recessed regions and relief features
havi ng sel ect ed si cal .di nS| [0} t r
~udaran exemelay %Pfg%%ﬂ? nt RY8 B""ﬁé@d g@“oﬂ%{& s Jrgqg&;cated
havu{i}é&ﬁﬁﬂ digrabsd Edaadd ﬁltﬁ?ﬁhlﬂ@ﬂdaéﬁ tayele secteas 8 layer O’éﬁhccj@liesm;t used
forces, coval ent S
as agheigreash Q,at’pggaﬁdf onig 8 %lbt? ?{ﬁige étﬂ' tgg dre\gﬁlltllgﬁééﬂﬁsfabncation of the
pnntgbﬂ@r'Qéfﬁlgoﬁlféttﬁfsel&méﬁﬁsed'hencdrﬂmtrswiar:é am‘es conformable transfer
i pol e-di pal e forces, or ati.o
deviqg d% Prevahy dite e Wgnfﬂc@\gtﬁ {hengtzan ‘{’ osr#ﬁﬁgé?%? fhe printable
semfc@ﬁ&@&ér %t%rﬁé#ﬁ e ? Ty irglgags yiayarr éaciliidtes uh@wng)fofngteh qigtable
e used to itate transfer
Sem&@ﬁﬂ%@fa@]@'ﬂ‘@i‘tsé?g??eﬁ?@a?tr%\l}{ Eﬁ} a@% di%d#%@% | Byiiese of the
pnnt@ﬁl%ﬂosﬁléét?@b{oﬁb%ﬁ#té ﬁ@ﬁcoate’d with tlfﬂ—i)r%asaﬁ:&mr;are then contacted
odi men e di i.n,surface
with S B0 BUSaF St SuRTalhd et MR PRt FaECaPBued 16 exampie
by e&é@é&ﬁé & arl Qpﬁrbgnaw]?fﬁméﬁt@cﬁ usfaaemneﬁhere@xmpa!etm? thet printable
ansf er effectiv ie
semisaniiele’ eGMSHI BRMoFo oINS FATAP! HaUPg Spiep el FE recatving

surfadd fRyHeEBEAEY With éne bbsidrataghesivé dﬂ}emm/i‘awgltae Hiagistar of the
surface energy, such as a polyimnmde, polycarbonate or
printablessenaiconaye®r elemelRii t i on, a plastic substrate

surface may 25 be softened or partially nelted by
heating prior tg and/aqr, duri n Qnt W
Soin cUatRE GrbeRERBNIG {1 BEErh By RPRy) Pyl piosductor
ele SLAl LAQGniHH 670 Ausiibefratel stiaos by selutien ﬂentmgn In Hlee context of
strate. Al'low ng the substra

ths e iptoD, ihecigaR APPIBIPLPIRHRG i, oA o6 PR 10 BBt nereby

one}ﬁ%&@%ﬂ’ﬂ%%s SL@IRNpAntable ReRcnahidibcélements; pengisparsed into a
ternati vel

s o e B 57 S5 2R SR AL AEerls manner
to s%grﬁn congﬁ)@%gi; %'eédéﬁrsrfgé‘ttetsshu@faﬁél bsinr st exdroplatyhsolution prlntmg method,
delivery of structures to selected regions of a substrate surface is achieved by methods
that are independent of the morphology and/or physical characteristics of the substrate
surface undergoing patterning. In another embodiment, printable semiconductor
elements remain suspended in a solvent untii the solvent evaporates, or until an applied
force, such as an electrostatic force, magnetic force or force provided by an acoustic

wave, pulls the printable semiconductor elements out of solution and onto selected
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For exanple, nodified regions may be covered by one or
nore adhesive layers or may be nodified such that
they undergo efficient coval ent bonding, attractive
van der Waals 25 forces, dipole-dipole forces or
conbi nations of these with sem conductor elenments to
pronote efficient transfer and assenbly.
Al'ternatively, a partial polynerized pol ynmer
precursor may be contacted with the conduc
regu@iseof&m sulgstrats. hEhiSd@W@@"%@ﬁﬁé’ﬁéﬁ?@é%fﬂhy Sgl Utkoé‘q?]( ap l-o);)nate
R tid prirRsBa sb@itopliuctoselbsienistrecessary 10
phy %R'/%ﬁgédséj g’earh{dgﬁndée%tor eQ‘I)errents embedded 1t rg*&hodsnof the
avo;drprematqye csegiraenalinne e thisr WaY.ahee SALHeN HHEY
prewf ”%gﬁtt?chn bifref ?ﬂtémﬁ/qg)m %@Menﬂlmﬂi@meﬁtus‘sémﬁl metitoeld in which

rel ease fayer, s a layer .of .
clenpdnts suspended s 8 cbarries reedHpB %Jha‘étw%p%’?%’“QP Xl 18 ps fogoe of gravity
byt .f abrication of the
a“dfg?q ﬁ‘faﬁyg%ﬁg{ose@he%onﬁgioggbﬁgrrents. The cont act
surface of a conformable transfer device is brought
?\n[rggfb LB &ANIRCh ;‘Mﬁtib!é hsiénﬁétﬁfcﬁdtoﬁitéiémemsonfatrlamlvmg
g sem conduct or el enent. The relea rintable
surfée@ ol & satisksitdoiibe pesent !‘M@Wtﬁf‘lcﬁmﬁﬁs thegier aﬁaﬁéﬁgra p
el edgrgtto? St%,g Che Eﬁo?t @ﬁr‘i’;e?’%é@ﬁﬁn ofhetddy igeaastieg a suspension

aces 0 rintabl e sem gondu
conﬁinemgnm sarhicondictaf e@mn{)ﬂefh%l‘:@a?é mege- arﬁtl  ffpiconductor
| %Ct«%l& Ee%\ Vi Wl ubSFs \ynsoiatisr pRRtIMY tee sut;sar\smmeonto the
eerR@ d €ase layer 1s Y emoved: for.exa DY receivin
rec€iipg surfecd, chareby @ssepPPing @eﬁgw@qﬁdugt% ﬁl%{gerggcg&% ﬁg re g]c
here e a¢ e by a number o
eSS Tup g i sty s e
tecﬁm@ermmu inghe adirckusingriyt et ligdied do 10K 192 PEREY, ﬂ‘ a
Cored f t fothetpresent i ventlon may
oSSl Ra, PR e ol ghont penion o
a!s@lﬁhqﬂmwedf asternbly gligoment tachiianes o) Opfi SRR Qent, for exarmp
aligny O”d“‘:tr@x{g Sﬁh%‘a&i@n&{ &f FHHeIDm %@nﬂdﬁﬂrﬂu&os Whehents ehaving

ron~printing In the context

patteaed hyairopimblct &y h)gjrqphilmrgupso@ferﬁhgﬂ@ql Aga rpgelylﬁg 3\‘\'2%% having

to.refer to ORLICR! adTihéth{t tend@inateeis surface
corgpfirpentary, P?'Ff%g%l? e’s Eo:hﬁ con d o (eéf%g ment

grot §)ogm$ agidnophmc aegieng fauch eas WE@W aglgctsérrgyagedcgqrﬁcgrgrOUpS)
L@og é)pg geﬁle gts of%tt?é]I Agkh gﬁé‘rﬁnohr}néy QQB@ﬁpﬁleﬁi cafﬂnmv raction of

Pohs of A substrate surface. fionment.
drépsesmitainlyig sdisparsan ppintablsi a@nmmﬁ@@r egg]ep(;epcy aglineve align

structurqe/s tsg §Htect ed regions of a substrate surface
popitionag ARG PP R®t hods that are independent of the

mor phol ogy and/ or physical characteristics of the
SUbE)tp{ic?gaﬁy, a number of methods may be used in the present invention to control

| the orientation, alignment and selective deposition of semiconductor elements and/or

other device components on the substrate surface. These methods enable fabrication
of compiex integrated electronic and optoelectronic devices comprising a plurality of
interconnected device components having precisely specified relative positions and
spatial orientations.  For example, electrostatic forces, acoustic waves and/or
magnetostatic forces may be employed to facilitate positioning semiconductor elements
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surface undergoi ng patterning. |In another enbodi nent,
pri ntabl e sem conductor 30 el enents remain suspended
in a solvent until the solvent evaporates, or until an
applied force, such as an electrostatic force,
magnetic force or force provided by an acoustic wave,
pul | s the printable sem conductor elenents out of
solution and onto selected 26 regions of the

substrate. This function . :
anc Si1GESiaVSR COMMPBFIIREB1C ApLTELR Y 64 Spaie) orientatons
DosifeRafl shrifftedr | Wﬂahhéiw&@mtﬁ@rpﬂmﬁms endfeencamposition of the
necessary to avoid pre re se n n
subsizje afabe divel A (14 TP AEREegr S 5 eBybfs Soourate
p!ac'eﬂ%ﬁf‘%f Q&nﬁ?ﬁéﬁoﬁ@bﬁmﬁh@ and bihemdsdoe cbmpndereisselFDr example,
met hods i n whic
selecterh 1egionsal PEF Aot GUTaFe TGV 19 BIeTHCAY o ofioft that they
exh‘Bf Q@Yéc!n%/e a?ﬂﬁtysfdflt sesﬁlb@-ﬁiulcwrfaéﬂnenust olm emiehimd he electrical
A st aLe. hOd %gpévnll;ﬁ@ b% formation of
oropariien abitee SERRER RGP BrbpenToufed TG
poteﬂl‘iéf RGEs # s ;ﬁec’?ﬂd:béﬁagé Gegibnd, he fan‘ll&sterﬁeleahve mtegratton orientation
nprises the step dispersi 0
andsBgnDeNGR PYDIEDE SUFRNUIoS efriErd Rt ﬁ‘%‘”tg%c""‘é%"“e"ts
generating a suspension conprl sing the seni conduct or
element in the carrier nmedj The semico r.
el Emating iretheds s kg Pb“-SPHé inveglien aqaé’eb§ Egﬁ%%to of advantages
|mp§ﬁér§’tt d?gthTehFab?lHétﬁ%ﬁln%\;] Crfigrprﬁeﬁotdg@lcer eme}mmlngamdjorf aptpeiectromc
ereby assenbling the seni conductor el enent
deviceseiFrbh grinting metheds phineRresea iy RS 2B rolp D EnBiflg and
assEFn'b wnd i?tgrq‘éﬂ %I@E@étdﬂﬁﬁ éékhi@nﬂuabestnﬂfturés witbotlrexgosing these
ar

i ncludin limted
strjcktreprionmashanicdle siain 1arg sP'é‘?”ghp?‘? n ARG %%'Slﬁ)%é"} eééanmage or
deq%cH’HoH‘QuchSéH Hérh?@b F}bhﬂérbﬂ@g’m%éﬁiﬁf pflnﬂr’fgsmpth@slermf the present

0

nven

sel f assenpl
inverdionrarg upegable of @ﬁgttigwﬁg @pﬁéﬁtmorp ggrrg%%fztgr SRR on selected
reggblg gﬁbstrﬁ?esh 3l iRGseited 8@t with gbog placembiveaccuracy
con

h h
(i. eagdomymttua;lz)tr\:grr$tf(;tlggedﬂnﬁt5§re§€%é g ag%z?ftf% pejg?q%§€ 8&?\?}.& surface),
pre?eiag) g%ﬁth%?éh Qjaesg%ﬁér?é@bﬂniﬂgrﬁﬂﬁgew mtdgﬁ?ﬂggzﬁWmﬁhodiamns ona
sulmstrdich jads dpan | drcequalitd s Midpeh o "%alpf)‘ﬂ In&etgcéc?s Bf the present
mv%ﬁﬂc{ﬂhgl%t @%a%lér be @n&éﬂ#@oééﬂernéﬁ@bhhbhﬂﬁg 21 pmralmg ofrsemingsductor

ent ventlon na

elemantS)mthnér d@mgogleammtsa,:meg Qq gﬁppg éeﬁ\%pﬁaogbqlr%y Ldmbination of
theﬁggpfa&fﬁ@ Wdoﬁd hERR resdeRt ﬁﬁB'sfé‘Veﬁ:t@i B&tmﬁrmbnﬂguratmn such as a

spatfal mnﬁmmﬁmm;om@réggrlgzlg %éﬁﬁgtxgg@ {G%Pavgﬁa[)(l % e(vbc g Fourth,
pnﬁt?nré n%thods of the present invention may be carried out at relatively low
temperatures (i.e. temperatures less than about 400 Celsius), and therefore are
compatible with a wide range of substrates, particularly plastic substrates. Finaliy,
printing methods of the present invention provide a low cost means of fabricating high
performance electronic and/or optoelectronic devices, and do not require clean room

conditions.
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the orientation, alignnent and sel ective deposition of

sem conduct or el enents and/or other device conponents

on the substrate surface. These nethods enabl e

fabrication of conplex integrated el ectronic and

opt oel ectroni c devices conprising a plurality of 30

i nterconnected devi ce conponents havi ng precisely

specified relative positions and spatia

orientations. For exanple, electrostatic fonﬁﬁ 4

acmeStpresena\wmpaamomﬁ andag&i@?@smamcésf‘éfr agzemplDoy, positioning,
ed to. f i QMGQQHNQMGndDrdemenm

orgaBPBe ECso e g RF et p e

I ce” conponents jn ﬁlp e
ontol draAtol substrated may ehsart tofabpieate Airughy any stvgiye GOg?prlgmg on

or n’%umsgé;ﬁ%teﬁq}gcg% c%f%rﬁentél %EQ@H@W& -aré PartRluRAP U‘Befasfor fabricating

on of t substrate surface its II S
compRY iftegrate éieﬁmnlmrwt@&ie@@nm@vmg oF devies pRaYS: 3ich as array

g dand thin fil
of cppfe L oTELRE BTG plar Vel AR S (FET o e'%‘i"?% e i A
tran§|§©stnSTné prosent utsopasitions uanch dela nafgh Al§Q, useful for
fabrpggorg gﬁ.ﬁy@i % éeit\%ffnt%dg&& e?é@ﬁ‘:&'l Elréln{’},e b & ay eor&bfenmntary logic

nments. tion;
circ@tse Whéreﬁra lprmipbkawrmcmuofor Hﬁngﬁﬁb g(e( pnted GF‘?Oa% éuhsgggt% in well

def!p?fij st qu %n(%r ex}g@'ﬁtep&ﬁnﬁgét&m& Eﬂ?m‘% dedi@idedicuit desigh.en one

regl ons cilitate sel ect tﬂ Us
emBoMrBatar ita aspedt eﬁtr@tinmntloan@rlrﬁabigmﬁg apfl FsiypRgisrageneo

sen%;?q%&‘gg ué}gl%%gtgls%r[? %%e&@&i oL &ﬁ&érﬁ%ﬂ@ﬁ@p&!ﬂﬁ@oﬁanﬂ@patlal

resent invention

dlstﬂwthﬂb a0d assbrabiediged lnterpgch‘gadttoﬁ@tprlqap%cqrg@% gg?graﬁ:d Siruits.
In %& %%t#tman{: %ﬂuﬁ@f%%@ ré inBhi QemMRhBEESE leddrts comprising

t hods of the present nd
dlﬁéremer%dnﬁmoramtmapmeml@f ater apritted r oplg dhe SaWge PSR 2

i no ni le c S genduct or structures
'"t%qnﬁggt?dg‘?(%@glgﬂﬁ CP 21ﬁ%b';é't‘@eraﬁctures to mechani cal
strain |arge enough to i nduce significant damage or

I<[1I)relgr radat 'e,q{iaa SAiERS ol E%SEﬁtOfﬁbéﬁtﬁﬁ\klh%%ev&e@émot limited to

esent I nventi gn ar @ f
serﬁ’iEomtdrs OrRatgerahes® matlmcb arerhireasiiv gempatikle ? wide, rénge o

maﬁc’ﬁ%:aﬁqg %I'?ﬁ? i %'%2 %O'?qs{n 158%%10?#9 St jRiGiaR ilACRal rbeG Qﬂaﬂﬁbﬁdd and/or

acenent accura

ass%ﬁﬂﬂécﬂ'byrtﬂgl rabthats of the phesest pwentian |rg>h.§:é; g)‘yf @&9 ,ngg ?g\q:ed fo,
1ns§!ggr?g1:rr?%%! gﬁl;? g’%];giﬁ)g% gpgﬁecﬂﬁgfrﬁét@ﬁélé’ slfch Mass Béﬂduators, optical

y corfect orientations djfb 4
elehfRpld LO&S a@nacmve upticalr mbterialss Pacsie optical gnaleriply @nd fiber optic

m Ccron Ilntln it A dingly, the
clemiaptn asaF o1 RB PR HcATBhe Bl fforchiE RiBAAS! Accordingly
préc@fP Fickidis, deviber ahd idpvich eeHoDeRiSUBEDLS usash o fabricate a wide

ra%%&@g%\ékég Iaaﬂ%g‘felgr%()ss’izedntsﬁg&%ggnﬁ WaehrhOifbss\SrbibtBred, such as
microfluidic devices and structures, NEMS devices and arrays of NEMS devices and
MEMS devices and arrays of MEMS devices. Particularly, the transfer and assembly
methods of the present invention may be used to generate complex three-dimensional

structures, such as integrated circuits, by sequential overlay of a plurality of printing

levels.
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t hese having good fidelity with respect to a sel ected
spatial configuration, such as a 25 spati al
configuration corresponding to a functional device or
array of devices. Fourth, printing nethods of the
present invention may be carried out at relatively | ow
tenperatures (i.e. tenperatures |ess than about 400
Cel sius), and therefore are conpatible with a w de

range of substrates, particul arl | astic
Fi o Drsesentpmmsﬁenwaeﬂde@tqsiffab'ﬁéﬂgﬂe%Séﬁfnbf %CL'P 95%0%"%*‘0“
HnggVérg%s%fdl%\‘ fé%ﬁ&atlﬁ@adﬁnc%g pabealam} tséﬂnchh@it:t&Obased devices,

ormance el ectronic and/or optoelectronic devi
on larged atleasneft a widguiange of subpiialRSm A ggﬁ%tlfttqﬁE presgntiy t%oas is that

theyp I%Sﬁéﬁlpgt%@gﬁthtdé\)ﬁb% aGnith) at esmparhiluests treft are compatlble with

i ng, positioning, organizjin tra ferrl terials
mosp flexiblensubgtrated/ tmplurime@lm?w@aﬁ“?ﬁt ng&f‘ E?r}%t B '
therﬁg%%‘?@:gafeela@tr@mﬁﬁ;éd“b@l yReP Fhdtans aﬁﬂycqu:dﬁeqadlwner materials.

virtu any structure CO ri sl
However tberpresmtﬂuveﬂipd%laé‘?r@ﬁt@"y APRICEDIR P ARUCE febrication on rigid

and}%ﬁt lSI}tﬁér”s%:g@f?t%elﬁb‘lhdlﬁﬁrcér@'%d Giiteritds, 5gl@9ﬁﬁ edielectric materials,

rat ectronic or optoelectronic
condimtmrsemataiagml sgru@pn@.g:tqrm@tygalsofl‘ ha,atgaléga%ﬁﬂ{ %ﬁfxese methods to

eni [ I t stydrg lowEbreandmparted to
devEpgbliftot, 81 Gte HAPriAE arbes T hs The present-
substratpe siting rise apdntingl aeitodsefiothe Rresest oB %ﬁ‘é’f‘ul Thsy presen

conpo?@oﬁ?tahg Qrﬁ] ¥§trﬁé'fﬁ dLH@ albé‘tcéﬁfpéﬁlﬁd »ﬁtﬁdéﬁnc@ﬁbncatmn on

as corrp ementary ogic, circ
morehemsiial pulistiate matesial, UG RS BAPS| IETREAT S B afdegontoured

subgt?%t%ﬁt tg?l Ongr&}r\%d QNG atesl QuARkl Mpdl stpatrdias, concave substrates,

and 1 nterconnected to forma desi ¢ blin
andodanvek subisisitem. Fomexanple,dhe drrseRhmeliods fre CQB%%%P gpsemoiing

andhlgfe@{%% néljuﬁgole psrehﬁéd?@g&or[\"ek)fr%téiﬁﬁd B‘tl’iemﬁwce components {e.g.

ous  ~sem conductor el ements P ‘?é q
elecl@pan; distectdn laysrs, ot mﬁ@mp@tﬁ) gﬂawboﬁtra es, lncu ing rigid an

ﬂex;%g%%ﬁl%sg%éé cﬂ)gwﬁég rQ&i?? BPL§eataRrahgihg AN AUt @0 rhierons to about

X I'ntegrated circuits. |n another
10 @eteosli nrent, a plurality of printable sem conductor
el ement s conpri sing 15 different sem conductor
materials are printed onto the sane substrat

apd
i ntie mootheraspedt, e presenidabricaighfiatiods e ﬁﬁgﬁltgg S Reterogeneous
in tq%hqr;@ﬁ't ¢ inprPﬁ%olgsémbﬁ(ddE%thI@ﬁleﬂfs tn'i@ RIrRE6M substrates. For

wever are not Imt
exaﬁwﬂme Ccaduinting snetﬁzadmwtherréss,enﬁmw&aw aresCHREDIR pf,depositing and

mpat i bl %Qﬁ %P sHBLipatba ! avirftptwellr defined
mtq% Nde B %H@u@?gﬁ%owc'ﬁg?lr ra er?ctg hlgt n% be tr ansﬂg:rr ed :
seramdﬁmtmgnbs esbridyctirigeregions gtd/opinsuiging regigsy An advantage o

sl kbmidoRBudter eleMEﬁt@o@hlbé@rmted
ther%§%qttg$g E%rh%%g"oggﬁthgf ‘gmﬂ%%:l?l ng materials such as
onteoNeUsret subsipates,asuch as integrated cwcmts or componen s of integrated
circuits, in selected orientations and positions with high placement accuracy, particularty

in the context of dry transfer contact printing methods of the present invention.

Printable semiconductor elements of the present invention may be fabricated
from a wide range of materials. Useful precursor materials for fabricating printable
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el ements such as active optical materials, passive

optical materials and fiber optic elenents, materials

for sensing applications and magnetic material s.

Accordingly, the 25 present nethods, devices and

devi ce conponents may be used to fabricate a w de

range of mcrosized and/ or nanosized structures and

assenblies of structures, such as mcrofluidic

devi ces and structures, NEMS devices_and arra
somENEakay | Qo NGHIR SRTFEELC G (ol n S iR uding  bulk

sem%%m&g@r wﬁﬁ\‘é sGéH 8| sihglé %sldllﬁﬁsélﬁfonawdfeﬁ@ Wﬂ!ﬁta"me silicon
present i nvent Ic&q rra‘%/ﬁbe u‘{?@? ra thin sificon
wafqge,ngﬁ!fata@“@bﬁ@lf%’ﬁ: HifradBingsemISARITHAT WRIes: PHfd: B ('—:-'E CUER

wafé?’? Bx?&g Eérhﬁ:@nﬁudtt@ﬂi\niaﬁers %cﬁ%?ﬁ?p@ordﬂ&yﬂaﬁope&d avafers and
urality printin l evel s

t
wafdo bsieldeiadespaUAIPEUIaE o ADPR (S ORGP stigfor wafers
sucH Bé Sﬁl(?é?\'mwei‘ﬁtsulgﬁr (é@%’i@@g 3$|@e91 setigenfieindlietor be aubstgte wafers

ces, particularly sem c nduct or based, devi
sucrh aa5g§1hg<plb;§g| gubgirajg d@afp%ég Osfllicgabgr@rtgf‘,@gtor A Eéﬁi?r, tp(-lzi'r“l’talble
sem%opﬁbﬁopbﬁﬁ?ems BR kRO Sfedeht ivahtiont Ry oy éatrizatealt frihescrape or

evi ce assenbly at tenperatures .t

unuseshighi eaitipt FemoRRsEd 1SeBaCoL Bt iate A e ot Qgr from
se n\‘,l[]aﬁr ABjiEd | ?dc%s§|H§ hisi®y Edifefidiah sidtsodsat e Bdcﬂiﬂon pnntable

ernoset mat rlas rei nforced pol r._nmat s and of
semicomduoetor elepsnisref thegprepent| igventipp, BaYa e f@tﬂgaqule QR variety
non%?é?%gﬁlg% Lfgc[ﬁ %'é Wi fildd SRdthé&phéus] @Wyﬁﬂysfaﬂbm—:q avaitsingle crystal

brittle substrates in

sermmrsluptgr g'lat@aéﬁsg%g. polyceytalting silicai gmoggp us n!g:rqauE?algﬁ;rgstallme
Ga@%ﬂ%n@%oﬁ S AHAT 8T depBSiIRN @t 8. saEhﬁc:anayero@rbsUbstrqte (e.g.

ese met ods to 10 device fabrication on brittle
SiNratSé@4) and sebsesienily aedfd- very | ow force inparted to

substrates using the printing nethods of the present

invention. The present conpositio d fabrication
e fThe gsesent inypalioncalrp dndlusies mbeAsEknaking RPablE: SERCguctor

ele;ﬂ&gt%réﬂ@“f?ék?die §gm§!oha&&oﬁﬁibﬁ{eh%| SThéééChieﬁﬁndEa-ﬂﬂble fabrichtion of

ber contoured substrates, incl

pnrMbieedl‘rmmbdwtalt elements wed flaxiaie semisopfugtas e*égb?ﬁ'gsa\fé’m a wide
rané éﬂr{é’&ﬁ%r %gte?l"éﬁi; %QIEH% st bﬁtlﬁﬁlatﬁﬂfwﬂmmslngle tiyetalline

S are capabl e of asse

silcontwaorst inyfil: of pabice stiRe R MR AR B Rcalisop A and
gerﬁ%\éluﬁ? m&%?ﬁlonlﬁnécﬁjlﬁ&r Uhese hR@iodedgs, caﬂhblee@ﬁ genreratmg printable

junctions etc.) on substrates, r!]l %d%
semtcgnctmcmnoblememmﬂ\@@@bmdeaf?é‘ﬂe ?fa@hﬁpg’-saaf?dacm yeicays dimensions.

Furﬁﬂe{rvﬁ\t uﬁr%aérﬂ%bﬁl%dé reNILRPRW cdf rabri=005 df QarigboattaysAdtterns of

printable semiconductor elements in well defined, relative spatial orientations.

In another aspect, the present invention provides a method for assembling a
printable semiconductor element on a receiving surface of a substrate comprising the
steps of: (1) providing the printable semiconductor element comprising a unitary
inorganic semiconductor structure; (2} contacting the printable semiconductor element
with a conformable transfer device having a contact surface, wherein contact between
the contact surface and the printable semiconductor element binds or associates the
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I n anot her aspect, the present fabrication nethods are
capabl e of heterogeneous integration of printable

sem conductor el enments into functional substrates. For
exanpl e, the printing nmethods of the present invention
are capabl e of depositing and integrating printable
sem conduct or elenents into substrates having wel |
defined 25 sem conduct or regions conducti ng regions
and/ or insul ating regi ons

nt age. of
printahie semicangbeio slamant 2 The sonfact SR o HherERn férfting the contact
surfaﬁg 'Hat%?@?tﬁ%t ﬂ{nteﬂirllé %Eﬁﬁo%tnéaétor?eleﬁfelnﬂ Usﬁ?sem tf[erécnm d8) G‘miactmg
es, such as integra i rcui
o o b SRS o 5 S VAR ot
surfi 0! th8 SilirdtB; B (4)| RRARINY the @aniacy surfmet dfcipbaganformable
transfiert ldewise oaind Hbe pp@yabie ??WE’HFWP?H ﬁ?pnﬁrﬁ r}iﬁr&g the printable
semgsgar Cg?%{gh%ﬁt R! PAMRRIrSdObntb Ae REESENg surfamuthaebm,ssg@bnng

froma w de range of . .nate
the pintahle semicpatiertpelemest of reeatvmgwﬁfa %t"iﬁ eg&ﬂ{aﬁgjate In one

embggimeﬁgntméchgfhoﬁ'cﬁrfﬁé”plﬁesleﬂ@‘Eds@ﬁttcﬁemrmendumpnsea/\ﬂmesteps of: (1)
rces, i nc

udi ng k sem cqnduct or u
provsiirrsgladdmpr;r@lt printaile SEMISBICIRAT ?@e"tao?%f’fﬁﬁt“il‘rﬁ‘ Egmaﬁs'“g a
unrtairg gQr&l V%ﬁ'rﬁ &%F %ﬁﬁéﬂif@ ey esrtactingt the prinitable semlconductor

uc

ers such as ultra thi.n il

elenvartewih aj@;précojrr@bm teansiat deyice havinga SQURC tasgjrfﬁg«? rl:vher@nn contact
tv\g' Y Bfe dRRER: W& Eﬁéé émﬂtr% Viitingitsie Véehticariueior eelempat |ba1ds or
%8t i

utions of dopants semcon ctor, on_insul at
assouidtes the puﬁablg§emtqqng@¢;obﬁlerrw§tﬁ tgﬁgﬁ c@g’fagp ng] Cé %Eio Jenerates

' ﬁm!cﬁcbreelmbﬂissdlsmseu thereon in
the g?rgg%to%&%%eéﬁgln ORE Yrih bl Berpicd

t f d_ sil |
relafhe (oriontations RGNS sbrAYRSRHIGRYRTL L 185 g  &ibonductor
eierﬁ%ﬁée@ ﬁllnrg%@tﬂug atﬁ& ﬁﬁbébkéesérﬁbénmtoe@lém@m sispage an the contact

or r e sem canduc
surfaee evithathe tdeetvingr gurfa@pt of o tn‘%ﬁgel(?“ge c?ﬁ?@heg{ng the contact
surfgeVI f %@E&%&ﬁﬁ r&?éfé\gdé\ﬁ’éé/ and lt[rﬁnpnltntﬁﬁé heeddcoridactor elements,
rin

sem conduct

whavelasﬂw prlmtablerslerrmvndust%@em&ﬁﬁ Jrafiags PFgﬁwr‘]’H%vtﬁ? |'"‘£e’{é€‘"%‘% surface
in tlgeo % e {1%\91:&{1&%500@5}%{?1 gitfie 8elbieB plttbms of amor phous,

I'nme and single crystal sem conductor
materials (e.g. polycrystalline silicon, anorphous

SihicQ thggcgségétyg{eah csBft m@@rﬁﬁmaﬂ@v@ﬁﬁrwhmﬂmmgpsembhng a
tha\?q a sacrificial_layer or i S(I;c;r%rgmngthe
pr;r‘(tﬁ:lgsem]@nﬁuwbeiemeﬂtpn Antecslyngetlitase Q) 2apHRSTPEY
{2 Widiid @ ﬁ%ﬂ!é‘@e%ﬁ&ﬁldﬁ&ibh@éméﬁt gapriging a unitary
Ste‘g? Oﬁt 2{7\ %emiondﬂirt or elements and fl exi a € - olement has at
inofanicosEmicanductos sEuses WhEFRiR thepriniakie sepufipnductor
leaI.:‘.tac:bnreI é:rggé g&tgﬁal dimension greater than or equal to about 500 nanometers; (2)
dispersing the semiconductor element in a solvent, thereby generating a suspension
comprising the semiconductor element in the solvent; and (3) delivering the
semiconductor element to the substrate by solution printing the suspension onto the
receiving surface thereby assembling the semiconductor element onto the receiving
surface. In one embodiment, this method of the present invention further comprises the

steps: (1) providing additional printable semiconductor elements, wherein each of the

32



10

15

20

25

30

printabl e sem conductor elenents and fl exible

sem conduct or elenents froma w de 20 range of
precursor materials, such as silicon on insul ator
wafers, single crystalline silicon wafers, thin filns
of polycrystalline crystalline silicon, ultra thin
silicon wafers and germaniumwafers. In addition,

t hese net hods are capabl e of generating printable

sem conductor el enents havin

i d -

e lonal BIYSPIEFETIFOTEHEIoH AEME T R 2 oo 08 T ST Bogsion

grea?e%?allﬁlaﬁ &ro8 l{fé}ztlb Atsduit | 30t h@m%métei'si’:lr(gp dmpleseym hhaet ﬁemﬂg)nductor
printabl e sem conductor el enen

elemests fﬁé@e seluent; ﬂ"@gﬁyﬁpp@ ing A; SéxﬁP%th%éosfnffﬁélrﬁﬂh% semlconductor

clen®hRER the SBReRE 8AEIE) déﬂV@'ﬁfgl the samandestoaelamemsdoﬁm substrate

nbl | d
by sggnzgn W.h@?%hef%f@'@é‘%;}%gg@ﬁg‘? (%{]eé\}flgé)%q%s' s {alﬁpgss%mbhng the

semftbndiclor AEPENBidnEd theeeguiving slnfazesem conduct or el enent
conprising a unitary 30 inorganic sem conduct or
structure; (2) contacting the printable sem conduct or
¢! ATBRbneiablct g brisaRb Irvehtican pfavideseai rmethhd vifnigbcating a
contact surface, wherein contact bet
printbll sewicaMNCKT AP PGB ER 6 SIRFSCT o AX LG Ak having
an %&eﬁag ngr‘(f)é;ﬁeg Z?é Q?rfcfarg%%rﬁsbr}iﬁgﬁglbﬁrﬁlemmmu (‘Z)omaeltlmrgnselected
regien of heexioayriane by @Pﬂ'ﬁ’ﬁ'ﬂlaem?é'?n @bRhide J?ﬁ'qﬁg%% otropicaily

etch%eqﬁnﬁfg%ngtefrﬁﬁ IfBfBce OBiheCWafon Ghéreby gbherapng mt refiefestructure on the

t I t di d
L
ma?éans(%éér%ﬁ/%erﬁgﬁj@ﬁfgﬁm tides; (9 appiving amhaskiialst teast a portion
of tee enmﬁskedmde%loﬁtheﬂ@“?frﬁtﬁt’gﬁ 3@ é%(s?f‘ggoﬂ%lﬁg'ﬁ’c 28hing fhe pxposed
surﬂaéeé éﬁﬁ%fﬁéféﬁ Gh&ebP re%l&i%aﬁgeé @ortiongofahe fraceél,stmttereemn the wafer

rinta conduc e
andrfebmaimg ghg .prmtgg Qﬂm{:q;ﬂgugmg {nntﬁg %I%B@(ﬂltﬂeﬁp b8k may
be %ﬁﬁ‘éﬂ R unhAbiedBadost thé réliee shucsentty anyehtepositon methads,

er conprises t he ste S O

suchdati BpRENG A1 YARSS|AEPERIIF Y i fbing BB Blte mpsk on the
extéﬂ?blc r@ﬁ%h?ﬁh@%nﬁma&ﬁbd&iﬁé@ry i norgani ¢ seni conduct or

ure; contacting the printable sem conductor
eI errents with a conformable transfer device having a

dﬁﬁ%@t tHE &irBidht GAVEngGh prbexmue@n mdﬂmcb of fatiricating a
sur ace and the i%g: nt abl e ;.sem co duct 8 ‘ﬂi?e% havmg
printable semnduelor elmapt CATRHED ST ERm Bl b prRgEl
e QN ARIMBASRE 4 e@mitdiRlucont @ maskifgaelected
an eﬁerﬁ& %ﬂ% %é E‘&Ffe serrr#con%uct or, el emap Z di 3 c%%sgeflopttonally
regidmer ebrhhe rexjﬂnalelsuitfa% by r ARIAYIAG | B TSt JIASKS th §a
eﬂ?ﬁg f P srfadet Gitthe vassr tenshycganerating a plurality
an%ﬁt %E&%ﬂg gﬁjc’:(@entegtgtl nS the printable s m con%ceta%rd ternal
of edliefretnictures's o eaealing: ﬁg W ge?r y generating an exte
surface; (5) masking selected regions of the annealed external surface by applying a
second mask: and (6) etching (optionally anisotropically etching) the annealed external
surface, thereby generating the semiconductor element.
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surface with the receiving surface of the substrate;
and (4) separating the contact surface of the
conformabl e transfer device and the printable

sem conductor el enents, wherein the printable

sem conductor el enents are transferred onto the
receiving surface 20 in the relative orientations
conprising the selected pattern. |In another aspect,

t he sent in t Qn_pra
a In ﬁqqﬁle‘gbqsglegt; gloq{aﬁ t |\F/|veq]":t“%n Hg@% ﬁggﬁ?ﬁg@éricﬁﬂng a
rmtﬁlbléfs’éﬁﬁcdhfduatos ehstart eompriging s;inengtepaepf {;‘t)d;;gwgmg qm yiltra thin

provi di ng printab
war BaUnb St e o8 Hg) AIPRLLE Enfffblcir and havins o
se:e@tba UgicKiigss aloageam aadseonnogmbu@ thenexdenalisudacss| @renesking

sele@tﬁgr{gélpn% 3he egﬁfﬁﬁfg%%%&a n% a”ﬁ:%% (3)%’@‘%@ loptionally

| Spersin
anusbthﬁm@aﬁi@éﬁ@ﬂ@%@@xtdmﬁmmﬁacm oﬁt?woWef@htWthﬁ@r f@gwafer is etched

thro&er&%{a%%é rﬂ'ﬁ ktnﬁsus ens 3’&% ﬂé§&£%?5t2§ Iezgé@ﬁpg%%borthereby

geneﬁﬁmgtith@(iiﬁﬁtabre ﬁrﬁnmﬂuctan etameerdubstrate by sol ution
printing the suspension onto the 30 receiving surface
thereby assenbling the semi conductor el ement onto the
I epEhndting erfbdidiment, then pmsen’emrbetmonalrowdesh iasmethod Jar grking a

the present invention furthe sas |
flexipg) sETGaINCHS SRAPRT ORI 15 BEPS B ) propieiePa printable
senﬁoﬁﬂ@&bﬁstrmémamr@a@hwﬂ)érnalhsurfa@e Kagrevidnala piestigined slastic
sem conduct or, el enents has,at S,
subsiraie it AR EXpRNfeds %@tﬁ whetelly e (talhgcﬁ: %urbgggt&grféﬁf%n external surface;
and5(]@§) HOAMAGRAE Nsterra? Jsutfasp ef shen grinthblessamicomdigtarogiructure to the

exteg@é @Pftgq?q){q ntgé E’E‘i’ S r},’ggln ?lﬁglch%\hgg%tﬁ%ﬁ y béﬁkﬁae&"smetﬁte and allowing

the &PR1tiS Sliystiats toﬂféﬂa)( 31) leded partailyrtg & tmxeelnsta@n wiherain relaxat!on of
enents to stra

the g@g%ﬁ@sgﬁteopﬁrgsttﬁ% |r}t%rggf§HrW§¥ gﬁr %l% g %bﬁllbdoﬂguét&estructure
therdBy YERbrabs Taf@m@@:mlmwnchlmﬁmt rmlvmeancsn@dtioterm surface. In an
exe%éh@% %}l%\\t,,,ataggreg.rt]rﬁ@\%ﬂgeéaes@f: %ﬁg%i:atte I% g&%aﬂﬁ@& &g a first axis,
a séHdnBteﬁ&H &tﬁ@&gﬁmdu@ tiegt aaisﬁasrebuth cahp rprestragpqqqglagucewstrate in
rovi di n ;
an @(ﬂaﬂﬁ@‘is at%@awgwf%%\‘ F)gnfﬁrég E%seé%ﬁq'g % 8%% 5 &?18'5'39 the elasfic
sub@ﬁé&' NGptionafY, afé efcthed Ioolgm:s)faspérﬂ ofthe prasient mvpat;@ mgy further
ying a chi

cormpe kg g’iﬁpé%iltﬂa?Sfeéftrbwtﬁﬁ ribotgRpL ORI ¥ cpved intemal surface to
aréﬁ@gvﬁ{ SLﬁ)Q@étgbuatg@ﬂ@r@bl ng a relief structure on the

el and at | east one exposed surface of the wafer,
wherein the relief structure has a masked side and

0Ngy, QholiBF SmbEdTRRkE the brdesnt ifventiamptovideg ametiex ferfabricating a

| east tion 15 of  th ked
priniain RTINSO oF1ST PPN < TEHIERTHIE 03 poies & more

alignment maintaining elements comprising the steps of: (1) providing the mother wafer
having an external surface, the wafer comprising an inorganic semiconductor material;
(2) masking a selected region of the external surface by applying a mask; (3) etching
the external surface of the wafer, thereby generating a relief structure and at least one
exposed surface of the wafer, wherein the relief structure has a masked side and one or
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surfaces of the wafer, thereby releasing a portion of

the relief structure fromthe wafer and fabricating

the printable sem conductor elenent. In this

enbodi rent , mask nay be applied to the unmasked

sides of the relief structure by angl ed deposition

met hods, such as sputtering or vapor deposition, or

by flowi ng a portion of the mask on the 20 externa

surface onto the unmasked sides | n anagther spe%L p in
morepurrmaskedi sidasn (4)siciing Hedeposes suanes e, WRfEagiith(D) SoPPing

etchi% ' @?l & %@E& %QU&HFé 9? tﬁéﬁﬁ@rﬂble@?@ééé@ 60 tHeh eslief strscture is

VI di ng havi ng. an ext elr nal , surf ace 10 a
prevbited w&feeebsc fabpicaion fheaPERiableoFRITISPRAUCIr 5 TRl CRYIECTS

motlieg ﬁz{;c%re\ﬂa %ﬁ? o?%d?@%llgﬁméﬁt%é“ﬁfaﬁiﬁ@bleﬁ#ﬁnfﬁcm dne embodiment of

r st etchlng(otlo
this aTetist theringdtiey semisandip o slement B AIPealT QuaPeopit fdirst end

and \é%e[e?r d e*ﬁ%f Wﬂ% SHEH Q nPrQan@ nPéle?r\ﬁﬂgt éz’lem@fltsr &ninett the first and

ur es! annea t he wafer

secapelnadst mfrtge amn@bieeaer@tgo rﬁ;¢mer§tl}pftg% énoeté)%r) Wﬁf&g.k IIr|11 another
embgﬁljaf{ﬂ gtﬁ i€ FhRSd g{ %ﬁﬁaﬁ@%ﬁ%cﬁ&i& leherdt Wdsas etbbgm shape

secon et chin
witharfirsDéncognc:a sbgoretar Wprai hinecatlgomestma R Ry T connect

the %g{ qirﬁf %q%g{ﬁﬁ gl’u%)gf H& ?ﬁﬁ@hfe%rﬁu%d%@%‘r BRATEAE toothe ehathanwafer.

raspec e present invention provides a
met hod of fabrlcatlng a printable sem conductor

el ement conprising the steps of: (1) providing an
ultra thin wafer having an external surface, the

waf er conpri BRIEF QW’%EWQFOTHEMWﬁ%

Fig. Zi hﬁ"%tié%]'ly? lﬁﬂ&?a??% af" gx%ﬂ%@?&‘ fnetidd1esanal preserithiavention for

ace; sel ect ed regi ons of b ;
produtéhge she rasabmbling auetablp agpicyn(ﬁgzt%{ ﬁlgg‘l,@nts( ggm@pgﬂg rﬂ? ons o

smgg%aygfgg‘%gfs%{;%ﬁm sotropical Iy etching) the external
&

waf er, wherein the wafer is etched
t hroughout the thi ckness al ong the axis orthogonal to

. the extern tidmefer contact printing
Fiogs PifUse e SEER SiGrgh EfEstng BS8REMS 49 pgrer contec prin
met@Bb deh BEsEmbling epriptabise semiconduetpio Alefienl OB R recqidig syriace of 2
for making a flexible sem conductor el enent
subg Eﬂtﬁrl sing the steps of: (1) providing a printable
sem conductor structure havi ng an internal surface;

2 ' din vice Bonfiyusdtions and
F‘gé' %ﬁ %r{aa gfhi%gibl“ﬁ el as F%wg%éé?fé} ate haﬂg e
devivel eérﬁpbnems fuaefel in @alcl®) dho transfgr cABarth PERHY mettiods of the

sur.f.ace,.of oo RcY inted
el G AT S0l PR GIRPCH B g v
ont§ ldoggsrrearcex $ufage oéngmmadacmaéa ensa(ﬁla 1901 T80 FiQYrR SE provides a

astic substrate i ténta@ th d
scqngmgxglgc ?rhtn%lcro%}l ePfr;% a@a gﬁﬂodﬂife% Brint¥éd téht@ the curve

surface of a spherical giass lens (FL 1000 mm) Contrast in the image provided in
Figure 3E is slightly enhanced to show p- -doped regions. Figure 3F provides a plot of
electric current (uA) verse bias potential (volts) illustrating the light response of the

photodiodes pictured in Figure 3E.
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the elastic substrate bends the internal surface of
the printable sem conductor structure thereby
generating a sem conductor el enent having a curved
internal surface. In an exenplary enbodi nent, the
prestrai ned el astic substrate is expanded al ong a
first axis, 20 a second axis orthogonal to the first

axis or both. The prestrained elastic substrate in an
expanded state ma

y he fornmed hy bendi,n i
Figureudit aed 4Agshow 3 P "fﬁﬁjeSlEpEs?qi acpriri]tgl%lg i reé{?cgo_n%b@t& -lef‘emer.ﬁ for
assefibly &@ﬂdd&ofttﬁkf? pf&ﬁhﬂﬁvsﬂftioﬁ histngadrgdcanstelr cohtachpiiogt Figure
I nvention may further onpr t ) ,
4A1 proxides & parpRedtive Vied AN IB A W&Vﬁ?ﬁ%g‘gg% E{a\’?e‘é'ew' Figure 481
and ifztpk esrhglév' a Prérbres sh@peh af aqsrn%i:aéjlm gemidostucioreletent fa5 assembly
exl bl e. 25 I n anot her e i en r .
mettiods eft henPiRsER Hwention, HsiRgG ryo’(‘rar}sg r%@g?ﬁq‘gﬁgﬂb' Figure 4B1
provﬂ%% QAR R chRieRHd Figure @B prRoVidescniopqli@Tiview. a ot her
warer via one or nore alignnent maintaining elenents
conprising the steps of: (1) providing the nother

Fig, AT 8¢ prE@NieptRAI1 B Stamalngsaledtamenictdyzaptesf @fra range of printable
‘conprising an inorganjic sen condu

1 uct or Ll 2) avin
semivaBdtwatey &%%t@ﬁ’ﬂ”é‘ﬁgo‘ﬁ'%‘?&rﬂqﬁo ﬁ@%aﬂﬁéjﬂﬁ%ggggé aving
(Y 1¥iriB$dons( 3) etching the external surface of
sele?t%@ ‘%Z%]gar lther eby generating a relief structure and
at | east one exposed surface of the wafer, wherein

Fig. ' FrekBhib & Pldgécéistiarecormatie domiiatndacicr elegiests camprising
‘nore unrrasr.'lged sides; (4) %n&ét he o (g?gﬁj%&urfaces
singte crystalling sigon @lﬂﬂos(“y)S@l%gbi cosled fp H’Eﬁ the exposed
structure so that conplete release of the relief
structure is prevented, thereg f.ahri i, .
Fig. it preseifs eansepticabmisiiegran’ w%?f?g%%ﬁk‘&ﬁgéé' orégﬁ" fifyintable
' or nore alignment naintaining el enments.
seq@ngﬁggt%g%ﬁhem of 5 this nethod the printable

sem conduct or el enent has a peanut shape with a first

Fig oviaBd aﬁ:l&%ﬁ@ﬂ%g%ﬂen%@é (IVY) braratfegstivsrf a device made on a
: nt ar ni el enents connect the first and second
premidiizedfslw@gerpri nt abl e sem conductor elenent to the

not her wafer. I n another enbodi nent of this method

the printabl e sem conductor el egent. has i.bhop sl
Figuptprodidés esplobatiowing tanstes cﬁ‘i’&"aeﬁtﬁiESE'%é’}e&%H'ret_dh% ?DSSJE’?W of a
devgéﬁ'd-ﬂgd?gﬁ g'i@rl] HeBt QS \ﬁiﬂ’?l‘l‘f@igst@randqiolyhﬁertdmecﬂm.st

secon s of the printable sem conductor el enent
to the nother wafer. BRI EF DESCRI PTION OF THE

; DR@%\’ FLSvi i rhé lilistratrie s methedesipther present
Figfe (fg@gp P%gld%réggﬁtgﬁ?trﬁgﬁgiy%n fI or ' 1%r odyci. ggf’énﬂz;table
investientiri mgkipgi an sisTay ok B olEL AiasF IS HAYTY g(grrgrl Si hg
serrrlilcgr?mf‘or%ﬁements.

Figs. 11A-D provide diagrams illustrating a method of the present invention for making a
printable device comprising integrated gate electrode, gate dielectric, semiconductor,

source electrode and drain electrode.
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single crystalline silicon. Fig. 2 provides a
schematic diagramillustrating a selective dry
transfer contact printing method for assenbling
printabl e sem conductor elenment on a receiving surface
of a 20 substrate. Figs. 3A - C, are schematic

di agrans show ng devi ces, device configurations and
devi ce conponents useful in selective dry transfer

. contact printi nmet.hods t 51 O¥SREANE- printable
Fig. FiZgurevi pﬁ”oﬁq%g§ 0’8%0{‘13‘%?%%?“ o%@ﬁﬁ r?aSHof P
semibbHiued eafenp of thegdes2ht inmemdion. spheri cal surface of a

pol ycarbonate lens (FL 100 mm). Figure 3E provides a

scanni ng el ectron m crograph of an array of '
Fig. PiWtsAgivedes stbinid efdroan ticrogrpt uprovidings (ANt xeagdedy view of a

spherical gl ass I.ensr%%}r_ Contrast in the
Sem'Fﬁ%’@%PBU&H e 'gt]egr%qugﬁasﬁ'ghtly enhanced to

show p-doped regions. Figure 3F provides a plot of
_electric current A v ' t I 3k dine@inaBle printable
Fig. i 14 $8PW8t h FPHE %&@%tmﬁ:eoz;ga nszﬁo tﬁ?egyl 30 phot odi odes
semiebfdute Gldnierfts gfthe pedsenBibivéitipnr e 4A1 and 4A2 show a

preferred shape of a printable sem conductor el enent
for assenbly nethods of the present invention using

Fig. 45Yshbvasplies raierdgraphspofi sitstangbleFpriniatie semicopabgiog glements of
perspectiye view and Figure 4A2 provides a top plan
the preeslt NYeRiAe 4B1  and 4B2 show a preferred shape of a

printabl e sem conductor elenment for assenbly 5 nethods
of the present . i

i pventi,on usin I f ,
Fig. 8 wRah g OR PPN ad 4 sebhale ity sBfcopducto
clenidr@of eARasdi Michtion hating afseanicoridevior Firgcturgbanded to a flexible

presents optical and scanni ) phs of
subdirata hRWnGh LEPS AL BT URRETLE 1S Sl

conprising mcrostrips of single crystalline silicon

_having 10 se|ecte sical _di [ [ : iretchable

Fig.preshone s o Aiaier JrSTCRLpHuTRa Aol o making a st
semi@IMiG&BrsIeMent & theprisentdongtivsi ng  single crystalline

silicon mcrostrips on a PDM5S coated pol yi m de sheet.

15 Fig. 7 presents an optical mcrograph image of a
Fig MBAsHols Bnl x@Rfildry atethavofipaldngpiintabie isemicsadiictonelgaests from

el ement. Fig. provi des a pl ot show ng

a Sicge eaHUbSHReage (1V) characteristics of a device nade
on a pre-oxidized Si wafer. 20

Fig. 18B shows an exemplary method for fabricating printable semiconductor elements
from a bulk silicon substrate, preferably a single crystalline silicon substrate.

Fig. 18C shows another exemplary method of fabricating printable semiconductor
elements from a bulk silicon substrate, preferably a single crystailine silicon subsirate.

Fig. 18D shows yet another exemplary method of fabricating printable semiconductor
elements from a bulk silicon substrate, preferably a single crystalline silicon substrate.
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Fig. 9 provides a plot show ng transfer
characteristics neasured at Vos=0.1 V of a device
made on a Myl ar sheet coated with I TO gate and pol yner
dielectric. Figs. 10 A - H provide a schematic
diagranms illustrating a method of the present 25
invention for making an array of thin filmtransistors
havi ng conposite printable sem conductor el enents.

Figs. 11A-D provide diagr JdlJustratin .
Fig. 1850 spws entexPPN MAetbe REIFHGIP A paicEe K35t Gements
from SRR i Sllidontesmited gate el ectrode, gate dielectric,

S

em conductor, 30 source electrode and drain
el ectrode. 36 Fig. 12 provides an atom c force

Figs.ml S QHEHRP AnSHRWMPMHy Ingth6@ Ferhmakiag printibied semiconductor elements
sem conductor el enent of the pr ergent | nv?entl on. Fig.
from EathisHiime salyarysialline sliceroRASHUBEYTLRY SR ng an

expanded view of a 5 sem conductor structure having

curved internal surface. Fig. 14 sho an ]

Fig. #BE6r slpvesy AN gixemplary mgihed far ‘P’é‘l]"'Bﬂ %ﬁ“ﬁa&i’ber Fﬁ‘?ifg’ﬂ]é&"t&%'%ﬁ‘ems
%Ffﬁlﬁ {fimReMleo® bn BMBIOp Batsetnate.i nvention. 10

from [ g.@@%ﬁ%&gr@pti cal mcrographs of stretchable
printabl e sem conductor elenents of the present

I ' F8 i Wty foF making fsingie cnystatiing rsepiicopfiuctor
F'gsa%s/l—tq@z;agﬂggﬁ@p{)“rui%ﬁ?%ﬁe sem cond ?or gmélteng ﬁ nof t he
thin flivesuging prinfalie semicRadYGReY Pée@%'?iﬁ?&g BT ﬁ Pbir e
bonded to a flexible 15 substrate having a three
di nensional relief pattern_on its su rting.s
Fig. Flish shaws shossemplary suetaed §F hriertngspITlER R §° °°ét§’{é§’r‘%f %‘re?e"ts
comgﬁéipﬁgni&g-‘mif% Badbkabsthadl €  sem conductor el ement

e present 1nvention. 20 Fig. 18A shows an
exenpl ary nethod of making printable sem conductor
Figui%eggyetsﬂp\fﬂgogﬁ é\heﬁ'}étﬁ@ Ridithcel et Katrigatitg QrinfsdiEe sfeovisonductor
nplary nethod for fabrigcating printable
elersants conpist@singleanstaline f'f"l"iS’ﬁw"E’ BU%k silicon substrate,
preferably a single crystalline silicon substrate. 25

Fi g. 18C shows anot her exenpl ar t hod of . [i i
Figyei ni&bshovse @nc eiernaiver el SHTICaING H{lﬁ‘lftﬁ‘i’k?%i fehibuctor
t : radiMiide siicael ibbehy.stal line silicon
ele@%ﬁé{:{)@%gﬁmgéﬁé@ D sihovvs yet anot her exenpl ary
nmet hod of fabricating printable sem conduct or

~ Figure 19 provides a schematic diagram iflustrating the steps of an exemplary method

of generating and transferring nanowire arrays of GaAs to a subsirate, such as plastic
substrate comprising poly(ethylene terephthalate) (PET) sheet coated with a thin layer
of cured polyurethane (PU).

Figure 20A provides a scanning electron micrograph of free-standing GaAs wires
obtained from GaAs wafer pattemed with isolated SiO, lines. Figures 20B-E show
scanning electron micrograph images of individual wires obtained by etching the GaAs

wafer patterned with 2 pm wide SiO; lines. Figure 20F provides a plot showing the
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30 elenments froma bulk silicon substrate, preferably
a single crystalline silicon substrate. 37 Fig. 18E
shows an exenplary nethod of fabricating printable
sem conductor elenments froman ultra thin silicon
substrate. Figs. 18F shows an exenplary nethod for
meki ng printable sem conductor elenents 5 froma thin
filmof polycrystalline silicon on a supporting

substrate. Fig. 18G,shows exenpl ar
depamdRieegofphe varoe ‘%'QW? (‘f’oﬁﬁyg&g?)%%ﬁ’ngpﬁ%%égn& rognféﬂicﬁlter? by the
pres%lﬁ)tlng%tgéd?&ll éﬁ;hh‘@ttﬁﬂé.l ne silicon on a Si02 substrate.

18H(1) "and 18H(2) illustrate a nethod for
maki ng single crystalline sem conductor thin filns

Figuhsy! 2B $HtvAPinfage8 B GOVaHen) of Galsveird arrays priréecd op FUMS and
Invention. Fig. 181 shows an exenpl ary nethod of
PU/REDshs#aie®g printabl e senmi conductor el ements

conprising mcro-wires from GaAs substrate. 15 Figure
18J shows an alternatjve nethod for. fabri [ :
Figupes 246} shewsrisediing: elgpiron NURRHATER CIB}?S?% 8 ? 2‘%] @?ngr% array on -
/bEE sShdiiafsy) ribbons. Figure 18K shows an
PM[%% ?@? |’r?!a'ljt/i vesmst hod for fabricating printable

sem conductor 20 el enents conprising single _
Figuié &%hafgﬂo\lﬁgssé LiKeatlcl dbgragm ahd dmage 1P gor exdroplaryatwo terminal
chematic diagramillustrati P thﬁ%gtﬁgs e @frent-voltage (I-V)
diodexdeviseanoynvisingdaaAD Vg @HaY &t E’Hr EPANRE i ng
curbR18UriE0 RrI1RY S terfiRieP dloealevicasit difarent hient ragil indicating that
prastic ~substrate conpri si g% pol.¥éMgt h}/l gglﬁbite expected diode
the tveo deyhial| diads) devigerporgprising (HAE A piteq afer

chafaRtersticd!” ?fbupé) byer $daante (qakent-Folzae /-2 Aupresviersyred for the
scanni g e

ectron mcrogra f free-standi CALR

twonermisal disideadevisg aftebralasg %f&enﬂwtaé?’ﬁ%?q\hﬂtgﬂ '

isolated SiQ2 |lines. Figures 20B-E show scanning

el ectron m crograph i mages of individual, w
Figurbt2di preddes a schamalis disgranustreing,ar S¥ETHR riihod of %;h; %rese':t
va R | | fHitse1E Semonatictut elementsiavingdtapdlergjements
'nv%qﬂ'&g%f%g‘g%gr?&@ﬁ@gepéf the average wi dth, w Wares, of
comprisingapagneticdagss of wires fabricated by the present

met hods on etching time. Figures 21A-G shows inages of
Figﬁa?kéy zaé'"p%ﬁng $$§ ) ggtiggl i%rarggg Sdeﬁﬁrolnrs]{rgtgngo{ﬁepl%gsoia%utioﬁw printing
methods of the present invention to generate well order arrays of microstructures having

handle elements comprising thin nickel layers.

Figure 26A illustrates the steps used to fabricate exemplary bendable thin film
transistors devices of the present invention. Figure 26B presents a schematic
illustration of the bottom gate device configuration of the thin film transistor fogether with

high and low magnification optical images of part of the device array.

Figure 27A presents current voltage characteristics of a bendable thin film transistor of
the present invention that shows an effective device mobility of 140 cm?/Vs in the
saturation regime and 260 cm?Vs in the linear regime, as evaluated by application of
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Fi gures 22A-C shows scanni ng el ectron m crograph
imges of an InP wire array on PMS and PU PET
substrates. 10 Figure 23A provides a schematic di agram
and i mage of an exenplary two term nal diode device
conprising GaAs wire arrays. Figure 23B shows the
current-voltage (1-V) curves recorded for the two
term nal diode device at different bend radi

indicating that the two term na

I
standardyiicics effert Gansistor reodgls Hiak IGDOFG he %fgecgg( BE rgacta, g igure 27B
pres?rg]t%\}?%%ﬁerr' Hal&cterigitd %e@é)’{@i abawss, thettel bn dineav (eft sxés) and

th
logarawic e."ga£ ssis) sastea oo 27 Showss i et 4t iap e errective
mobkilf?%gt{ {atlal bER UM SRR (RansReFFs fabsiektersithe priisagt methods.

ing an exenplary nmethod of the present
invention for solution printing printable

Flgug%% r}ggé}]ttg a ﬁlgﬁ%ﬁl&ldﬂaydaﬁﬁmbaéld&tﬁmehﬁmgrbph of solution cast

riErRg mgnet

2
rlbbaesv gefalinset llestratingehe ge@@ﬂ@ﬁ@t ﬂ%&? ﬁ& q? HE{; o@\éliggag:fe single crystal
sﬂlC% ﬁglﬁlif?)ﬂdﬁt+Pélgﬁ%nt§mWH@%hpfnsbhﬁ‘a Pll’g&@% showsrz pistur¢ of the

arra o ctures
expdéranehtal mtmresae@ te diepeli e rhjnfi#?‘ﬁ A ot o FRORREPS © ‘%}aﬂ‘]&’ in this
| Ol S that A eatidtion fafbihe y dielectric
studyl Jpigfire? A3 shla! 8 el P2 9445 etts elidionf aftine capion

transi stors devi,

capédﬂtanpe whennsubjavtetntter@ﬂﬂe apd @QW@"BE@B’erﬁtr@%r{?%e Eﬁ%}m he lower
mse&fn #alté!’r ﬁ?Bon&]aQ%ntg e RRlLaTLORE aafipationecuerent d)fgaldalm:a)measured

mtransistor together with high and
for 4 guerand nirdin Oisi vottages ofdwth 4 Yages of part of the device
array. 30 Figure 27A presents current voltage
characteristics of a bendable thin fjlm.transi st f .
Fig nﬁrbezgpr ;ﬁresmtts arscbamiatic rapregentaionof é‘rfaéﬁ‘qaé‘erﬂ PIRES aavc?rccgeneratmg
PET
trar@ ' l i ?{Swjgf' Enﬁt{ggirlézg?t@FJgQﬁeOLﬁsa%émﬂithLﬁbtmeglememmabn a

as e uat
ub@ﬁéﬂel dfa@urerﬂ%f shoaes enfisacieredes ok P@V@é@k%&"eﬁ?&?ﬁ@s‘{%‘?r°gene°us

prlnfgnglgg sém gﬁ%%(gbgérrﬁeﬁtg SatiichRAluBire the Pﬂiséﬁt @chififepe e 27B

characteristics of several devices,
plotted on linear (left axis) and logarithmc (right

| d b @réupétionha L. for
AN AT s
an irbngdman of stioteble e TogeneoUs,SeHEoNAUEEE Fr gt ooatdotp

ure 2 r 25@kytih SEgOrd 80B shows Time-of-
usq_{i E’C?W‘%%ﬁﬁ%{g gr ap aégfr%%Pm%l OCr?]» cells%ﬂ) ri Ebonsf {@? {1 the Use
FligHi Setondary lestMass Spediioecery Pk M) MBELHTITS it

of arltlter}}lecp LS%GS ga Slﬁﬁél}ﬂﬁtb%lmer (See, Schematic in Figure 29A) localizes the
dopants to desired regions in the silicon. In the image shown in Figure 30B, the bright

red color indicates high phosphorous concentration.

Figures 31A-D shows measurements corresponding fo transistors comprising printable
contact doped silicon semiconductor elements on an epoxy/ITO/PET substrate. Figure
31A provides typical current-voltage characteristics of a single crystal silicon fransistor
with doped contacts on a PET substrate, with L=7 microns and W=200 microns. From
the bottom to top, Vs varies from -2 V to & V. Figure 31 B provides transfer curves
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silicon sem conductor elenments. The right inset in
Figure 28 shows a picture of the experinental setup
used to bend the bendable thin filmtransistors

eval uated in this 10 study. Figure 28B shows the smal
(-< 1% linear variation of the epoxy dielectric
capaci tance when subject to tensile and conpressive
strains (see top inset). The | ower inset in Figure

28B presents the variafion the h n r
(Vo= g?@é\ﬁeg@em L Fhaqne H:ﬁ“ g]sg from éﬁ’gtt%rbg,&%'ﬂb of Y7" fiftirons, 72
mucré{r% LAORRrds, bmrhcréné( 7 thfordrisg ane mmrcmse%ﬁpbarmel width in each
cas%é,@%ad{n;c%@rsetlzrlgﬁg I on {ps éﬁ@dr&%‘iﬁ%]%eﬁfs%ﬁé%f fRlices in
the bﬁtﬁa@qm,;w &s &efﬂh@tmthmihanneillmgﬂmﬂ.satmﬁqemme voltages. The
substrat e. ure_29B opt.i C 0 r
B T
neglRiKigRHuEnéAB ewte Petformmet ifer tmsemege of elanmieh leagthspdhe inset
in F;g@.l?; %ﬁﬁ Osgg\?vgg\{\\g S?lﬁgtlcg%) ‘E@}nﬁg [ﬂﬁ%)f.rﬂﬁ)) j” ﬁéﬂeﬁﬁiﬂgﬁ eflrom the

rrangenent
reciftbbdl LG hE sloPEE o e Brasss fittingy :ncmgust@r aselaefum’ﬂoﬁ of ragte voltage

F.gﬁég@f&ﬁ@@é%@cﬁg ??églltchar L&\ﬁﬁi a? 956119@ as.a function of
charfdi HHgth¥Rf tHadiibek With Mﬁﬂ&p@pﬁﬂdrrghes)-tmdopﬁdﬁicsam)contacts

neasurenents that show the use of patterned SOG as a
di ffusion barrier (See, Schematic in Figure 29A)

Fugdr@ %Iélg'osﬁm%%lsﬁht@ ﬁga:'l?grﬁmhé Saﬁ*eetméecﬁaglicgdmmgiyon@rmaazeT Igay the value
in th%wr@@nbﬁtat%d#o@at%sgrf#a% éaﬁ%‘%@ﬁ@ggg eRfsY b 328
preseh & RO atedd ?Eé‘“??’é?ﬂm'“@?f'ﬁf'i%f* oAt dopos baning i
(o a radieot S8 MEOARISATS BVBRERPE® ST ALAE SofPE sy between O
and8sd,rate. Figure 30 31A provides typical

current-voltage characteristics of a single crystal
silicon transistor with doped contacts on a PET

an@%%t W an%ﬁa'i’hdle@f @h@rhpmitemmmfmatmtrmjn@ fabricated usmg a

bottom to t f
s € st dpll Sl oo e
miclSUEEPeMildet-ehRIEadNntd 2RBitHswafer ¢i0t0)p to bottom of

mcrons, 72 mcrons, 47 mcrons, 22 mcrons, 7
m crons, and 2 microns. The channel width in each

Flgﬁr%’é;fﬂhﬁi Er&%s@ (H88ss- fldW GlagrnBiheatioally iestrating processing steps
ormal i zed resi stance of  devices in . tﬁﬁl (?,\I_ N junction,
in & farieatiqroprihwa for aking: 8 r&e"cqﬁ’gm’i'@‘nglaeﬂg!fﬁ P'a
34Ef| bf\&ﬁé %”échgﬁa‘aﬁc \d%lg?a?lﬂ%‘éa S cEeIlSdé\ﬂ;aé tdnfigsratien lgee@‘ﬂted by the
. The scalin

I ent th tact
fabttd*;aiionhaatbwame@lst@ﬁqg in g Lf"ﬁeﬂ% o [s]71d- gg &?%rtﬁ&a rﬁotodlode

@iERARRA of gngldrscell b@mmheﬂng ithe configuration
resé&ﬁset Bbief(’%ﬁg cc))vvsi the sheet conductance [ A(ROW/ A
shdm]ﬂ in,Figilre &k ned fromthe

Figure 35A provides a process flow diagram schematically illustrating processing steps
in an alternative fabrication pathway for making a solar cell comprising printable P and
N doped semiconductor layers. Figure 358 shows a schematic diagram of a solar cell
device generated using the fabrication pathway illustrated in Figure 35A. Figure 35C
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reci procal of the slopes of the linear fitting in Fig.
31C, as a function of gate voltage. Figure 31D shows
effective nobility, evaluated in the linear reginme, as
a function of 10 channel length for the devices with
undoped (triangle) and doped (square) contacts.

Fi gure 32A shows the change of the effective device
nmobility, normalized by the value in the unbent

state, Noeff, as a fu
showsaiSe) Imageiienionyie riae AP rERIRYLA PPRRAY Fioure s58.
FuguP@@Sﬂ) delvg:ﬁesrhe;Biﬁi @ﬂmgfréntafafm bise demahstratingrteel phetadipdg response
cles to a radiu
of thg%:pq}aregegﬁ ghowat ingFigurs 3@@ FE%LU'???E[ %rtb&gsr éiﬁt)éet?f currenb verse bias
corréddnling d¥osebb@ab Giferbht Slhmh&tlan irewasiisederhonstieing 8 photodiode

sem conduct or structur gé{;cat ed using a
respease Phe seky sel ﬁ'ﬂ‘é’ﬂ?‘ﬁt hod of the present

i nvention conprising galliumnitride 20

Figupe GPA. s PaRRSHIOY AT R auEL Bp R HEha drfmaidng

| agram
an ?ﬁ%}? gt tftnabld |th|HSfllﬁﬁ&nan§sipmceE|gumg 3§Bepl$ows prevides optical

i cation path S iBiched
i el 5 S e 355 GAers LI SREP i bdcne
con@%@%e _20f a solar cell device configuration generated

5 fabrication pathway illustrated in Figure
34A. Figure 34C shows the photodi ode response

Fig Q%‘?’W;?rtg\ﬁbl@@a s}fchéma!:c?dﬂagmm ﬁrﬁovang al p;ocesslﬂg rgeﬂnod of the present
avi n e conrtiguratl on own, I n | g

inveBhon GMeioads o8 PRROERIS. SLAPAFA AT e sy iy Hidire 78

propél% I3 E?ﬁén‘?&m%%@?aﬁ'nﬁl&trﬁf@%n gfferhativan pﬂiotaesm@tmatéod of the

rication pat for making a solar cell
preganit ivablien (Mathed liNodpatainise rhhsg“‘d FATRETH? O?tﬁfe?lgsq%ua ﬂ%@
35B shows a schenatic diagramof a solar cell device

generated using the fabrication pat hvvam)]/ il ust ra ed d
Fig dﬁieg:we sAbwWs the giesign 3FGhe &D-calledreanSERNAReERS S epgpuse in

f the solar ¢ S I i B8A sh th
mei;hp %rtg‘ theppres gi'ntgmvgﬁ%lj gﬁ%é\;f?& tﬁ::%l IMFgﬁﬁh lelglﬂ'rerem shows the
optifz&E HPi @shidg ronditioriwinee tHeebLmeét @@m%a@dﬁréﬁgmganei d$ removed

wh |Eﬁhgts§mﬁl% fﬁ?{)é rp(olpl\pgr rseg{éb 3 OFihre338B sﬁb\%' 5R ekafpid1efvBst of this

I as corresponalng to several
ordef ivher e Si bbjectisrae lwerattmed rigiHA E@U&ﬂmﬁgﬂl’%ﬁ 38k 38E and

hot odi ode 5_res on hlgt f the us-
serEpen g9tes B e SR BEbrobfessioh Ut dach Btep of the s
Sit‘r%dskb?tafsaéﬂeeﬁd%r@mmb@ly met hod of meking an array
stretchable thin filmtransistors. Figure 36B shows

provi des optical mcrographs of an array of
Flgﬁ];éseégiﬁh ahd 8o ireviié bplidal ansgest afrthe iselectiveatcansfemef the ps-Si onto
ched

PU/PET sheet by 3600 PDMS stamp. Figure 39C is an optical micrograph of a section
of a Sylgard 184 coated PET substrate to which the ps-Si has been chemically bonded
and subsequently transferred. A higher magnification image of the ps-Si transferred in

this way is shown in Figure 39D.
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10 configurations. Figure 37A provides a schematic

di agram showi ng a processi ng nethod of the present
invention (Method I) for patterning s-Si el enents onto

a plastic substrate. Figure 37B provides a schematic
diagramillustrating an alternative processing nethod

of the 15 present invention (Method I1) for patterning
gs-Si elenments onto a plastic substrate. Figure 38A
shows the design of the so-called peanut . 2 St

Figurebj Gé tlssteaies) anrexemplans devige %ﬂ@%?/é%#@“ﬁ%%ﬁ’?‘?%%ﬁ’ sing the

pean:qggﬁé%#hé-%?lbagéﬂi%ﬁ & TraRb@t Leingethbavis Figare opB iptbvides -V

g condition where the burj OXi d
curvedeinsesi TR srat moange gboate veltags (VeEr é'g iqf:ﬁogockz)' %g'g'rgrd'tb?;gsnho\v:)s

remai nsg._ Fl Qhk Nedhetde| soumfe-draint vaitage Hvsd =1V),
the %qrggt}r %@%t%h&ée%ﬁgggﬁ%t ?r; over et ched. ilﬁ HE 40C shows an
indicatiduthi caffechiveymoblitedies HEEMA%E N MseirnsHUE 4

.series of r torslepit Riventidre progr essi on of
°pt'%§'§%‘wr%qr3%h£‘§‘{t§%dg%€ iOF{P'r%aprﬁsfer as effected using

Met hod 1. 25 Figures 39A and 39B provi de opti cal

,i es of t Al fagram dépctpg-stepomvolved in the
e ol A gl s o somg Seromone s 1o
oroceBé iferatabriatingoperEaist MESEEsi Oh 2 BRIVEEINAa e

coated PET substr | wieSifroRfle d1eedard (100) GaAs
SUb Ry 2’@!%0905‘8@88%3&3%%?@332%1 y Transt e{é_e - Aires from
waféﬁhghpﬁntmqabrﬁngq}m thah usemge elstomesicsstainp (ERRET L FE8E WS
this way is_.shown in Ei f Bresb Bk @pdif organization
theWﬁfeﬂéqmﬁ‘ﬁtpé%sﬁﬁﬁ%&%ﬁgpgt@gi@%ﬁ%@nggﬁlﬁeﬁy of apdevi ce
(;_e_f@agrb@atraﬁb)mﬂwgnbhephp@sﬁ&iﬁ’t- shaped ps-Si based on a
transfer using Method |I. Figure 40B provides IN

curves of ps-Si TFTs at a range of gate voltage (Vg=
Figur@-@AVpﬁeQetﬂQ_aV#chdﬁieghrEhomm 8 re6ees sqaien M%g? g}e éeo%etry of a

characteri sti asu ] I CEFrly aboarce/drain
GaAyp Wity @aﬁ‘%}i d""gé'@#e%“ i %gﬁ%%%eguﬁg%ﬁ g{:???e mobj L tge .
cleMRdled 7Rremdhmic Temtaats el ithe F-G@e JRIE"s hdiigWn ows

R eaive made o B G ispET2fon! fIgstief RBANE which uses
reprasoRiatySage J\”’E sp‘?"a"c'\‘)‘{“\/lB eescfd‘gnés'chggmftni FE:lgg)r 0Cess fmll fl’(:‘i*{ 41
an gh@%ﬁmtm @%ngi'rdg; X?’ieplgg gwﬂm@do ithe pwgeS%h%g@gr%P g. 41.

abricatin - S _ ¢ transistors.
Fiouor A2 AN BB P & 210 S\ o b Sty it of ransistors

' walicdidgexmigguces wires froma standard (100)
de%ﬁ\g#ser.&g printing technique that uses an

el astonmeric stanp transfers these wires from_ the ¢
Figlfdsfaal 23 RAdAI3ES brebefitresales feorb st GaAeMESFE Twiitha chamng! length

of g{; i?n(?ravggteslgﬁg}tlh arl,‘!f 105r Er%,n isiﬁ‘n g} Ponthe one shown in Fig. 42B. Figure 43A
shows the current-voltage (between drain and source electrodes) curves at gate
voltages between 0.5 to -2.0 V with steps of 0.5 V. Fig. 43B shows the fransfer
characteristics (i.e., Ios Vs. Ves) of a GaAs MESFET of the present invention measured
at different Vos. Figure 43C shows the transfer curve at Vps = 4V, plotted as (lbs)'" vs.

Vas, clearly showing a linear relationship as expected for a MESFET.
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(i.e. ordered arrays). PR denotes photoresist. 15

Fi gure 42A presents a schemati c showi ng a cross
section view of the geonetry of a GaAs w re based
MESFET on a plastic substrate (PU PET). The
source/drain electrodes formohmc contacts to the
n-GAs | ayer. Figure 42B shows a representative inmge
of two GaAs wire based MESFETs on plastic each of

whi ch f GaAs f abri
ool L Eh S a0 a1y O oy AT IR RIS o Gane
wire FhS4lf AESEETSRPRekIBR PERGEAIata () iesfore BonmingPEE) aftasdiending

undre transi stors clearly de r aLi
to a besd fradins IoF 184 N Fi ggresi4ts shows ﬁ‘%ﬁ@@'@ﬂ?‘%@eﬁ{r}e“gv°"a?e
charéﬁéﬂé&r%ké gf g%tr@eé‘fleﬁ«gxté #ﬂgf&fiﬁgwglhg@e r_crlbhglmtglothé bRt substréte to its
flat, witenbstate. Fiigure42B showgthe Vﬂlﬁ?ﬂdonﬁ I?[ﬂisr%v\éps t=h‘£e{?%n8 Vs=0Vin3

CUIT s V! auffadd eirains) ordeatingt irstiating that
o 008 b e :

tages between 0.5 to -2.0 Lth .
thess tMIPSFISTs BUSive, mmtigi_eglng]gs,lug;]1 gwieei ﬁ@?tcﬁé{ﬁ% & té{\s% s%'am at the

char hoddrC6% (dnde1.294, Withwst sidrifieant ehargeCafthelviEBFBMMance
dev'%efe%ﬁég&%:e’tevz%éﬁt@{onvnention msasur%d at different VDS
(<20F)gur e 43C shows the transfer curve at VDS = 4V,

plotted as (IDS)1f2 vs. VGS, clearly show ng a |inear

relationship as expected for a MESFET. 30 43 Fi -
FigurstA5 pravidesa sehamajie: dagramullasteting @Pr%ﬁ‘ﬁ"thdfg lgd CoRfiguration

ch £i St f ks binegitastath NmoRERssioraon a plastic
of ﬂﬁ i’?(?s%hg"}y%ﬁ#@ﬁggt?g?e (A)boggf o?e bendi ng; (B) after
subdtateli ng to a bend radius of 8.4 nm Figure 44C shows

t he gate-nodul ated current-voltage characteristics of

the GaAs wire based MESFET after rel axing the bent

substrate to its 5 flat, upbent. state. Fi fiqurati
Figusendcprovides,arschemaie pofans yptrfing an ﬁxiﬁ@%‘s{r%%%%’ grraten

' Bfforl for b 2bMBleptertan Wgigodteidnta plasticsubsirate.
Oftﬂs?{}jrrésa%rgyrg'lter al ns)/un@gndi ng, indicating that these

MESFETs survive mnultiple bending cycles that cause the

tensile strain at the device to vary between 0% and .
Fig e%%f?) r%iﬁli%épg_tscﬁéﬂﬁfdirés tiagram diuatratingodn Bh@pplaé?e@%%ﬁ?ﬂf@wat'on

< . -i gur e rQyi [ i-agb&ate.
of the PT@§@ﬁta@‘{eﬂ§°%%’ré‘)@%ﬁ’rﬂ%&&pmg@ﬁit%gag{éﬁgﬁ ;dtf?%t i:con of the

present invention for a P type bottomgate thin film

transi stor on a plastic substrate.
DETAILED DESCRIPTION OF THE INVENTION

Referring to the drawings, like numerals indicate like elemenis and the same
number appearing in more than one drawing refers to the same element. In addition,

hereinafter, the following definitions apply:

“Printable’ relates fo materials, sfructures, device components andfor integrated
functional devices that are capable of transfer, assembly, patterning, organizing and/or
integrating onto or into substrates without exposure of the substrate to high
temperatures (i.e. at temperatures less than or equal to about 400 degrees Celsius). [n
one embodiment of the present invention, printable materials, elements, device
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15 Figure 46 provides a schematic diagramillustrating
an exenplary device configuration of the present
invention for a conplenentary |ogic gate on a plastic
substrate. Figure 47 provides a schematic di agram
illustrating an exenplary device configuration of the
present invention for a top gate thin filmtransistor

on a plastic substrate. 20 DETAI LED DESCRI PTI ON OF
| NVENTI ON Referring to the draw ngs, e

comporeintaaed | devices| @ieepARbig af ﬂl@@S@&nﬁSS%ﬁﬁe&{%ﬁﬁ@fP%ﬁ“iﬂng
andl{ﬁ 0 ng%&tlﬁdq@ﬁ‘tooﬂ'gmﬂf SMshatesefig sBition tpVRtisgUoe dey ramsfer contact

o IYon relnafter the followi ng definitions
printmgpl y: 25 "Printable" rel at es to material s,
structures, device conponents and/or i nt egrat ed
functional devices that are capabl E trans
P

.:PnrMﬂersfehyqorqdaﬁDeﬁlﬂ@ﬁg\&"@@ﬁg,pﬁﬁ@t ér;y&p n CPWPQE;? g?mlconductor
strucgﬁrgg 104t érgtagleﬁféblié éﬁeﬁfbléﬂ Rt infpatad roﬁtcoéuh“shate surfaces, for

ate to nper at ures (| at _tel S
cxarhpiosssigehy G Taler CopoRkRi g 6076 3PN pHFEREENBNES In one
embﬂapg%?\?aﬁmgﬂkn?é?ﬁlc&{duﬁé? JRSTRERE Lofi uepTebent, inperitioh adrbeunitary

ements, device 44
singfes @ystaiind malmatatmwrewcr%&%ﬂm%:ﬂ?'o on%gé%sﬁ"'a@‘d”%r sftictures.

In tlw %%E'tﬁ% ?9 thlé%é%{ptlbﬁ]t §gfnﬁéﬂynﬁrd&l}r@ i9ra trmnclttﬁmbele:mantehavmg

1 on ri ry transfer con
featwesrﬂlahgre ncchaninelbpseEETy 0 SATKABPUL AN 6f e present

mvef%hcg & gﬁ‘%ﬂb{a@a GEYHA! in§ haesTh Gerrdteel spatialsdistrioutiones dopants

e assenbl ed and/or integ

andswdsbe dbped with acplarality of dlf@@ﬁﬂogawsmﬁfgzngl? {gawgpp? g?% |N type

ane: QR OhcBabet inRFosHi ke Cormeitie dsamiband
dopgis- a@l‘ﬁ)%&é %&}Fltni gvprllg(r]]t ab| géseﬂr%%g%ngjggfo?gwl enent Smibum Hetor

elemélﬁs peingit lciast/ane: ¢ross sactionsidinension pregtes *&4'&%& %ﬂ‘ﬂaFW about 1
macgngn%r%% Hﬂ:t[] nn‘iﬂb?é S5 hikshdiddrBernBnts gaRing at least one cross

or structures. 10 In th
sectieredt rdipension lessuthan &ryeasal t;tﬁgglg | Igrsl’!glgq%gtngrlpf@ﬁ{e semu%onductor

clegiReetd] iy SERIHERS CPRbrass ol el am \oP S

rod:éﬁ:ﬂg;?fdmgmrltg@uﬂn d'@tﬁf@ls@ Sueld g8 4 |gthg9rltM eger)és?%fa%eeﬁeer@[c%ductor
i

wafé SHeeeete flf}lsiﬂg %3%#/?@}0@%% opan?erra}‘g‘?g rq%égbm?ﬁg?ﬁ@hwst Hn one

em&ﬂﬂmﬁnt yprintahile psemisondupier (Rlewens of, Jlag, resent HEY%@BE compnse
corpn}%q%ﬁt%?t%{:qréé i\?vﬂé'é&%lc@n&@fbﬁ@ﬁ@dﬁéﬁl cbhn&dtedremtas least one

additziial devieg| uampbmmm&r?l:tires %?Jtcfll %rs]aall cgllldrlrj%ggé ?ayeg cf g]egtnc layer,
electrode, additional semiconductor structure or any combination of these. In one
embodiment, printable semiconductor elements of the present invention comprise
stretchable semiconductor elements and/or heterogeneous semiconductor elements.

"Cross sectional dimension” refers to the dimensions of a cross section of device,
device component or material. Cross sectional dimensions include width, thickness,
radius, and diameter. For example, printable semicondugctor elements having a ribbon
shape are characterized by a length and two cross sectional dimensions; thickness and
width. For example, printable semiconductor elements having a cylindrical shape are
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m cron and nanostructured printable sem conduct or

el ements having at | east one cross sectiona

di mension |l ess than or equal to about 1 mcron.
Printabl e sem conductor elenents useful in many
appl i cations conprises elenments derived from"top
down" processing of high purity bulk materials, such
as high purity crystalline sem conductor 20 wafers

gener ated usi ng conventional hi t ;
chapioEest PHch e eaeCe T arone ol BFRSRR defoler giematively
radig®m conduct or el ements of the present invention

conprise conposite structures having a sen conduct or

operational connected to at |east one additional

wEil| GENOIT RefEre D Bepdrcaitagd ofithe ares batween two elegentiusuehgs first and
| ayer, dielectric |la ., electr i 1.0
seoatmedriiee: Gr s eroutl o/ B drfien sy SPp capgonent. i

one'e}!@ntfﬁﬁﬁn&& SFIThe Predent inventiont fitdt @nd exeicondh electrodesshrenaviged in
0 e

f resent invention compri . .
clecdisal BaTt st o LS ST B ReorabEr b Smat provide a fil
fact§re]l§étﬁ.@§ﬁ| URétodince besapt éiectrdtifis @ssater ttanoorpqwi terdderpreferably

refers to the’ sions of.a.cro
areain e o SR AP Felne PRl 2R S ETs B pliferpbly SR nan or
equéli {58083 R SomBebptRtivhslt h, thickness, 30 radius, and

di aneter. For exanple, printable sem conductor

el ements having a ribbon shape are characterized by a
“SupSaHEdpy2 B bubiPateT asferssiecd sinnatlredihat isspreasnt atHee¥ mestally on a

and w dth. For exapple .ntable sem con :
subgqragpms‘wfgcehggipﬁ%segt @%aﬁhp?@g@ hLRe oa{mégl% 4@%%8&6& structures
posfidAEd BERIderaRe Bifudtutecargi theaubstrate surfess $be teron‘supported by a

di di t | t tivel ' P
subsiEbay Pisparer Iotrbrpep ARy Sl astbsate

two el ements, such as first and 5 second el ectrodes,

that i ied b terial I [
R

suchlnéé.epntiﬂntaﬂe Jdrfisdndacr shsnas,chrecdispaiesd inte pcavied swdium and
el ec

rical contact with one or nore '
deliyerier db ra GeRGed| BARMRY SO $RIRCS BRA'YE Q{%ﬁmﬁ@f&g&“gfﬁce- In an
exe*ﬁﬁfiéﬂ?eébhjﬂggos)&rilﬂmgf ﬁt@ﬂ%lﬁg deliveef r@(ﬂmg@r&t@rsetdmm cagionos of a
equal to 20% prefera eater tha u 0
Suhsﬁﬂtesﬂi'fﬁacﬁp'ﬁ? pehigvedny h%r @‘ag 2t é’?@e&%&d%ﬂeﬁ‘i téie Pﬁﬁrﬁolc?gy
ancgc.'ir ph%@ic%ﬁ%l@r?dt&is%@%faf %tﬁbﬁmtﬁmpﬁ?wumﬁg?ing satigroinge dolution
a’substrate” refers to a structyr N
prinihg restbedspusaapta Ining present Aysitolindlde oif ard BofiRE Kb, ink et
pri@@wg,‘ Hashal BahbferblimtingNafheagilaryraetion printingredi at e

uctures positioned between the structure and the
substrate surface. The term "supported by a 15

“S@Hﬁﬁhé@r‘ Bn igﬁmaﬂ{: SRehelerefér® 16 anUsriantationpach itakt the dongitudinal
ul'ly énbedded in a substrate. . onduct : s are
axes of a population of elements, such as printable semiconductor elements, a

oriented substantially parallel to a selected alignment axis. In the context of this
definition, substantially parallel to a selected axis refers to an orientation within 10
degrees of an absolutely paralle! orientation, more preferably within 5 degrees of an

absolutely parallel orientation.
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"Solution printing" is intended to refer to processes
wher eby one or nore structures, such as printable
sem conductor elenents, are dispersed into a carrier
‘medium and delivered in a concerted nmanner to

sel ected regions of a substrate surface. In an 20
exenpl ary solution printing nethod, delivery of
structures to selected regions of a substrate surface

is achieved by nethods that are independen t
Strethopled g5 toAVRIPBIY St eTBRTol Lo A Peigyjod nponent t
be sHfiShIikBuELRdAgSnY UCKGS) 18 posierptiy ritalet0p STEIen®
matdriak | straeturey flevigeor fVIoe; saMRegept,may M?%Fr 0 sr{%a‘frﬂ]alrgén}gtpan about

0.5% Wﬁltﬂﬁ’tl frécrtniz’rg@; gfefézfébm ioR Gomensppiestidnisastrairatargemthan about 1%
printing.

ubstantjally |ongitudinall ' : 0

withoud eIt o6 Tare TRTaiePl 0GR FRPSEHE Ty Blasgf about %
. ind, Popul ation of elenents, such as printable
W‘th@ei?n&'gg{rllggct or elenents, are oriented substantially

parallel to a selected alignment axis. In the context
The Ernidexibie fzhi i“bétiaied Whs Lasd spidnympasiylih éhe presant description
SEMEct 6d axis refers to an orientation wthin 10 30 . ¢ pe
and drefardesthefabiity hsbmateNa). BERICEe dYPe Qf 9§Y1%H CONBPY
bl Youpbdd| daBeSeandeh salransfotnedtionptah lintaiduces
defc@?‘lgéﬁbgt%ocﬁwéﬂbﬁaéﬁ etchabl_rcle" rg(z?% s to. n&h aBLI kLY s@icture
signiflcaaitﬁrairals,uchtaﬁl%ﬁm@af%‘é%’i'w&\efﬂi‘{fﬁﬁ)' c?ﬁ‘ﬁonent to I,
- 8li |  updan 0stdnebldry aembodimehty anflexible material,
dev'ggeﬁéldg{r"gggcﬁ.ﬁﬁo%c{ﬁ%t , a str ee{hgjh rlyI e dmwgeri al od shape without
strustuire; ctevice, or dieyiceecapPaReD| E@V@&@@Sﬂ@?ﬁ ]2 8\('5_r g 2P o
i ntro%ﬁ:?l'grbt{)a]ﬂ{ ertiian orlRQuil tolallott Bl %) preferbblgdousomg .applications
r y

pre a r some applications strain |ar

largabibiat of e68al e ebalit! Yr ard morq@regq{@ﬁﬁ&ﬁrgogwe?@ﬁé%tfo& Qiﬁ‘%rper than
licatdi ons strain |arger than about 3% w thout

oreﬁgéﬁ??%rglg%tgq?gﬁie terns "flexible" and "bendabl e" are

used synonynously in the present description and

ssehfddubidr il tr¥atfialandthd & addrial #at iscaruineylatbeat & wery low
ey el e e
ic

e 10 defqrned i.nto C
tompbizp@enbutoich hade? gopiagiaEie PIAFEF AP f ¢ Birefetures of
b ﬂg@gﬂgﬁlﬁ# IR itﬁé‘@ﬂ‘e%%esﬁi;ﬁtﬁinnusé@ﬂhe aerssamicanductor is intended
abad cterizing the failure point of a.mterjal.. .. coctical
to Is& roonsistest witheuwsec of dhis dem di tE%r?ﬁbHEﬁ'E'?mP%ct[ﬂ"' s a

exenpl 63‘-[8& TR REfu anf iheXplaksentmaiventicrl mays tomptise eslement
devé%grcesae(r)nér{'c ev?g)clra co%fuongnt rrgy_be deforcﬂed i at o aqq omoound
sergicomREiERapRIchi tasousiicannt BBRRANIYE aNfa; FAPePYeraThafPmP

coffpiliin T sie S
groTp\pseriicomsuiprs SHcheaniSep pAS: AV s Gar>s s, GAY. caP..
InSb, InAs, InN, and InP, group ill-V ternary semiconductors alioys such as AlyGa.<AS,
group |-Vl semiconductors such as CsSe, CdS, CdTe, ZnO, ZnSe, ZnS, and ZnTe,
group |-VII semiconductors CuCl, group IV — VI semiconductors such as PbS, PbTe and
SnS, layer semiconductors such as Pbls, MoS; and GaSe, oxide semiconductors such
as CuO and Cu0. The term semiconductor includes intrinsic semiconductors and
extrinsic semiconductors that are doped with one or more selected materials, including
semiconductor having p-type doping materials and n-type doping materials, to provide
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or equal to about 0.5 % "Sem conductor” refers to any
material that is a material that is an insulator at a
very low tenperature, but which has a appreciable

el ectrical conductivity at a tenperatures of 20 about
300 Kelvin. In the present description, use of the
term sem conductor is intended to be consistent with
use of this termin the art of mcroel ectronics and

ihsscal seuties, Seconuctons bt o BE T
sem%S ﬂ'dMEﬁJeﬁ coﬁl%ﬁteamaﬁéria@@@npmﬁmrMnMrami semiconductors
mpound, semi conduct g %lsf such ag%&%s of the
andlbwmuﬁﬂe@@ﬁ%ﬁ@lﬁéﬁﬂr@%ﬁ' ygeng;igr Iy S
C, Al 1AM, AISDh,
pres%{xgmgll&fldn Mgﬁl@@‘ B&’cnéﬁ’écﬁcﬂ’rlﬁmﬁédctb &,SE;},S(E% RIS»A nﬁg Cd: N
GaP, @A GRS, I, A BASPy INEeMASARE &\ 7e 675,
l PbTelC AIGEASCISImAS, AllnP
znsgdg%‘%df*;ds Gegee. bl ;*ggm@f,?goﬂﬁe;f BeiC 7 P
GalsBiri Galrdsct GalRou BIGaAF p AIGRIP)/ ande %Iﬂﬁg‘ﬂct T ke )
iswanttiomdn the fiel
B
of sengoraadd dightemiting MalerSe Suer A TGkt s (EDsf g solid

stat% né{éré‘ S 'h‘ﬁ feﬁgcﬁ@ﬁﬁ&&{dﬁcﬁﬂ Ghat6rdls iafs lat:om rlernerdsicibos sindfor

are Wi th one or nore se terlals
molecrutésudnttn@' tmntt@@@gu@q;\dugt@g,rﬁ@teﬂalll(§pg1 Vﬁ,a or any dopants

prO\B@é {ol t@ Fﬁﬂ%nﬁu&t&pﬁaﬁ%l Nghpirties hid wde‘sibame edtetials grgsent in

ectrical properties usef for iven
Serfmmiductat|roateea|8d‘efblﬁbemarrfé99@§}"?w WERF e died Popertes of

seri@§IUaRs nREmREas idhe e b sfe et 1ogx@gen, dadsn, ahd metals
e conduct ors * and/ or dopants. % cific s C{”&’E{)C‘tﬁé rou

including heahsmetels: Ufleavymetal %Hﬁ“%ﬁ? B@%H%HE‘} ’81?1"%8 group

of %rﬁé@g e‘t&%@ﬁ&éﬁ%'aﬂeh&&?on EIS péF@dlﬁQéblél cdlited, sodiusj and all

iong, roAmpoGash anﬂ@p comp}@(es |t|ﬁ%'§0f Zﬁ%@ld Lsngespeéﬁq-gea@dg\ew impurity
wN% %@mf g@%eg%@? n%@l&tﬂ%?@p&ﬁ@@@f ddaficorido&ord?b Se,

Alln GaAsP, Gal nAs, @Gl nP,
Al GaAsSb Al Gal nP, and Gal nAsP. Porous silicon

“qus‘fg E%%u?(ﬁ Oefnﬁln'@%t Rhétt! or Q{a%rﬁﬁyﬁfoﬁburﬁﬁ? rapiehialc at iconbiration of

sen Ion In

matelnglstthamart begnoidaceer sfiapeds aReraly Wh%"hf‘ tﬁa’t ?"dnﬁaf%e“ed into a

%Fﬁé"? F?é%lt incth fes Sandl rﬁ‘elhlbds iof theopresent
desgg E%Réuc or ria Fg ué;l?fgﬁat orgrsd@el em&cl ng . |
inventidhanclude) et @re solimitad ton AAIVETEES, J89NE GHE Bliypse derivatives. In

mater i al ¥i & tobii amude@bm sitbeplastic
the_BirRph dEeTpHOT B Yo Fansgﬁr'f??%?aire"uﬁg Sirable.

matetiaky domhisispgesrener rhore plastice with eae oF make eAdityes. ﬁh‘f‘k?\*" structural
enhante: eﬁﬁers Vfﬁ;e\(s 'prg%%&er%h&aﬁilhfé}% lok @aditiéPRBich ingsy @bvide desired

chemical or physical properties.

“Dieleciric” and “dielectric material” are used synonymously in the present description
and refer to a substance that is highly resistant to fiow of electric current. Useful
dielectric materials include, but are not limited to, Si02, Taz0s, TiOz, ZrO,, Y203, SiNg,
STO, BST, PLZT, PMN, and PZT.
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sem conductor materials, and include but are not

limted to oxygen, carbon, and netals 15 incl uding

heavy netals. Heavy netal inpurities include, but are

not limted to, the group of elenents between copper

and |l ead on the periodic table, calicum sodium and

all ions, conpounds and/or conplexes thereof. Gold is

a specific heavy nmetal inmpurity which significantly

degrades the electrical properties of sem conductors.

20 "Plastic" refers to any synthetic or naturally
wpn QCCHI L t 8 0 ignatplavaligf of atiigacBerhical groups,
o e O, e o
typidally riferestl forasomanoraiersi rRAUYBFEHES O ‘é%ﬁ"’éF@"ﬁ‘F‘g ¥ pigl

usef [ h | € heeatiod rhdie bpr @genit polymers or
mas??ﬁeﬂ%ql%rﬂne'%n%%?eg %Eﬁrt]@;b?%%ﬁ%tl Iimtedﬂfo ﬁgl RIS partiall
inorgared palymers arel inal Gecn BEaRRAUSy §%m'-?'ﬁ°rf3thﬁ‘8$=p‘$%%é 3¢ O partially

scri,ption, 6 henoméendadng dhé rraimed ehemical
CWS%ﬁWﬁogtlg{eg' plpgyt?ﬁ%:rgg@%ogﬁnglésmg? risi n.%ne:.ﬁzr AP femical
compbsitiéri @5 may hcasngrissr anplugalift @f tmvfg&e@ugﬁv'% fere

str.uctur fi ' hadid tinkesr mpnomer
conGi S5 3 S5 L ok e oo
chaiﬂb_%mi paitticmarl!OhwUI_c@r SWGP?@WQSS@US I@@?Tﬁ Javen dim;t Y )

"di e r e y SOPRSEHGEMEL he Iré invention
use#%ggﬁtﬁedhétggla%t %\ﬁéessgﬁ(gndqéﬁréefer to a ﬁ)b)stte nrp(r:F t Daliomers
inclide, hbghlaye resti ditrited to  plasligsof elasiemers.c rpRlfstc " eldStomers,

ful ' elLi I i . g include,
ol VG5 it sy, b s e
but r%geli',ngPlﬁrZﬁEed mcegaiopqmzm%o?iw%@w sg?f%rﬁac‘z m;i pblymers’
ule c Si al i §.e arfide C ;
flug 85’ TS tﬁﬂl&ﬁ:éal Iég}{égc{gr_éﬂéd ttgbggferrmngﬁe?f. Po| é'ger% esters
pol)ghlﬁieef belgarytates qlabytienginidazole: gwlm%%r}ﬁ_- &Pycﬁﬁ’?dﬁ .’lpt:I ’
TRl S use n R nsalifidde polyethylenes,
o RS RS s et s
po I?gfrﬁy(mwk-mmawfﬁ:{% ’pf Nl %ngenggj enic resins

Crys 7 ;
PolYBTHENE RS BOBRAERHEE FRRRGy e PO o

mcal nposi'tiQon or nﬁﬁﬁgonprise

sulhddleWaskd tesires, vimyiRuased sesias/ orANYAROMIARRNS ChERFE Al

conpositions, such as a copolyner. Cross |inked

pol ymers having |inked nononer chains are
“ElRashbe tbfers Yo aspolynefiomaleial wieh ican ke pletghed [E deformed and

present invention. Us&drent Aefon@atiert. hdiastomers
“mHEJPc@%Oﬂﬂﬁabavﬁgﬁmﬁgﬁ%gﬁgﬁFi@%f?the resent fnvention o
corehlydmdelyot subrseantielly elastic deforeatiops.a SPEW)aNE PESTANEP 4/°°

L her moPl astion, fia§S : AeiS, ite materials or
e e o el LD soPHRED LIS o
mi@le¥ B8 p6lymesd st copdiyrherar Elastomenglpyergefess .tchg e comprising &
o0l YIS, RLodegradabhe Raty MR Salss ahdith® Hopaie! arivesther non-

clastomeric materials. Elastomers useful in the present invention may include, but are

=t

not limited to, thermoplastic elastomers, styrenic materials, olefenic materials,
polyolefin, polyurethane thermoplastic elastomers, polyamides, synthetic rubbers,
PDMS, polybutadiene, polyisobutylene, poly(styrene-butadiene-styrene), polyurethanes,

polychloroprene and silicones.
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fl uoropol yners, nylons, polyacrylonitrile polyners,
pol yam de-i m de pol yners, 15 polyi m des, polyaryl ates,
_pol ybenzi m dazol e, pol ybutyl ene, pol ycarbonate,

pol yesters, polyetherimde, polyethylene,

pol yet hyl ene copol yners and nodi fied pol yet hyl enes,
pol yket ones, pol y(nethyl nethacryl ate,

pol ymet hyl pent ene, polyphenylene oxi des and
pol yphenyl ene

sul f ala
The JaT FRempriERBeieaiie: KR L LerERt ERetia snd magnetio felds.
EilecBShBHRAR rBdiatch ussiulnr the mgthobas:émer E@Sﬁlﬁ 1overap§z includes, but
conbi nations of these, "El ast
o nonel e Rare oo e AT, YIS Tehg g tone
micréR&ves! Ridit Raldd cbrtaﬁym;bn@nmbn shthese.wi t hout subst anti al
per manent deformation. Elastonmers commonly undergo

substantially elastic defornmati ons. Exenpl ary

“Gocfd aiekipstRe Beﬂﬁrﬂfaﬂcel and tiiigh pedemmincehaentseshsynopymously in the
npri se,

L
presggt ,qlpsiqrmt@g % 53‘95, b cheo geélicb ocfe&{?fgoé&{‘lé?ﬁgl?se :I#g% Sel@&tronic
char'alé'ﬁéﬁftldsefsﬁ‘é’rﬁaé @utem bﬂwrmmms; mresjwoa:t volta@astadrdnm - oftf ratios,
ast oner st oper ers
proviieD of naesih BHRERUer SUoh o et te) SN SwAGRAY ! ncror
ampwﬁeéfturlh ' I?xééﬂ?a@r@ﬁﬂéﬁle | s:@Vrﬁctftindotatlonm%emms wdéhe poeseat dnvention
Imte 0 er nopl asti ¢ el ast one
exhihiing grad @|ec§p@p&$rfer s nay ga H@rinﬂﬁ efﬁd eﬁ‘&&r ﬁgﬁlﬁtles greater
thanoéfiJ éq%!l%l?‘i(ﬁtﬁaﬁz tHey 1Wpfdf@‘éblytfoﬁ$cﬁﬁé apﬁmtlorpaogryam them, or equal to

abomq;q g@%&t ;; eggagraglpv( E?I’W%ﬂ% qjﬁ?é?ﬁeﬁsﬁ@?&venhon ?Xhlbltlng good

elecRBhit Wepiohnawse mal?CHaMéHwtdémeﬁdleﬁaﬁtd'nebilliiemmt thed dqrhequal to
term e£ egtro

di f
aboul] H¥} eme Vaﬁi‘d ﬁénet ycfo‘g g%rpa gpppcgtlrg% 5%%3%%%&%\@ rﬁ‘seq%fal to about
SOOrLﬁﬁhegF' @E a‘hﬁ%ﬁ}e bl%lferhhﬁ fﬁﬁkhﬂd%m&c&tt?es mreatenthan or equal to
i nv [ [
abop§e0 e’ rVayg @xpmg{ﬁ%ﬁr@psqstpﬁh?f thglpgﬁa %éti&enﬁmlb:tmg good

eledtr%fr}[?e}fe?@rﬁérgﬂétma Fade DYEshoR) voltageoicas ihem abouaﬁyolts and/or on —
i'nation of t¥1ese "Good el ectronic perfornmance”

Oﬁrahféﬁgfﬁﬁ@ﬁtft?@r@b@#lhﬁﬁég are used synonynously in the
present description and refer to devices and device
conponents have el ectroni c _charaeteristi

‘Largparaatareiate fo AOIATPH. 450,55 WERD Of *VBFy g SR 8 A Substrate

use@ff& cfe@?de%bncaﬂéﬁ\ﬁréétégthan deaq iz do Abvoutt B6iadhies ysqumad h

ectronic signal swtching and/or 10

arrpl ification. Exenplary printable sem conductor

"De@icsqsf&té‘ffeﬁf mBB tgpfeﬁéﬁrﬂ& trie ik bffext mobility bf ari elgcigoal device, such
ectronic rmance nmay have mtrlns (?éi eft egh l
as adiankistoreas gcprgalﬂt@g using output current data corredponding to the-electrica

device.

Conformal contact” refers to contact established between surfaces, coated surfaces,
and/or surfaces having materials deposited thereon which may be useful for
transferring, assembling, organizing and integrating structures (such as printable
semiconductor elements) on a substrate surface. In one aspect, conformal contact
involves a macroscopic adaptation of one or more contact surfaces of a conformable
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than or equal 100 cn2 V-' s", preferably for sone
applications greater than or equal to about 300 cnR
V'l s 1. Exenplary transistors of the present

i nvention exhibiting good electronic performance may
have device field effect nobilities great than or
equal to 15 about 100 cn2 V'1 s', preferably for sone
applications greater than or equal to about 300 cn®

V-' s-1, and nore preferably for ,sone | i catj
transfgr edevise € Hanther ovagelhshare ogl?oﬁi’bséi?ge @H%B%‘ glﬁ ér%??errfaspect;
i oﬁ)%gi SscBbictdaaptatiens ehtne oveotd contact surfaces o
confogé%r%%ﬁéfnéﬁ\{;oo _asﬁ(gl&gctcr E‘ﬁi %rg@%‘gor nce n%yml['ﬁ £ contact with

a cortformeabhmtransfer devigestol asubsiTg giteasling,io; and}é

or on -

out vBb, Thb!G G5Bk cbias: iShneiddd ts biubnsEnt bithgee af tis torm

rs to an area, such as the area,of

L Ce 1]
et i Lo A 08 r
e i T8 i s s s i
Alterativety, confidrinial wopBChMNay Q@tgs%{%bc{‘sﬁ%cg\ne%gerg B)E\ﬁ 6@?%5% :-::%a’::d
L Lansi SLOT e 354 REP oREciUSirRed Habing & Uransfer matedal, printable
Cont%%ra#@s?%oridfloﬁg £ the el ectrical . device. ,Conf
semicomduntdr” eleatest, sdevice 6pMAEReNts PR sq\éé( H;ebg%&%ét %& 'Emaret:n, otf i
SR LagAirateAiifaes, Sultcheativelyhesrifonal contac
CO“WPQ?‘? ﬁ?‘%s%gg%@?? gg& ther egﬁt i ch may he us%ié& d Paces of a
may3be testablitked ibhegyears SBRLPN AYE A2 ¥9F§e%n%)

i nt egrati i Wl @Rfape icotil \eith a material such as a
confg’@?ﬁe[g%ﬁr%h%?gﬁg\glﬂ%%ggt%:s)&gn a subsgyat o Sl'cér &uar?ﬁm dhRne
transfepmateriat; solibphatvresishieyes: PreprlyBIe) yeh i SSt0pi ¢ '

adaptation of one or nore contact surfaces of a

conformable 50 transfer device e to _the pv l.
“Plagémentsadustacyt efersripbe ability gfn@,grﬁaﬁfteggﬁlé}éq&'e@%ﬂﬁﬂ@%f? }

. contact ipy i SERcEnARaRteddrnonnt, ¢ acsete position,
P"‘“W%[éeglsmpac‘et%lcﬁsa}fﬂgghst%g%s “a conf ornpbl e trag‘%f fr‘ches or relative
sith@ierelatiee tothe psition pé@@%ﬁ?‘f'%ﬁ:@m%%ﬂﬁﬁﬁb SPEN a5, SeRT TRt 8

o qc %{gltgﬁ@tg dy%gi)d?‘b of Wt re\égf'v{iilg- surfRel ercdap plagemeht” castiisasy iefers to

€ consistént with us f this,te i "
methbés g;:m devicen tapabla plOEENSHNTNG WP%FFGW ;"c%%n%}{e@@pos’t;"”
stablis e obaslativotd acdelentad pagien of a
relafiye 1o @89&%? ﬁ‘ggﬁcﬁﬁbﬁs&% e and & SUbsﬁ&r:E L6 on tess than or
recGiVing aarace Wit epatial dedations JoR} g\e@é}so@ﬁ\f gete 3 ge
§

estahlJ shed be [faf Qi €gLal con2@aticrons for some

eqL@Ert? ?,@egpcrsgg @%f%aggﬁ{fgtg sﬂrfacg‘iJlJ havi r% a for some

applitatmbeandraven irbre prefersblyl less JaA &5&&5’@5 & IUHERE i}
devji ce onent,,: isCoviteB @oiipeiging hat leasth one fprintable

apng@LQpngoﬁlﬁ'ﬁ)wgg% I?\?E%ﬂél?g ge\‘/sicc%e and apzubgtrate

clefiehf BaasferAid witngood/glhgemedBCBURARY- cont act

“Fidelity” refers to a measure of how well a selected pattern of elements, such as a
pattern of printable semiconductor elements, Is transferred to a receiving surface of a
substrate. Good fidelity refers to transfer of a selected pattern of elements wherein the
relative positions and orientations of individual elements are preserved during transfer,
for example wherein spatial deviations of individual elements from their positions in the
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may be established between one or nore bare or coated
contact surfaces of a conformable transfer device and
a substrate surface coated with a material such as a
transfer material, solid photoresist |ayer, prepolynmer
layer, liquid, thin filmor fluid. 15 "Pl acenent
accuracy" refers to the ability of a transfer nethod
or device to transfer a printable el enent, such as a
printabl e sem conductor el enent, a sel ect

selegies patteyn are leiss Han era3cuia] ‘gpe'iqod"rqnﬁ@ Sj q‘rpr@nprgfer%qm !Eelss than or

nents, such as electrodes, or relative to
equag? (I"‘(gcé e@ regi on of a receiving surface. "Good
pl acenent” accuracy refers to nethods and devi ces

"Youi@%arg{x?%ﬁg” i§ %arﬂéér%rnfdaf‘ Ero%eﬂy bﬂb&hét@nﬁl gewed of Byer which refers

relative to devyi ce
to the emrla:e‘ st@ap dmetmm a&vr 7 given ﬁwtwea%é‘l"@ éth%"eLﬂ‘éng"S% §Proyvided
by t éts‘}?' surface with spatial deviations fromthe
y r}fo U Yy correct position less than or equal to 50
m crons, nore preferably |ess than or equal to 20
m crons for sone applications and even nore
prefer Bly less than or equal to 5 mcrons for sone
é:melsa cati%psf i The present invention provides deviiites
Qﬁﬁ{)l |A|1,gxa¢ 1east one printable 25 el enent
transferred th good pl acenent accuracy. "Fidelity"
refers to a neasure of how well a selected pattern of
el ements, such as a pattern of printable

sem conduct or e OAlaid gefSeNgtAGhange
eSS PGS EBIRTLS o b AR 160 218 apSbignhang
undErrO ﬁﬁsdlcpﬁl'ed)éﬁtretSSE||§tﬂe€fdrcpaappmmamf Ads theeaies Wew@rg?*g}%f@fce is

relative po tions, a t: ts via the

appliet n¥AURI S MO Hﬁ"@éﬂ?‘(/@la g)ﬁr%égs{%r%gﬁﬂs?é} ﬁsoéffl'o%ﬁ% eggrrp | e
equifi@f:ei n spatial deviations of individual elenments from

their positions in the 51 selected pattern are |ess

than or equal to 500 nanoneters, nore preferably |ess

errz )equal to 100 nanoneters. 'Young's nodul IS
E=a Gal property of a material, device or g@le)r

h Fefers 5 to the ratio of stress to strarn for a
gi ven subst ance. Young s nodul us may be provided by

g S5 T SRS ST Yl B T ) o
low! $OSHdS mdbulus (bh ﬁoirvemgﬂdﬂusi’h argy eelatmedéescnntgr%,gb thespagnitude of
Yosagrs?;r%gﬁgslfug pég\?e fg’r%ﬁecr'%l a}gyer | 84008 Al el fHEs&litGrveRusH, a High
Young's modulus is larger than a low Young's modulus, preferably about 10 times larger
for some applications, more preferably about 100 times larger for other applications and

even more preferably about 1000 times larger for yet other applications.

In the following description, numerous specific details of the devices, device
components and methods of the present invention are set forth in order to provide a
thorough explanation of the precise nature of the invention. 1t will be apparent,
however, to those of skill in the art that the invention can be practiced without these

specific details.
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appl i ed. Young's nodul us may al so be expressed in
terns of Lane constants via the -equation: 15 g= u(32
+ 2,u) (Il'l') wherein 7. and are Lame constants. High
Young's nodul us (or "high nmodulus”) and |ow Young's
nodul us (or "l ow nodul us") are relative descriptors of
t he magni tude of Young's nodulus in a give material,

| ayer or device. In the present invention, a H gh 20
Young's nodulus is larger than a Iom1Ybung's nodul us,
preferably about 10 tines larger .for so

?mﬁes predtiendsb| andabdrices0 dor i WBEG?thg Jyrintable

apRk ! Give
for ot her i cations &4k, &n E@bbberr@mmtonto
semicpodacter rﬂi@“g $ @ 1HP° (}‘gmgot‘ﬁ}h 1ppi | cig?rﬁ%%s

subsﬂfﬁé LQAded. a8 pregent mnentmrmm\od@ g pariaty pEseIRiEanqus Fements

devi ces, device n adetos te
gl e p v o
semiddhRl:oHe BlefreRtsAdtmiprizingod semisopdeorsBrushig ,ogeaﬁ)logqq@ connecte

e | O ek o, caipGHARR] donthese elefnents.
to onekdl More offies device mpqr%@% eé?\td r&&%\’@‘senﬂ n e

' fVentlon can be practiced ble of
The r‘%fﬂa%tdé\ﬁ&‘é%ndmfmmeaisl of thg greﬁgpglqvgm arg, Fapable o

provi des met hods an evi c tdeNided itk ablags of
geneﬁmc bigh u%?f&rméﬂ%%eﬁ(ﬂ?g ORifd S@% s‘g{rr%%l?ﬁgdﬁldnt abl e 7
dewc%g N, G ANAURTH M SlaAsEtsonfitdble plastie Belsiaias: f aces. The

resent invention prow des a variety of sem conductor
eI ements 5 that are printable including sing

CTRiGr 8l1 dchemiaticaigaistrates xemptany metndscb iR ewetsgnt invention for
conduct or el enent ibb ¢
prodscmg Angr asseFiiag Q;qutﬁ?/ gﬁ%"é‘?&‘%" LISHEALS WHMSHsRG ribbons o

to one_or nore

mngl%@fialﬂ@’ ncommé}ﬁ'ﬁt@ss iyihssity progiding 2 siieep- -eainsylaigy, (SO

The net h VI c C§ HufE® SRe fager 107
subsirfate HQ0 paviag Atthin Fe’ﬁ E\CBQE% P'S gener atin i

ebptidral ;meamraoptrwéwwwd@n?&efo%fbﬂli'éss‘“gle
andfé gl%gprmggf RYSRI0E b@w g 9

th
crystaf!mﬁllWO fayes 4 0P, 'éi?feﬁle@ 'i"gﬁé :ég' e@gé@ rfglt' Eéérmﬂe%bly exposmg the
surfSd'6 g8l |sMbéthélmeD&betﬂluﬂ9< ¢1Pp) &Fy WPPR cﬁf@gﬁ?’t yhgrlppmg e
present invention for At 100
natiype pndabas@r,s@w%%&%ﬂ&o? ?@#@ﬁ@“f@%ﬁp“ si ng E?gbbeg?;e %5 a::-
mas?(e& g{h% ébé/yi%ffrﬁlhlb' 4 patiérhi sfonask elenente 428, magkerk ragens 19 4

a Si

expam aujfﬂcﬁg'eglopﬁh%%gqrﬁgﬁgprav ?@ﬁ%{% (88 hn Jct'i_’e %ijb‘bﬂrn@érﬁ shown in

ine silicon |la ”
I e fface Pid ||s§iéﬁérnk6mlﬂwedta8gulaaaumlmgn ) Qé;pld surface
Flgl% ek onal Iy,

iayetrmwhush prgivisle 1Basks %gﬁ}eﬁﬁse;@: ﬁ}aé %&é nl\rﬁ!‘fﬂﬁg @fthing of the
madlcaSEhions 2% df @xtehiar\satfacd 910.c0bask| aiemgntgx‘\ggsm% hayg any size
and shape including, but not limited to, square, rectangular, circular, elliptical, triangular
shapes or any combinations of these shapes. In an exemplary embodiment, pattems of
Al/Au layers providing mask elements having desired geometries are fabricated using
microcontact printing, nanocontact printing techniques, or photolithography, and etching
methods (TFA for Au; AL-11 premixed Cyantec etchant for Al). Deposition of mask
elements comprising thin metal films may be provided by an electron beamn evaporator,
such as a Temescal BJD1800, for example by sequential deposition of Al (20 nm; 0.1
nm/s) and then Au (100 nm; 1 nm/s).
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surface of the SO substrate 100 to dilute (1% HF.
Upon adequately stripping the native oxide |ayer,

sel ected regions of external surface 110 of SO
substrate 100 are 20 nmasked, thereby formng a pattern
of mask el enments 120, nmasked regions 125 and exposed
surface regions 127 on external surface 110. In the
enbodi ment shown in Figure 1, external surface 110 is
patterned with rectangul ar al um num and gol d surface
Iayers whi ch provide mask el enents 120 that are

Eﬁ%fr?aéxprfbéw hkh tolf I%Qﬂrﬁg 1‘% is %lsoﬁ%?iéﬁﬂ/ eRfe®Adwnward.

er nal sur ce 110. Mask elenents 120

As ktmwm mnlyigeiez &, @thoagkl nﬁi@@ is ﬁ@p@{mewgrenmypdrfam |egcp,$/s[eélosurface
reglpff? 1279 Hfek él%ﬁ'kﬂ%g%@ refent Cé&':lﬁr'i &'ﬁéﬁeﬂcﬂglons 125, thereby

angul ar apes ny conbi nations of thes

genemmgsa ploraity ef erefiet fgatisies o #0esamprisiia single SFrvstaljinen, silicon
strua@%%ﬁ?\ﬁrgg%gﬂlw%agr@ﬁ iRl RARM 41, hﬁ‘éd"&(éﬁﬁﬂéry%ﬂnbodlment wherein

cated Using m crocontact :
rehefrfeaMrarsghaweaslde ovella cid1 graving & §reieernildd ¥ abgut 100 nanometers,

expﬁ c&%ulﬁ %%Q%QE@ Qeﬁﬁ&%me tetmﬁét A?lénﬁﬂbmrﬁ QWydrdhide (TMAH)

ec et chant osi tion. of |
for abslkt RO minetesnt dn dbiﬁ'pﬂmlquu'gemth pﬁ;hm gqanqratpﬁssw sidewalls on

reli é‘%tlélge%d'l A@ ﬁr@;ﬁé %ﬂsia‘? LiR&R F{‘a\ﬁE& ROABIRAsK elémehtsarR0a preferably

sequenti al deposition lief
wntlofdeﬁhtnﬁlﬁf)frunm awerage ﬁm‘f@qe aﬂ%ih@lﬁeﬂf ]@@s (tm@@ Wnpa orpﬁﬁersc,) Relie

feagﬁ?sgﬁ(f Y. %% ﬂ &?ﬁ f%st\?n% J%UWénzthg \AuAJ;IQIerI]ya SlOg Iayer 107
is parti@iyt houghplmwipnscﬂbppsllys eiched javayy fore prRMBRIC t,l%qgg concentrated
Mg%@ﬁn&@# gﬁﬁ\%ﬁl‘e #f%gét&%% alk%éggen@?a‘igs itABE semlcthductor elements

rons 125, thereby 5 4
15(gemﬁpm;mg@sa’em singleicrystalfiner %Il(}O@fStl‘[ﬂ@B{f@ﬁ having ghe surface covere

{ , b
by %o gl&ﬁ: lﬂgl‘,l?el‘éfﬁég{sal igé N?AP'IM&QH‘E th%nﬂrgnﬁrg:?gém lgl ;nay e
ren@cm@ddjrnm,t bevintegsrated direcileintd 8 dinak ¢ayicrastaickirgelopgraEple, as the
& an 3 intabl
ol B 15 PRy bR v i
seﬁ'li%bnmrf‘eléraamte Mi50 Mtk @sae@wegdrqvpipbthe raseivisLHfage sf substrate
t t hi h "
sudacondBny sUgh o% BRER; SEfatecby 1§ R pagPLaNdEr TORALT printing
tecﬁhiqUé@r(sﬂmmatgaW /shawnelsk astosndBBs PPy ,gp&upgm aﬁsyng methods
L t
(srﬁnﬁ@ﬁtlﬁ% Iglﬁes 69@8&‘ Fﬁ\é?e ﬂ? %Qééfﬁ’tﬂg aRbdd A2y K carflgs out a

eatures 140 may be |ifted
rodh terﬁ;seraium mudysambient drd@onment aride theneferd, pragerapaivle Wit a wide

anseaubetgh it sbat heRABHARE IR P 15,

Liftoff of the reI ief features 140 generat es printable

o1 nyPe ok sieer R Er g TRLERRE aSeqibie pRRtBleSemiconductor
clethErfi9 A8s GRVISITRSL of taking advantage of the known onentatlons and positions of
the printable semiconductor elements just prior fo their liftoff from the SOI substrate. In
this case, procedures similar to those of soft lithographic transfer printing fechniques are
used fo move the printable semiconductor elements from the SOl (after etching away
the SiQ, but before lifting off the silicon) to desired locations on the device substrate. In
particular, a conformable elastomeric transfer element picks up the objects from the SOI
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by a mask el ement. Mask el enments 120, Al/Au layers in
the present exanple, may be renoved or may be
integrated directly into a final device structure, for
exanple, as the source and drain electrodes in a thin
filmtransistor. As shown in Figure 1, the printable
sem conduct or el enents 150 may be assenbl ed onto the
receiving surface of substrate 20 surface 160, such as

pl astic substrate, ej ther dr an il tact ..
surfgie A granBEhr MRS Sc HERETd oAy lehons BUASF 85 prinatle
semiééﬁﬂuc%r Q&m&ﬁistkianoﬁe eiaeéﬂyr@nmteuomm ¢sio rmmm msﬂraytes by Au
shown rrow,
colduaiding ddg reoapiaciabans aned B T FrUE R fiealRY sttiate.
envi ronnent and, therefore, are conpatible with a w de
range of substra e i ncl.udin
R Sl HERSS: obBeh i B ofiabi e Bor clements
150I%|rré LBt hlmz& h@ﬁbngél @?w‘mla tpt icontatt surkaeri Fénefur coformable
el ement’s has the benef i akin a
tranRiAb AAVIER 1o e ST BT afiroh P, SO iapbisP device or
corr? QT&?E@H‘FSBQFan@fé?WW@ . | thierebyp hoading oatt least al périiof fof printable
romthé u pr
semigamdugler [al@rqqqngcsggé g%]ﬂ} ?‘?’}W{g@”g%ﬁ% el’?Pralﬁ M[aes%mlconductor
elerRédt8 450 thﬁp%étﬂ blﬁ RS c@ﬁt@cf;t&ﬂll‘fﬂ&ﬁd?ﬂ of covferndige ;maﬂafeadﬁ\éce 175
sem conductor el ements fromt
ro HIEGTIE  SSTEBStDN Beresela FoTass O POyt (EOL Brferpy in @
mar%e? @B lisHREREOTBIM Tohfzet Detwieor cenﬂast suifee:e 479 and the receiving
articular, a confornabl e el ast c.tr
surt%ce; kef sybstrate ofPlct s GansRgts F‘\Hﬁ @ %E%’E;agéd %ﬁe Hintable
serrhéo’ﬂ?ﬁf:t%f Slehi¥feg 150 @ chatdd wlcih sedmﬁgamfaca oﬁsubstralgte 16@,chereby
printable sem con or e erren
assemBRg @Flﬁtéaleo‘f‘ﬁfB'CPW'ﬁf%tt% YempRisg s?ﬁtgt @% %39%% wage-  This
emﬂ@d :‘P\Eﬁl%f % p &séﬁtﬁﬁﬁrﬁu@h s mﬂalwtﬁfgenemtmg atpradtesuor Hegreceiving
e target substrate.
suriagggpmgrigﬁg Prigtgb @fsemlp?ﬂdélﬁpé e?é‘?ﬁ”i%i% a\g%éll d ﬂéﬁﬁgosﬁfnns and
spatialofrRatRheU it the NérAbSdMEAY ﬁ’ﬂiwrc mnF@ute vj printable semiconductor

contact surface 170 of a C
elemeats Hdcareaepasalionaly CORRRS et { s @?Fg%g%& §f *He feceiving
sur{ 8158 L. St,gfev-lgge or conposite poI yrrer transfer deV| ce,

ereby bonding at |east a portion of printable

sem conduct or el ements 150 onto the contact surface
17931% L bahbss & eohRabAgramIfustiating atsslet B diysransted contact
e

pnm.m@h&??,}r%&&Eﬁ&?ﬁmﬁ%’sg&c@ﬁ@%Sqr“é??%ﬁnééféiré@%v'n surface
of gg,{,{, S s ?%tg rogﬁgﬁ%tﬁaﬁl%osr??fﬁrﬂg&tbf ¢le;rmgfn?mameﬁ3bncated on a
molfED subeiratn eagoseaaea Frrpatet # UL 6" BMERBerspandisy boéfts 300
chaBALAR SHERESineEGbdshioRS BA 8pati brientatiorisntAabbrformable transfer
device 315 having a contact surface 320 with a plurality of discrete binding regions 325
is brought into conformal contact with at least a portion of printable semiconductor
elements 300 on mother substrate 305. Binding regions 325 on contact surface 320 are
characterized by an affinity for printable semiconducior elements 310, and may be
chemically modified regions, such regions having hydroxyl groups extending from the
surface of a PDMS layer, or regions coated with one or more adhesive layers.
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sem conductor el enents 150 in contact with receiving
surface of substrate 160, thereby 15 assenbli ng
printabl e sem conductor el enents 150 onto the
receiving surface. This enbodi mrent of the present
invention is capable of generating a pattern on the
receiving surface conprising printable sem conductor
el enents 150 in well defined positions and spatia
orientations. In the enbodi nen

in.Fi
Confarinat ettact Sepsfeematueas p@ﬁigmrgﬁpérqg% slgFrgcoln%Hét%r Stements 310
whic{i‘nﬁ@érﬂéét%ﬁdlﬁé’ é‘éj&ﬁ&eﬁif%nt ébn%%ﬂt GuFacts 3262 Mrintsdatseonconductor
surface o

bst t .
AL R e e T
surfg&-,y 3%)6 Q:'?Sjuﬁgtraﬁé’ma@st whithi My e sdlkchibik Substrates sudii aaga plastic

A ST T A L S T e
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attern 310 of r nt C .
subsifatee 385, tmoebmp%\ea@mr@ £EE0TKY, Betkarn “fhoren %’H“E@ S fnductor
eleng&ﬂs %n&%%%lﬂﬁ Weﬁtdeﬂﬁéd pOsifisryf arid Iﬁﬁh&l briemtatfors different from

evi aV|

a contact surface

the fitat ratterny ofopringable rsewospwaphsewgfsoﬁ‘g‘? 358 S'\Oy% ipfigye 2 the
prmt)eﬂ:ﬁé) éo(?lﬁﬂgtbr CRsthantt 340 hhat rém@ftom momér csmbeti‘ate 305 are

e sem conductor el enents 300, 0
chaeamlmtzedtbg Ahipd pgttwa,‘.ﬂ@ Qf@lptﬁlp? gqglcgrlng%:gqg ergﬁrqifg%rgnt from

3 ﬁﬂhc%rf éléthér)'tsf @Inntab!emaiubmductor
first, %‘% %o n?ﬁ g? or eﬁﬁSrﬁﬁéb?I@ ger%ﬁo

nts

clomonts{ 34 ool e dU PEBBEIh BVGE Y BTGRy IR FEIRETeS 1o
andf&?ta%gghﬂ%dfoﬁmﬁbtéﬁﬁte%ﬂsf Softfer ubitidte LigiNg the [rinting methods of

"ons coat ed one or nore adhesive layers. 55
the m:a‘eot msentooningledingsalestive dryjranptes MetPdSor ¢ i on of

printabl e sem conductor elenents 310 which contact

bi ndi ng regi ons 325 on contact surface 320. Printa .
Serﬁlgwesi GAt-oF, arel sphemetic Jiagrams RRAVERY 48VIESS: &@mcs Rfgirations

ds of th
anc@ﬁ?\flgec gorg%%ue"ﬁ seu%@ﬁﬁ 'a%tblgcg%egd@ql‘ﬁrﬁﬁér cohtabt pmmlggclattgia%s ,[0 302
presexitdbvention.s bighreadA ah@yﬁgﬁqitgaigy gfjg@}t@!ga)éem%g nis
on guﬁpghaetr's%gitgét?:\?? ?@{é?ﬂﬁ;éiegﬁébofﬂﬁ&bﬁlewlwfﬂmthents 300
havael ement 51084 edhgsiveceeatings S8y rﬁ‘sa%lp“ﬁB@r}%QW %sch’&?'gg coatings

C eade erdwsS40canformable transfer
35%9[%? eggérﬁg?(%ﬁg%@%?p%&gn?g % char Zcﬁt er

devies B18IRavined cpotect swace 529 vilhaa pliraligy of §cgf:f|eélﬂgdlng regions 325
pro gllg%{dﬁlé % d&%lt Joe?%(ii ggﬁerﬁ' r@%ur@ ad éHdWsCH c@’ffbrrrﬂéﬂlé &ansfer dewce 315

ment's shown in F| %0 ided in
havifig prthreeatimensiendl celief pstten ?&W@fnszre"%fﬁ “"Eeé Prgyce

o B Bin AL atar oA BrEogtint b oy 2o} miioten 55
providekea plutality ofm:ontact surfaces 320 that may be optionally coated with one or
more adhesive layers. Patterns of adhesive coatings 350, binding regions 325 and
relief features 360 preferably corresponding to relative positions and spatial orientations
of printable semiconductor elements 300 in device configurations or device array

configurations, such as thin film transistor array configurations.
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first and second patterns of printable sem conductor
el ements. Printable sem conductor elenents 340
conprising the third pattern 345 nmay be subsequently
‘transferred to and/or assenbled onto substrate 335 or
anot her substrate using the printing nmethods of 15
the present invention, including selective dry
transfer nmethods. Figures 3A - C, are schematic

B T i oS SO 8y o
asse&%h?%rg%ﬁ;&iﬁg' 4na aﬁi@f; ﬂﬁtabl@esenﬂccfrmglritor eleneants om substrates
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havieg amm% raege 26 WP&SWBE‘% aw%qea{'@ o ‘?’/ﬁ’leragéﬁﬁé Curved
surfe?c%kecﬁ%d d@HoﬂE@Qleeth%e'ﬁlr%tﬂ&ﬁhicéaifabmtyemérthe @esenthavethiods and
or nore adhesive coatin
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dlf&%&f(li Qeﬁo BahdSid)-onfd e @ik §1i‘rﬁi&‘és af eordrietynafbdpdical lenses using
devi ¢ce 315 havin nt act surfg_cg "? gl'oybes a
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phofogr@h"‘%k | ?ﬁjeérkaﬂﬁ%f pﬂﬁdt&ll@des': Mfet{ 6t ovapharical surface of a
e transfer device lfé avin ct} ﬁ?%lcrograph of
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| ¢} Inglagsnlens

o S ot e e
100p ). eanlezSp N eI Tege providefl i Fiouss, o BB ahblgaigsnow o
dopiai r%@éﬁso HuYe SR ﬁqdé@ Lhans éPéctrldT@urﬁerﬂQhA}Svmee bias potentual

erns 'of adhesi ve coati ngs, 350, Igl nd|

(voltsp muem.n@zse tight response bf thephatodiodss @'C&‘f@? H 'SPS?
corresponding to relative positions and spatl al
orientations 30 of printable sem conductor el ment s, ductor
309|gure deVli @ed cbAd |SQgWa@|R5ﬁf§”'6F’ shapecel g prgﬁabe semiconducto

uratL h LuSiher drgr tiansfer contact
elereglﬂ.f oguq S$EMM gnpys m% gfésfeigﬂr gﬁgﬁgﬁlﬁiﬁ %:& @(?V ertc I
prinfig.h Fiuradé lusretides arpetrwcb\r%g@m aTFCW@Hf‘? fPigvides a top plan
¢ t bBh i 5T0aBktending along a
V‘e"genllg'g:gﬂgﬁcﬁeﬁc I ercr@nrihg @%“s%ﬂﬁ?%;et%e%r}%hav n ndp;ng ? 4 9 d
centran@agmfdmabrm-ﬁuz lmavingaa firss gng 08, ﬁ%}t%@gwg%@ and second en

| its length.
L U M A T T T A
oo rtons o oGt AT BB B L oioh $10. I an

exeilbqllllggolgg?l gh?gb%ﬂ%o"i@rx‘ Sur?%i'ch:ﬁb nesthérysubistrate 620. In this

e curve aces of a vari
em@@dﬂn@ﬁt nhcﬂmbstmtags lsdtrgplcall:yr@quﬁeq)tq 0 MY Hé%ﬁp{@ gibbon 500 is

t b OHKdhndAt PinRNitAlsiAg aclements
on%n%ﬁ?épa &Q%IS S?‘E%dt%f §é|o€f1lot oé&odesﬁpr i nt egi% % 8 515, At
corﬁ;ﬂi’sﬁig gadrifisial fayers 535 proxiputy dofirss ad secend epgs S9pEn

;i S &4 RCdtbsHvdTRAd i Biston 500
isrogn e il Bl U8 et e
is BroldGgto @ontact pite rand/al bgmwstm een@mfpmable fransfer de\rlce acrificial
layers 525 are broken and ribbon 500 is released as the transfer device is moved away
from mother substrate 520. This method may aiso be applied to dry transfer contact
printing of a plurality of printable semiconductor elements having shapes as shown in
Figure 4. An advantage of this method of the present invention is that the orientations
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1000 mm. Contrast in the image provided in Figure 3E

is slightly enhanced to show p- doped regions. Figure

3F provides a plot of electric current (pA) verse bias

potential (volts) illustrating the |light response of

t he photodi odes pictured in Figure 3E. 15 Figure 4A1

and 4A2 show a preferred shape of a printable

sem conductor elenment for assenbly nethods of the

present invention using. dry tr r bstrate 520 may be
ot Daavemestiows o 0k e S 80 B mG08! Sabsitc 520 may
precigégﬁ&em RIRYitdAsTen, dsapmplyamd infegratiomstepsafiemplary ranges
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process #rerthesdanspopdehihGe A Mer substrate 520. In this

enbodi ment, nother substrate is isotropically exposed

to an enchant until ribbon 500, i Y. e dehfionductor
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i | ' iRpelemhents S30avtichnerinact gbippsten and of the
o P s sancname: Sarlen o
dbboh sortgsheppentead lengiiiot e e '€ JRPISY SRS 2P oS
mai@ﬁﬁi&&é\b&bﬁﬁ%ﬁr& %@Fkbﬁd%@ﬁhg Rnatrhrgingrofeibbmﬂﬁ%'f meRoteigfining

as shown In _ Figure 4.. , S an
onenrt fhoth ehs e ecseen RGN TIeBnSr T (Gl S8 Aignment
ma@{aiiﬁﬂ‘i %feh%ﬁgsogﬁ? afd) gtidri](@h ahdl \gib{wmf '5275 ans rejéasedpinanzgonfagt with
| ons on notner upstr e
the pibbohs ety thecoatast SUHass Hﬁ attFagﬁgqr eq,e’vuzc%sgigy né{?%eé%nt movement
awd nﬁcﬁﬁ?ﬁ&tﬁ&%u@&ﬁ&éﬁﬁﬁ@' ary ranges for the thickness

e sacrificral layers are -1 umdown to -100 nm
with ribbons widths between -2 umand 100 umﬁ_ § printable
| nter i ngl avRben Qirintihg, |k bbasts at peilieal iy P
occf?r ;%%éfeg? %fg% ?Jg‘ren ty of?{he Ob.j'ecréédi&ﬁﬁe{h% éﬂgcq%neraﬁng a
serhioonduetgraianenis 460 ahe Aispensgd Nt BRL atta‘cﬁe to
t he motler. waten). . Wigkhditiob ermens eiirtgntsl 650 othediagies mpedium.
S”?ﬁp?'ﬂaqpﬁgo}qﬁ){ls i-rr%Jfsfey\“{lf)tghocess re they are hondad: fQembled by
PrihiablestearipondBctpn elememts 43R amealeliversd, 19 st ¥ erreh ‘; ape
of a printahl ] Gh® Fecehing banfianet off substisecthyl yoO0
solfior gfind; AP ssSeman s b Fecehing

resent 1nventjan usjng d r ,
prictimf may be provided by a number of techrc\)iques lm n fnythé a?tniﬁélﬁﬂlng, but not

limited to, ink jet printing, thermal transfer printing and screen printing. In the
embodiment shown in Figure 1, printable semiconductor elements 150 are operationally
connect to gold pads 162 present on the receiving surface of substrate 160.
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printing. Figure 4Bl provides a perspective view and
Figure 462 provides a top plan view. Printable
sem conduct or el enent conprises ribbons 527 extendi ng
along a parallel central |ongitudinal axes 528.
Ri bbons 527 are held in a selected position and

orientation by alignnment naintaining elenents 530
whi ch connect at |east on end of the 15 ribbon al ong
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the H.%&ﬁdaésoft}:h‘@@ﬁt irfvegtiorh A Rohase im thils filop trapsistors iy #gyiip glectronic

0

| ution cast angl L .
systgmﬁs;?1 §|§i g,tﬁgl;el s%?m%c?y%%tgg %%nfﬁ%éggérg&fﬁ@% !}dtnﬁgai? gl‘ﬁéro('n‘eéd ghdRarrow
(~1 Wiibibh&Riessor sinBRecry staliihe siffeqrearerpanicufariyisaile sili con

strips (roughly 10 mllion of them dispersed in a
sol ution of ethanol. The I ow resolution SEMinmage in

| ¥f8 | pgateebasmape s ot
oy ey SprS A RO YA PR Ao oo
havih%sé o <8 ¥ @bdutb25 enieriohs.c Aieviap dnset Pigjures ibtrate the intrinsic
ﬂexirl))iliet;%? t’thsis asygtlergnr.] Trheesgcln otn'|| ?n%e?%h/lm}vér%g&)po\fne\ﬁr]‘ﬁic%graph of printable
silicon dense microstrips (25 microns wide, ~2 microns spaced apart) cold welded on a
thin Ti/Au coated Mylar sheet. As shown in Figure 6, the printable semiconductor
elements comprising silicon microstrips are well aligned and transferred with controlled
orientation. No cracking of the printable semiconductor elements induced by assembly

was observed upon careful examination using scanning electron microscopy, even
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these objects. Note the extrenely snooth sidewalls

generated by the anisotropic wet etching procedures.

Printabl e sem conductor elenments in the formof wres,

pl atel ets and di sks nmay 15 also be formed using the

met hods of the present invention. By use of |arge area

soft lithographic techniques, it is possible, in a

single | ow cost processing sequence, to produce |arge

nunbers (i.e. billions) of printable semco duct
wheretrmmssram s | keen s@mﬂ)cantl'fe UATSrogem Wete BBaiid dpthout the

need\é\cﬁyféep;bglgg 0 e\z;ﬁﬁ%yeigje? éd'éy%u Eb4teH &ﬁih%ﬁ@tﬂkw @Bdluﬂrated by the

I mensi gn as s
botioMeBEmirograyh pictuse.b covasage seasitylossdor 4‘?@“?@% g%l gepgpved in
resent invention. For use in thin filmtransistors in
ﬂm5¥P@%?ble el ectronic systens, printable sem conductor
eIenEnts conprising long (-10 microns) and narrow (-1

pa qogrjré?s rﬁ\}egg%fgllsé 'pBﬂ);c?esto)ﬁﬁioélté bAstablel seﬁrﬁdfbrﬂluetor elements

ure 6 presents an im
comlbrf b h eenﬁxd)n{jmtntt sthicture @mal@ag@ﬁjwtcgpn%qté%ﬂ? or ﬁ\gge other device

comp rtl%g%l.? d%%)’}ﬁésctﬁéyéié J\tbn%oﬁaddtnﬁgnelam@m@swet mecnmdes) or

mde s havi ng
addm@mut;eaﬁcormmomdemems f\ape»qemé&ry Qr'eiaa}eeieW‘P?fi@FPéteéemems of
the p tp%ij ?Fth'chl‘aM %e?d“'f‘ér Sagcting Thia Bt thansistors
||'1°§§f‘ ewmcora print apl e

comphées(:@n dﬁasgmtem semsondlp;t,or( ggd nqhelpgﬁr,lg ﬁ],ea@n 5SHeh. somposite
pnnt@gia ge@ﬁgg{i&&%ggfeﬁl g?‘cﬂrll__d@étr@ns&tﬁfsn hEVlh@mlgt@aﬁﬁﬂty leak free

U the ”ma | &abricating the
dleléc@fl'ﬂsCaﬂ@lLavbmls e etashfort sepseatpr $AIT F§SHER or fa g

dlel%ﬁc{ ,%fﬁ %_83 %élwefll!{ﬂ %hﬁﬁgrd "’lﬁdad?d'tﬁiﬁsﬁfééfﬁdcdmpdmte printable

nta cracki ng of t rintable o
senﬁtﬁiﬁd@@tﬁﬂél@h@htseérmbbmeﬁ idierd deuige Lf@brggg@}rgn rg Wstrate d y

careful exam nation usi ng scanni ng

|°W§P$d’crﬁn§?lgtﬁpg?'8g% py, even 59 when the substrate was
bent significantly. Simlar results were obtained

o B A7 5T ooty o uc

as Il lustrated
in h&AsEs oF meogmpht piventianeto wamaferereag@nal&%] ?‘%{F?JH‘&CFB”"tab‘e

s rr}l%&%g be g@ts \f \Fg:a{a'&t hﬂil@s %ﬁ&lﬁg:sr)lrl{ﬁigﬂ' hﬁlﬂﬂﬁ@&éﬂﬂ‘tnlques (1

“GukRid moledulak Qélf—ﬁsenmm: a rewgwp;f.rgcpqm@ eﬁo@‘é’nwglghgd-‘lﬂt% Smart Mater.

St ( UCt% 1&%%&2# rzﬁl Y, ﬁ@@@g@t Tite?et\r@ﬁiﬁaiolt)rg’ﬂhiz?tlotﬁ hefrNanowire
ectric el ene

é‘ﬁﬂﬂ#%ﬂe@@t@i Bﬂenia;cste(ms”eWhanGcDrao-b@s? U, ¥d "f}?eéngr M. Nano

Letigmﬁgégﬂg ﬂi(fggr @%ﬂgﬁgs 6@ DRI Ysdtinhtily aldk e One-Dimensional

Nanostructures into Functional Networks”, Yu Huang, Xiangfeng Duan, Qinggiao Weil,
and Charles M. Lieber, Science (2001) 201, 630-633; and (4) “Electric-field assisted
assembly and alignment of metallic nanowires”, Peter A. Smith et al., Appl. Phys. Lett.
(2000) 77(9), 1399-1401.

All references cited in this application are hereby incorporated in their entireties
by reference herein to the extent that they are not inconsistent with the disclosure in this
application. Some references provided herein are incorporated by reference to provide
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10 the present invention that is particularly useful
for fabricating thin filmtransistors conprises an

i ntegrated sem conductor and dielectric elenment. Such
conposite printable sem conductor el enents provide
transi stors having high quality, |eak free
dielectrics and avoids the need for separate spin
casting steps for fabricating the dielectric elenent

detaxbsgqﬂ%&tgﬂr% %c:iqlrgr:%t LA sgg |§§ gr{ateﬂeps %ﬁgitibhél artii§ nidterials, addltlonaI

conduct or e enents enabl e
reag aﬁtfsl addﬁnmauautmds basyritivasis, addiional srafeods afanalysis a&‘ﬂ@é’é“t'onal

wesho GUERE, PAID B SE ol ) ot ot

whi ¢ch
deviéBRy degiceseldments, meatedds, ofooeﬂeregre@@rtechmﬁ;f@ﬁt pibAT an those

tra sfer enbl i 43t as broadi
specbARrRstioes Mot iR BE Appie EPREGFbaiRs A enich !
dlscléé’édlhbﬂsm vithots m;oﬁetm nndmegxpﬁéfmem@ﬂfded"'hﬁﬁ'é&g‘r"ﬁrf“”"t‘onal

sel f - as enbl.y: evi f Ji dares and
ecuifRipls St Poliiier deVphy  icpo3fgheds, iirign P
techmhaésg%pﬁciﬁd:alyl-lliﬁcabemlrmm Girgaintengetl oo g¢ wmmaﬁ%ed by this

Arrays for Integrated Nanosystens", Wang, D.; Jin,
inverfion. \n; Y. ; Lj eber, C. M Nano Lett. (2003) 3(9),

1255- 1259; (3) "Di rect ed Assenbly of One-D nensional
25 Nanostructures i nto Functional Networks"

X GrmrengnOhppicatm jgs a0UBET. 077 HOEH 861 0RO ) B0 63,391
, |
and ﬁ@%%ﬁg(ﬁ%afgﬁéﬁ 4, 9801 ORkusR A9, 4dba, FebRky e 2605 March 18,

ment’ of netal
5 2 Mag 54,,20IBGI BerspéctNShyl tare oerelly. mcqn;pg]ateq:hxlgefe@pg herein in

thelrt ?ﬂ? ZS’ﬁ a?)ft%rﬁgg iégr?stst%@t Vit thE SilsRloR DRSS this taﬁﬁhdaﬂon

erepy |ncorporated in therr
entireties by reference herein to the extent that

they are not inconsistent with the discl osur e in this q
appltienati gmUpS@lﬁemamfletSerﬂwwoﬁl’i@W dE8MRERRIE A ecompoun s is

d[s%ﬁa é{%ﬁéﬁg% H¥%%§{°§P eiﬂ%ieallt AR ﬁfemtﬁe@s 6ﬂkﬁisbsgroups and all

materials, additio H
subgl*oa $ tHgeofadre disalosed aaplaratedma hep gabariiush 9ERHR 1 RS grouping

is léﬁ%i ggf}lr? f Bli F&lb%ééls’m L1 gndle 'B?Btlfﬁ)%d‘)faliaﬁéihwﬁaﬁons and

e I nventlon. wi |l "
subafrapingtidnst posside of ther ghonpEye indended t9 lpqlgldé\pqua(llmé@cluded in the

fied
dls%qsblgeedg}r%gqg%&ﬁtjqqﬁfé%@@ %ﬁtcﬁ‘er tnﬁnpdﬂh%; dééﬂcﬁbed or exemplifie
her&iRegin e abby tolpsantice dble firsestion. daﬂea@eotasmlﬁ%étﬁf%d t fghenever a
! f th t
ran&; fasfﬂslmcnem %PPeeriﬁlbcadﬁH Jé\oée%(aﬁg)rllg:éé%?ll Iragﬂiesr"ahgégﬂ;uh@rrémgé ora

conﬁpﬁ%ﬁbhqiaﬂge @Iﬂmtmai@rﬂte reﬂgeﬁeah@@ybragsgeqs,cgg weljcas @H individual
ter| a

valdgsdervan e iafs Byell LIRS 155 Indieah fegictosure
enconpassed by this
As used herein, “comprising” is synonymous with "including,” "containing," or
"characterized by," and is inclusive or open-ended and does not exclude additional,
unrecited elements or method steps. As used herein, "consisting of' excludes any
element, step, or ingredient not specified in the claim element. As used herein,
"consisting essentially of" does not exclude materials or steps that do not materially
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invention. 10 U S. Patent Application Nos. 60/577,077,
60/ 601, 061, 60/ 650, 305, 60/663,391 and 60/677,617
filed on June 4, 2004, August 11, 2004, February 4,
2005, March 18, 2005, and May 4, 2005, respectively,
are hereby incorporated by reference herein in their
entireties to the extent not inconsistent with the
di scl osure of this application. 15 Wien a group of
mat eri al s, conpositions, cO nts hShi
affectile besde 8h GPR Fharac kS i AN S LU « Rapady TorREe I ":‘%‘” ;“y °;
%ﬁ.ﬁ‘pe 0%8nlEignsssantaligl df asdl bcgmelspsg ofignapbedeplace
the |SCI%§Q§{§E€a§§?er When a@Nhrkush group or ot her
with giteerpif fae other Wode™erein, al | indivi dual nenmbers of
the group and all conblnations and 20 subconbi nati ons

possi bl e of the group are intended to be individually
included in the disclosure. Every fornulation or

conbi nati on of CoO onents des rig r ed
Examples]:nT Bl 15 n|p aying 3 pu et e ﬁﬁico%d F!‘de‘b’hl Oes

u O

ot herw se st at ed V\henever range is given in the
speci fication, exa t t Shvention to
¢ e rahie of v rﬁpsaqr SHENS gt e PR Trven

prmﬁ&’%1 %g@icﬁﬂguﬁ%ﬁg@?%QFhlna?gngﬂﬂgis transiafots wagi \xarlﬁambyz@(ngental
studiesc| Spedfically; kis @gg%hcggl?ﬁ. Br%s%tq[}!ei@oﬁrt@ ghﬂ oeenlﬂﬁ\dﬁlﬁ’l‘)cr istors
capatggﬁgﬁilcﬁﬁbn orf af’méﬁ:ﬁlézlpﬁ]gtt{% srulbt;unafes iy | psidtingymethods. Further, it is
a goal ofpthe- @'ﬁg@ﬂ |gyﬂ1tlggetg E}{SY! elh 8%*3@10&{&% fhﬁ] Fildf tdRéi¥®rs on
plaéﬁgg&.ﬁ@:sf&ﬂféﬁ ﬂa@iﬁgﬁ’éeidc l@)ﬂfggtsahbmﬁtmt ens-. ofsatioseanchresheld voltages
similargioea| @qq:peqﬂﬁg t@gé@pftqa@alsf élce g'g:w&?né@e\n h%@ tem erature
pm&rrkgsisg‘lﬁi a?thOGQns' sting essentially of does not excl ude

s or steps that do not nmaterially 61 affect
the basi ¢ and novel characteristics of the claim In

‘?5”% Jr8St G Q&tQ%h%ﬁﬂF?ﬂMlcﬂfgraﬂmmawmfsa thio fij ;trgnﬁgtor;awng a
Isting essentia n &source
printafi asssticoniucier clement o henBOgiied TasRiey B orre
cloEr IS £ braid E!eetrédé 533, rpﬂﬁﬁbﬁd mmmduwg)rw!epnentt&%l dielectric (not
sem conduct or el enent . abi ity l% tr(? 35'?‘9”?0‘ shown in the
shmnlrch!l’slﬁ@Qf@lheWeﬁtgé‘r%f te BT’“@SS P
mm?éir‘:’:éﬁ% EgieCAN ket thin farinelstorig sagportetlityra substrate comprising
of a Mylar ssﬁe%t goa\agg w\{tﬁrlhélhr%dtmbgmge I?ﬁ-fd m:"Iﬂbarlanometers thick) as a gate
and a photocured epoxy as a gate dielectric (SU8-5; Microchem Corp). The capacitance
of the dielectric (2.85nF/cm2) was evaluated using capacitor test structures formed near
the device. This device uses a solution cast printable semiconductor glement
comprising a ~5 millimeter long, 20 micron width and 340 nanometer thick microstrip
fabricated from a p-doped SOl wafer (Soitec) with 2 340 nanometer device layer
thickness and resistivity of 14-22 ohm cm. A 25 nanometer thick iayer of SiO2 was
grown on top of the silicon by dry oxidation in a horizontal quartz tube furnace. Source
and drain electrodes of Al (20 nanometer) / Au (180 nanometer) where defined by [iftoff
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10 studies. Specifically, it is a goal of the present
invention to provide thin filmtransistors capable of
fabrication on a flexible plastic substrates by
printing nethods. Further, it is a goal of the
present invention to provide high performance thin
filmtransistors on plastic substrates having field
effect mobilities, on - off ratios and threshold

volta S|m'lrto r e idth i
techiRage | Gt sEmicaBAYASr SRS SRULAT g ierahe od e wiith s 20
micrdrfs. Processi ng nmet hods. Figure 7 presents an opti cal

m crograph image of a thin filmtransistor having a

pr| nt abl e sem conductor element. The illustrated

t RGeS BandSBdhawosiptiisal snemsurareents beltrctastfeors $7in film fapsistors
of ﬂaef; g;?%{g%?ﬁg\?%rﬁlgp p%?rigﬁ%{,\ﬁrﬁtﬁg}ehggrqfé%guctgﬂ %@ﬁgnt%%he device

rograph 1n Figure
operzeesaéiﬁmw & eleekrgatel Sal fslevmetthhhavtnp icontapleconfiguration. The

mcro h in ure, 7) Thethl
semigg ‘? =% Vﬂdé‘?ﬁf’é’?‘rtgtaezoc@%? Y Wijéét'@ bf Q@? %wg{% | sftcon in 2
charﬁn@iﬂhﬁdsd\/ldnbth B Hgua foi 50 widrates. (THOprintable seaiemsitietos e!ement in

hot
ths gps WEs PRUSTSOY SR EBRTERERPS. hSouitbidafitidhtacts were

defiftld By holbBhRBApHyCandAifafin F/ cn2) was eval uated using
capacitor test structures forned near 25 the device.
This device uses a solution cast printable

s epigaRNE privilesed pIdk Bhowing eprréstvoffage (1Y) mhanapte@[stgqs of a device
l ong, 20 m cron w.dth and 340
o s eSS0 e P TBIOAELA U s st
cha&a&é‘r:&ﬂ’&) mBhdited aB‘O'QSﬂmahUrm tﬁeu!euitmmaée loayae Mylar rshegﬁwged with
and reS|st|V|t m ¢ r
ITO|gaje AN obTee 4 §°t"&r ¢ oGP Shtut e BIREE %ﬁ&g\% device
motimfy @%ﬁggtﬁel ;fhyétlcﬁmid&gbﬁtab squaetandt draim électraes. ws@h (3 @qual to
and drain el ectrodes o
the Wi rEBBP PORIRGMBUEIBE PRRED, Msih i 1 cpaehel 1. The
AIIA'Ehn%e%GHIEaﬁ&W fotciher conberon & tHee pattabless@ticondictorselement prevides
is 20 mcron ur es
reaspoablTNsRISEY POLTSH DRITBHEOHPRCRD 16 Sl B ERpAcégtor an A
(wofl fuh@ﬁ‘orgbﬁ-t@ e\ lkﬂ@(&liﬂatl@rﬁl ohqudirgacbslbmmt Alhgnum is well known to
sem conduct or el enent devi ce e r ]
itz rap BRI, B0 N 80FE G g P ok, odtoed aifminu
schR ']’fté%ﬁéﬂé &'no b m&ﬁ{ﬂaﬂm d%ghttempaemm'eaantmaﬁrig siepuwps carried
m crons, M crostri sin CI¥S
out, Theionl@ﬁ‘gﬁhgpf Jpe Slevicg @{slﬁgq% o) ﬂg{hap 01r Og /?rla 14 bﬂ?ﬁ% transfer
chaFHdtéHsﬁQ'o? F?ge@ iﬁlafc}tﬂﬂéﬁtepline@tk ﬁﬁﬂrﬁﬁechmobmhsofcwbcméy s using a
pat sol utjon castin

paraltel) plﬁé& mque fog dhe dielestringapaci Cﬁe%ﬁaﬂ"%{}ﬁs ignores the effects of
conBldel Bld hiaessARMaaad dnahbesihithe threshold voltage.

Even with perfect contacts, there are theoretical arguments to suggest that
transistors which incorporate very high aspect ratio (i.e. uitra large length to width ratios)
semiconducting elements in the channel region (i.e. nanotubes or nanowires) will have
responses that are different than those of conventional devices. To avoid these effects,
we chose printable semiconductor elements comprising microstrips having widths on
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Figure 8 provides a plot show ng current-voltage (1V)
characteristics of a device nmade on a pre-oxidized Si
wafer. Figure 9 provides a plot showi ng transfer
characteristics neasured at Vos=0.1 V of a device nmade
on a Myl ar sheet coated wth 15 I TO gate and pol yner
dielectric. The slope of this curve defines an
effective device nobility (using the physical w dth

of the source and drain el ectrodes eaual
the sdrmaewirdeh obfmqagmtugg Wil g, iBgRisiar e%‘?f'arrreé‘ﬁg'st ?fl‘f?e chR)erhes

(ﬁ’?’ﬁﬁ AaEREnce] BRIoffAGT d&tbbset\.@kilhemtare)nwﬂdo those
(mo@lﬂit% ont ac {'s t%)'%t?:ﬁe pri ncteabl e se

duc t
of thiprfowi tchesistare ada LB tg)e & spkstrate g %'ee? y %J.[y) S[ﬁeﬁgfore liffoff.

In 1 %Qtrﬁgés%ré er‘iththé'Hdn@Qr&O@?oxﬁfép@ﬁﬁ&ui fherdlalectﬂc a@i the silicon
rte unc ron of 4. met al

supsiriing: substrates artsuag ,t@,e \g@ g elef I Zg'tr&sg Fqs?uﬁ cgerrllé)r%?rg es that the
proclegéngq; §€e§% 588 td gr%dG@e ﬁ@qmn@ble:gérﬁmmam@em@m and g transfer
um

m silicon jnt ctions n 0
it tonthie aleiviceasubstratei ¢ npblﬁiﬁfl%!'rﬁgrﬂjh‘éa Hﬁ%%:p(quer@ fof}{% Sificon or its
surfgq rséth?tﬂ’esxﬁflltrom-[ﬁ“ﬁmﬂfﬁ 8£ﬁerﬁ|ﬂ§; lafd Q;fllcbﬂil Rchihgvstes. i 1t also indicates

ower than 1

the t f
that tha var tler Waalscintgrace gvithothe r?dn‘% 3@%&8 e ip lcﬁgﬂlig'gf%? eﬁéportmg good

effect bility of 180 cn2 V-1 S-1 using a 25 parallel
devnﬁ?gfogaerﬂ% for the dielectric capacitance. This
anal ysis ignores the effects of contacts and

g\rﬁ%%{p';bgadﬁﬂ{ég%dofcmé‘maﬂldh fnBot huf eisd pledenipdxrtane is that it

contacts, there _are.the |
sepalfagemthe tcwstab gewgh@sd proressing PhiS; &llicgh §V%ﬁ‘8rﬁ'a§% substrate and

table
otheilzrnﬁorgﬁ ?’{eﬁ{s of’ E'Ley d&{u@é’s a%‘p%galtibﬁt fhe fhistheds Wftpracdssingeprin
serﬁll:rmo%Ebtﬂnnbimmﬂeg ng?hel( 8i§e§entﬁay%§|gla %2 %h)éﬂ%{ﬂﬁlle elgqlﬂé ?)In{)c%ssmg
squ%%%g:éﬁ%pﬂ riﬁg @Jt&f‘éls BiSicél thheaRYoskinbR:) Fdamm;ﬂe an SiO; layer

ona evices. To avoid ?hese effects

cancho e on abe SidsoA ionalikaofbe [ amPIe CBRING: # Jnermal oxide
bef%glr éng ﬁ"%{ﬁ@eﬁ\‘s%rﬁ%ﬂr@m&@oﬁ fnaens@rmud@rmgethef with the Si

transi stor channel

o) wsyielabi riocrs] e Fof AN SHHIFLIE et for the
tntq%‘al/ntﬁq ISP% é/dg%n ARsali c?% n tEJ%Frﬁ:)n@frﬁteud Plefe.t A didlostdc m:fodtlmchln this

ors nm substrate af.t
maﬁt\@’nmﬂg akid trs SignifGenbehalPaaes fHabiaen D FeeRgagt wit leskage

rgplg{: PPIEI aﬁ%gﬁlﬂg !t dlnsln% ogdlfienacist thin idietectrics on plastic

icon 5 supporting substrate acts
suimratel&e gate el ectrode This result denonstrates that

the processing steps used to produce the printable
sem conductor elenents and to transfer

I;Lr EO threnethoc:l of the
devmgﬂres Ut atld provideta sohematl gigorare ARG &

ert i.es .of baresvind edmpesiielprintable
pr¥ Y%‘OP o épﬁ%%bt rbf‘ﬂ"iln 'flfrﬁ traﬁé&ét indhesmp

i con e chin

semicopdissior eldnnemses&s smmn Ianggufgﬁl Od%rga\;@gleg rpql,%gﬁlfg@p deposited
onvt\f;lé Qur%algzee 5281 A R GHEEL 6f d fefii® 8t dtratd, sBiiP RS Kapttn, Biytzd or PET.
Gate electrodes may be patterned on the flexible subsirate by any means known in the
art including but not limited to photolithography, microtransfer printing, nanotransfer
printing, soft lithography or combinations of these. As shown in Figure 10B, the method
further comprises the step of fabncatlng a plurality of composite printable semiconductor
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10 device properties. A principle advantage of the
fabrication nethod of the present exanple is that it
separates the crystal growh and processing of the
silicon fromthe plastic substrate and other
conmponents of the devices. In addition, the nmethods of
processing printable 15 sem conductor el enents of the
pr esent inventlon are highly flexible in the

elem?eh’r%f %;ﬁ %’IQE?I F@%r %g%téﬂﬂ]et rk‘ﬁlcﬁﬁt E%&hr%sc %85 C @perationally

er cah be
connk6teded ans.mmeuemcm eiémehtaS&ﬁ | |Asoiiu$tt§l}ed ferlgﬁr@ﬁBBecomposﬂe

prmt%tpi% ﬁﬁ???“é’“%? ?l‘? 'ﬁ%‘a hg%g %bfoog d';i'ntdgé‘ gé@flglgg:é%grﬁcﬁc{ lﬁngth

552 blbﬁ? g cendek/hongltUdma% myist&1yi Cé¢rdpQﬁiie| piingaipiexsermiconductor element
dielectr

550 fas  gririen tucieda Paf A§ g Tholarn s d3indien of MokACss.

here. A dielectric introduced in this manner may

g\;ig%ghé{?rg H'S ni fll(zéktﬁgggrﬂgﬂhh @‘g—feetdaﬁbngéé”ﬂ%estep of assembling

SI'S
combdis’lﬂép prigtablet eemlcnndmigr salﬂm&nts) B&onita fgake cRlertedes 847 and

subsgr@ffgﬁﬁ Enlé\cqu ?érﬁ% IJ’I:% gpgﬁﬁl&ﬁpr@tmg H cﬂfn%ﬁsﬂé phintable

semoRG@Iidr elémemtslmn dre Dnalatled mgclath@ﬁlfég/d@ﬁeciﬂﬁleﬁem?mﬁwsso are in
t t hav t

contgqr:tg1 %hts ge(l) Ekle%ﬁgﬂﬁ% ggﬂ;?&%h ﬁo% ||i Iﬁﬁgﬁr‘ae 18 g“g??gﬁg@bgagjﬂher

comPF&sdﬂféoﬁtlebeﬁ sp):m ctobﬁng;uar tméamanfoposan\fphpnptg@é@t 561 on the

| exi bl e su str ¢
pattesnee sarface ¢ %‘.g@ %ue gg?rfl t% '(leéﬁer 8f pE%tTve photoresis
561 %’zﬁﬁﬁé @b?ldﬂﬁoaﬁg paﬁanssdxﬁaomf substm 548 asmguaqtqﬂaeu Rggions of

not ted t hot fa b "
profct b oL SR BLAEL ARR0 Y BRI gTa beam o
eleciBBgNaid rRaRtioh tthhﬁﬂ&tedﬁhrcslbbmdelrsldlﬂl Y 'éf gupstra 8. Use of

thod furth
an Gy oG STFRE"5 I B e (Rl o8 g prsen
mveﬁh@ﬁﬂ{ﬁrﬁcuﬁ# @Qtﬂﬁvtnamt 848 ﬂﬁ’agﬁa at maytspatlallwéarﬁpar%m uitraviolet
structures erat.iona i
andigir sisile regions Eﬁg‘ﬁtelg%tf?ma}@ efip SRy e?gl %r%'\_oﬁa%ﬁrigigure 10E, the
metﬁ@dib'ﬁﬁﬁlb e ﬁom@rﬁde@tﬂﬁ?@b’@pﬁ diealoning ther thisl phetoresistayerh AsesShwn in
ribbon s
this ignies e r]egiﬁaf; pﬁ@\ oqgr)c(eﬁlgf %g%%%ghhteé}gtshadaé ?nef%k@@ By #he gate

osite pri
elec‘ix%ﬁb§ aRdiHde08lopb® ITR@ sho&wib FlFipare ‘I@Fs thegoetbad tflmll'@k ﬁg@grlses the

step g]?’ g@%sxgetwqggﬁlgg1 {nfélge}%egfﬁ@s 1(36%&{]?%8”% fod)erP %ontacts for
souRTRAd SPEint BIBctRddRR. Ofn als entbodingent dtiutratect by pribwreaPfe this is
ELA I e R i L
sho®n HOEHlreOTO®! thetmhsod Gorpersidneprises Hbesiap of deflmng source and
drain electrodes by shadow mask evaporation. The alignment of semiconductor
elements, source electrodes and drain electrodes does not need to be very precise
because the semiconductor channels will be defined in the nexi fabrication step. As
shown in Figure 10H, the method further comprises the step of defining the
semiconductor channel by lifting off ihe positive resist, for example by exposure {0 a

solvent such as acetone.

65



10

15

20

25

30

10 sem conductor elenments 550 are oriented such that

SiQ2 dielectric elenents 560 are in contact with gate

el ectrodes 547. As shown in Figure 10D, the nethod
further conprises the step of spin coating a thin

| ayer of positive photoresist 561 on the patterned
surface of substrate 548. Alternatively, the thin

| ayer of positive photoresist 561 nay be applied to

the pattern surface of substrate 548 using a roller.

Regi ons of 15 photoresist 561 not nmasked by gate

el@gl r Poed mbvida dva @am@tram]gaa tmeammbﬁ:f the present invention for
el ettro netlc radi at|on transm %%

makingd @r §rldf@g562'9&'f33 SERyRRTISG, iRtggrat n opt |%at? Jleloctric,
semfc[)ffﬁ@dg&ls ?bﬂr‘ée HebiabRd din iefechbeé. eubtseshoinmnntﬁtgtge 11A a high

L D s e St to %ea{n‘] 288 wafer Next,
qualify paterdielectsa & gTouD By hermal SX¢a %?‘f‘ﬁﬁﬁ“ﬁ Fanspar en

the %&fte WdcirBdd Mfdrial @h @ mdtal dﬂd@pé@ golyrslicon) lsh:bposﬂed Selected
ctr orragnet | C SpECt ru

regias ciiacabiaiRe e sHpALEaY FESETtbTap HbSripIE e hgaphy

proctegé n(l)rﬁgﬂ% %Fn‘%%blﬁnenlt B eArray 6f 16&@1%l pattertnhwsihfcpg’ml@d apﬁg:ng will

th t 561 t
e defvieddirbg shelegaesng] Tk BREDE sSTIRRIGIQDefnTAls e then
fabr%?&z\ﬁn b*{ nadF é&ﬂéﬁ)ﬁ:aﬂyo Rvet 3R/ dreamodich imgt h eﬂrefecmbalilss dbreehdifferent

wet et chin thelnt d
selegiived etchlng (proqqsgese@ry cag@ﬁl,cﬁ,ﬁ sgg)nﬁngg Eh a f?h xgo%led areas

étedwmﬁbmmeutbp smcmra:ager by
Ofﬂ%%l}‘?ee%fgégéﬁ%%}als@% achi eved by exposing the

patterned surface of substrate 548 to a CF4 plasma. As
S?%"mh#d‘%@?@ﬁfo@eé@ Gs shB@n riiﬁdethgeb fluB} i:sersed dopefisethetahannel of
ste i ng source an rajn el ectro
the MQemekthﬁlﬂli@éeﬁ 3160, D eI TIRER o g1e 085 ebtrode :"atfh”a'
CHtgééF ETBM S mnonm |Rig)]reddé$ttwphah pagist is then
are&?@ggr 0 (H%%sﬁ%ot need to n is C
heatétk abeve dsrglaes Hangitingm ﬁ@ergbw i latmgy aerfe ﬂ\g Opem%%%h 2%% reﬂow:ng

dlstﬁa%] a#_, SibeRist Aan b Sepvfed by Fd:awfu&y Isdldctingean appropnate

h the st
thlcﬁiaesscuﬁwammtec:-ta%;h%prs St?}e |gtq%§|$tfe3|%5|pp telﬂgerﬁg&g to?\'tﬁe photo-resist

[ E5 Yo %P Rieiefiol Precess o Theraxpssatharags of the
!ay%'c%ttgéger;@ém@é‘g% ??ﬂ % provi (ile diagrans illustrating
gata dmedtmja@fthemetctw@g%n@ ap fFetAYUAR- for  making a

printable device conprising integrated gate el ectrode,
gate dielectric, sem conduct or, _sour e.I ectr
dr ailexted retalizition poceso@s Sh ﬁwp,ugll ﬁpgéqu ) 15 cﬁ\'rbeﬁdogﬁ ?&Powedfby
K SRy th tte te dié datirication of a
llﬂl%? qﬁhg}é %%?%C%pg%w g&% i igﬁ NgXt g% thhe ate, and the
prigthbletdenite. Tise spured aid digin gjgctfﬁ_q% arg selfig wi g
sp c%lﬁ QﬁMe'ggxoegurées Hg%&thté?é’ctma@e efaEte éwttﬁmy dfe taldjusting the

e ar e subsequently masked us r ex | e
differdnt bhgnetpisy such as temperature and duratlon 01! tplg ref%w progeQ%

The printable device shown in Figure 11D may be transferred and assembled
onto a substrate, such as a plastic substrate, by the dry transfer or solution printing
methods of the present invention. The self aligned process illustrated in Figures 11A -
D presents a simple way to integrate all the elements necessary for the realization of a
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process. In one enbodi ment, an array of identical

patterns with controlled spacing will be defined in a

singl e masking step. Printable sem conductor el enents

are then 10 fabricated by anisotropically wet and/or

dry etching. Preferentially, three different

sel ective etching processes are carried out

sequent i aIIy to etch away the exposed areas of the

gat e, e| ectr e Sldh 3 ication
P”"@B‘ﬁ devicecBif Iaoﬁ/% (%Fﬁ Pﬁ%g ﬂ% E)f%gﬁless tégead?f)&v:%?iﬁrrllca

metfddof tRe ibi&ent vesiuh isdhatedli mecetslaes stepsydiichhfequirg temperatures
transi st

cess ;
kst B S AP Lo o
mayCHe URtie€ bl Men8D) shisstatopiorito liffing @ﬁ@rmltr@sfqm he dewce to the
hot o-resist is
oo e WPl LB gt oo
draiﬁ ebhtawd ék@as domhatvpeofadiicidedaysret andekigh tteraeratise g@n@@mgcpf the

car.ef ul selecti.n s hstrate.
coveheSaHbp el i B=ATRARTAZE s S S st
tenperature of the photo-resist 20 | ayer or the
tenpera%rure gnd _duEEtl on of é@ﬁel’éﬁgn@v process. The

Exampiegie are then etched
USiTRE #Bsdrit if@ritibh oprovidiex stretahatele apriritatzle | semigonslyeios elements

as shown in Fi car |
contie 4 sameno i rer s S B el BURAnB, Furor
streﬁd?laﬁl%rﬂ?in@étﬁe b&ﬁl&)ﬂbudt@raélemantsfof dhe prespni lntl%ﬂﬂoé ryay/ e adapted

The, source and n e IS !&t,toh and
to @hwidgatangeaf d@H\Qe f)‘ﬂ%‘igHrS ‘Br& ﬁloglggrtl@y?rl}a&g de ©
Optgé@&,tohgd@s”d@y be sel ected by the adjusting the

different paraneters, such as tenperature and

duratl on, of the reflow process. The printabl e device
sheird R2Rireuibes 4 Risral foestmisragraph stiowing aasisaiphsblay printable

30 onto a substrate ch a C
st s el B THH S e
Biori dRBHH POD coimprised & fadmmedbﬁraieaﬁ having a supporting
trated in F 1
suﬁa@e%apgs}dia e bt iR 78 aore ShrBl il auaco
{hi'saéﬂnBBdlﬁi‘en% at @&spfhl (e afdthe\uucmd igtarhal @yrfgce 720 of bent
ET device ic i
serﬂlggmdt@gqr, ngctqqgtm%dfgg?onpﬁ@%% & gﬁﬁﬁc?rﬁﬁg%ﬁrﬂé& 10 orf] t?e flexible

ntion ist
suBStPF O CRESursd ERteridlistifacesTR0 may berboaded supporting surface 710

at Iseggqggip gélb’ggeﬁgr\%h'gq | j%{g#a@figp Sgg ;a%ﬁti%;zgrgﬂaqié all ﬁgh‘\'tdg LiBAg internal

surdie Tﬁ TRERRE Ia?y BéihRbndutdri dttlictuge dibtratiad in Figure 12 comprises
tran

a bontakpion, of 012 q:riﬂgﬁxé,‘é eascvitp Sl L6 ae5 100 miergpo and

a tﬁ.Bﬁ 3 %ﬁﬁ@ B Hbout @ nammmt ‘aﬂi@ﬂsxlblécsubslratenilugh'ated in Figure

d hi
e ot 4t e AP e TGRS Slbdema
suffadd 996 ShaN B0 contBhidpdfite %blbﬁabte&ted by a substantially periodic wave

extending along the length of the ribbon. As shown in Figure 12, the amplitude of the
wave is about 500 nanometers and the peak spacing is approximately 20 microns.
Figure 13 shows an atomic force micrograph providing an expanded view of a bent
semiconductor structure 715 having curved internal surface 720. Figure 14 shows an
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Exanpl e 2: Stretchabl e printable sem conductor

el ements. 10 The present invention provides
stretchabl e printable sem conductor elenents capable
of providing good performance when stretched, flexed
or defornmed. Further, stretchable printable

sem conduct or el enents of the present invention may be
adapted to a w de range of device configurations to

rovide fully flexible electronic gnd optoel '
atom?teﬁdr@aemicrqgsagh glaramay pf gtwtgg%l%ﬂmg@glﬁi sgﬁflcgo?\gg&ﬁf 8f3hfents of
the &%ﬂ?%\%ﬂﬁ?ﬁ:hﬁ%&gis%ﬁﬁé etdihia fbree pricrigedpihein Figure 14 suggests
uc

con or el ément of the present,inventi] The.
that $te bemmmieorpﬂmtwﬂuefur%%ﬁf%eﬁaﬁ@ﬁﬁ?d By @?P@Hk 0755 eF'g”; ;5
OTRELF & i B airetehabieabmni6 demitorgiuatos uppentsngl the
Shovgsurggg%azqélfg)gg%@?éa ber?t sem ??mductor structure 715
preshabinveptian.cur ved internal surface 20 720. In this
enbodi nent, at l|least a portion of the curved internal

surface 720 of bent semn conduc tructur '
baFree donteut Heofla pRocHiveg §‘£ff'°?°§cggé 1%’%‘? Née%fe ﬁ%% ché’ nd:::toz
Shh&t heod WrV &shtiattedr BRIngSUebamation? @xisay3bheavithou
Stru%@%dzgestgp%%?ﬁpég surface 710 at sel ect &4

undeiyoing Subsinal MeghaTie SR or TS COUBYL RRCTR Y gep alow the
sem ohﬁ@&%raét b b §eSdnt, fidkchasiadefathedTinedimctons athgr than along
0 S

ductor ructure illustrated in Fiqure 1
dfoomation axis 729 Wi {SigV AR THNENRg) Spgs Ph I end performance

indushd vin | dhfagaust sbmictnaudtord @Guctunesont thmdresent
mduie?ﬁﬁ@%ﬁ%@-s eg:uaélato a%out 100 nanojret er

. Ih .
invehtian intelychaye #siy reentowyr |p_rQﬂ§Q pravising go wp@gﬁlﬁ% .Pfgpegl%ﬁét‘-h as
stre%ﬁ?@iét{z,ﬁe?{bﬁiﬁyhlﬁ'@o@b&ﬁﬁa‘m&g%ﬁdﬁfr gabe Wectronicl gerivenance, such as

nt erna surface 720 _has, a, cont our ofile
bty sarioc kb affest rotiseraRAT BORS SESEBE O (Blget.” Exemplary
xt endi I A6y &fl dOpoEx add/os bavaave megions,
corkf 8| B0 g o e
andniy @nwider varifyd of Mavp SaINS RRYHRE SWCHBYTX | Séﬁb '
] cron Ei e Hie Walee edaddy mapls or any
fundhof Hiiare o5 LornEiGads, SleADle daiee ans

anded view of a bent se 'conduc%%g, vary with

condinatiohsirof tase. hilavedforus \;a@gghtﬁtiré they Presgh I=lre v,
resgé&g@ﬁu&l& g?,%g\%ﬁgfg?l Hherdigrg.c force mcrograph of an

retc e printable sem conductor elenents
of the present invention. Analysis of the atomc

for#ﬁe m ‘f@o%{o%\%h dn ol fordd SHOaREHS oft Ratsiretobablenprintable
semi'®BRAUBt Br st ructur es are conpressed by aboutd tor structure
serficadtictdFietpment 1 thes preaentopyardian havies shbepRenygenducior

71 hoElsRr B el U.BGHAo YR RARGS o alrarefdal st hsterd on s
supporting surface 710. The three-dimensional relief pattern comprises recessed
region 750 and refief features 760. As shown in Figure 16, bent semiconductor
structure 715 is bound to supporting surface 710 in recessed region 750 and on relief
features 760.

Figure 17 shows a flow diagram illustrating an exemplary method of making a
stretchable semiconductor element of the present invention. In the exemplary method,
a prestrained elastic substrate in an expanded state is provided. Prestraining can be
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The contour profile of curved surface 720 all ows the
bent sem conductor structure 715 to be expanded or
contracted al ong deformati on axis 730 wi t hout
under goi ng substantial nechanical strain. This contour
profile may also allow the 10 sem conductor structure
to be bent, flexed or defornmed in directions other
than al ong defornation aX|s 730 without significant

achiexed donam o8 RaARHDCR e ST ER 1R EE ol Bressing

r uctures of
andldrrlﬁ R the dldxie Istlbstl‘at@caﬁnmmmm elasfic auﬂst@tq)ﬂsqaé)le in this

di d h
method o narRmre etk e PRI 2iTale Ring Hickfees equ to sbout
1 mtl@rﬁ@@r ?*I'ﬁié gefa@?? §uﬂbﬂﬁfegmiaybe@,restm‘redaw Spapsinn lgiqngrﬁgsmgle axis
ood field effect nobjlitie t
or b}{gj@fnﬁlﬁl@a alengea-plusalfy o t@fﬁs 'fss \Aﬁo%?n H E?éﬁn%' 17S Jt 420 8hdtion of
the iffeRT Guffabe of abb(rlrﬁalﬂé weaim:drwuotbr strootare mwmedcf@nf@a\@demal

regions, and i et b
surfsca cof dhe rpgegtrqqpc%@l@g%c Slde%q\gr %R,a«%(g\sgﬁa%r t.sf?:ftém Bonding may be
achid&aC by %aleﬁﬂ%h&ngmeemdhemmrm swfacs, ofptha gemiconductor

surfagxgng? y@? %g Iy}%@g‘agﬁog:qseglt Hgmg r%ggﬁgg%h ﬁ‘}w P8ﬁ§iﬂ%§loﬁ§1\/@§tﬁese

I on ma
an %! H{gnla ¢ QorfiBSdRRGht WReial® the etldm‘tnees@sjmteca P@M&nmeoﬁgpportmg
r

16 sh
surf@ler@ft @ﬁﬂ@sggfﬁgﬁ&%mp@ %‘&ﬁﬁﬁﬁ%‘i %%g%ﬁﬁé s a plurality of

| SMERihP frofmand ﬁgm:etterfbcnﬁmtn cavattnt bonding Wlth a silicon
hydrBhff tFclips SNERInG

semh:aoqiu@orast{qqttgg d?ﬁ?{ég@e{gpé g)j]%k da ki %Lfree‘l - %%F FHd?ngt /e prestralned

atftern on
clasB DRt ShPsErhidGRIucid strilitterd, itlieselashumtbstram% aHQWEFCb*P relax at

pattern conprises reesed d
least paltlahetg g miaxedstalag rp% embaﬁ?ré 6%?58&1 of tﬁE lefstic substrate

ben&se{ﬁ‘feq QRRFHLE S Q¥ aceSdiTsaRkt pHtabld ! Eelmmohduu’tdr stoichuppibereby generating

ace 710 in recessed rfg%gt d onrelief
a sefrieangetor plspenthayingd curv ow di agr am

illustrating an exenplary nethod of meki ng a

tret chabl duct or. el
?ngtgmgpg‘ﬁ n |F“Sgel{r“%302;b§%68éq oﬁg-?e g.a&’ aycgatﬂ% @glﬁ‘lglgge a second

tranﬁe?%fe' Cwﬁé*@ﬂtﬁé%&midﬁméﬂbt@%ﬂﬂmﬁﬂd 74bdtaringsa puryed indemnal surface
alning can b

d
720tia draasferred dramy fth{:gelgg{ﬁ syhsira qe,e/ﬂe? 03qu gﬁ%ngréfé}g a flexible

ress
sub§ L oMy HQ'tl‘&ﬁsftht Irasy be ashibsed ay bringing @me’:rxppgqq/surface

astic substrate usea Ie in this
of tipa sanalsondyniaratiusisre 215 hpyig agined IQFE ﬁﬂ %gﬁg(f;e Ifﬂ? in contact with
a ré&b\ﬁlﬁ] %?ﬁa@eq Baknd ch@pt%ut)strale rﬂgd_atl bines ¢o theal Ieapm@issuréace of the
restraine
senscmgluetoagtrgctgrqﬂ1£ ﬁw cﬁp 5.1 ﬁ'ﬁ% %/ SE%ce?mphshed by
anyY&3ns MSthS P¥hdinfg &Va%nlﬁon@é Hoadisity e pan deoWaafs forces and
the use of adhesives.

Sireichable semiconducior elements of the present invention may be effectively
integrated into a large number functional devices and device components, such as
transistors, diodes, lasers, MEMS, NEMS, LEDS and OLEDS. Stretchable
semiconductor elements of the present invention have certain advantages over
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the internal surface of a printable sem conductor
structure is bonded to the external surface of the
prestrai ned elastic substrate in an expanded st ate.
Bondi ng may be achieved by coval ent bondi ng between
the internal surface of the sem conductor surface, by
van der Waals forces, by using adhesive or any

conmbi nations of these. In 10 an exenpl ary enbodi ment

wherein the el astic, suhstrat -
convgmiqr@&gglgfmqrﬁgmpg%tcggﬁgqt?rgt :rsﬁ quﬁatélgl %nﬁé&@ﬂ&?tbf 8€ments
may:ti)ﬁ:ﬂ%ﬁ]tl!ﬂﬁt ah(f é@nﬁstlgsa:ﬁﬁcgiéﬁmy t@fstrubtymm cdeyrllaggr mﬁp@d by flexing,
bendiaghander %fplﬁnagtog, thﬁ%g?pveggqﬁag Blﬁ@dg? &'%éfsfeuc‘%& G&tbrs. Second,

ure.

as adrsehficbniastsr b@u&uwmay bé inaf H@htiblrmnhaglcahestralned state to
restrained elastjc sy and r
oroviles @ ctaeR el SLieee. STetbebE R i HGHENS of tho present

inve nqonln%a{/ %ﬁ?lblﬂﬁ l'ﬂittﬂmsld field effecttarmntitasahm convenfipnal unstrained
odi ren at | el ast |
inorgayic ﬁﬁmgoﬁgqjctg@r f gE@ﬁgbfsq l?f Pcﬁq]%ﬁdtf‘éfasél%% ts Qt‘aenﬁiély to

e sem con
g?b”ob%@rmél saRReR theg areecapablecaireapanding emcéﬁ@ﬁtactmg
provﬁéer ng a cur\?e internal surface. As shown in Figure

freet}mpoﬂH@Vfﬁaﬁﬁm%ﬂ%‘hcﬁf‘%od may optionally include a
second 20 transfer step wherein the sem conduct or

structure 715 haV|no a rved i nte ace 720 is
Exampnf Methos Aking 1CON c°%I'e“$""not her

SUBRL Jﬁé@eﬂtﬁh@érﬂfoﬂbbﬁovﬂeé Iraxthbbie of smiaking aprintatiei semiconductor
secon

t t h
clerasnpsdom S Facanas o B AR drapats Mg chife wafers
S|Iicgﬁ“6nr‘s91b§tr§ﬂérw&f@r§ @%ﬁﬁ?ﬁum&z\ﬂféﬁc ¢ni7 Zins of polycrystalling shicon and
el ving surface o e [ su
ulra thi Hccm S RATRIRY. e s Bt bRiiep b ok Miethods of
malﬁﬁ% H:E{ﬁ‘ Glﬁg%jé of PR eibYsdriicéritictirs év seladied roaeetahms angd relative
acconpl I s

_ any neans in the are including
posifional ent bonds bondi ng via van der Waals forces and
the use of adhesi ves. Stretchabl e sem conduct or

| t f th t
e el Yol s
eleﬁ\@ﬂtsq’ﬁo\‘ﬁ %ﬁm@r@a&ﬁ%@ mthéﬁmetndﬁaae!esﬁmrreglodso a&i epi layer
arecmaskeoh L GeRsHGE AR ORI He SIPREE A VRS Cofopsig 2 metel

sichSr LD Pl %&Q%Sst@ﬁ'l Qefindistepevand samalof thgpliysical dimensions

1“nor gani ¢ sem conduct or s r st retc
(e. g;elanggibnmﬂ:mthefpéﬁeﬁlpgon) rPéytl"ﬁep"F‘lt%%t{ @e@:&gﬂgctto':] elements to be

d
fabl ?%8(1 S YA SRhbALPSH Surfbie ue i silae am&:tsgamm enisoopically etche
b0 Y AR Gy o,
preﬁ%ghlg‘?ﬁgn'dptsﬂ{ ool LB WIS, tREYcaRSh effextistly gbledsed from the Si-Ge epi

strained state to
substrate by lift off techmques for example using selective SiGe wet etching provided
by NH4OH:H202:H>0 1:1:4 at 50°C. Optionally, source electrode, gain electrode, gate

electrode, dielectric element or any combinations of these may be integrated into the

semiconductor element prior to lift off. An advantage of this fabrication method is that

the mother substrate can be cleaned and re-used.
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5 provide a curved internal surface, stretchable

sem conduct or el enents of the present invention may
exhibit higher intrinsic field effect nobilities than
conventional unstrained inorganic sem conductors.
Finally, stretchable sem conductor elenents are likely
to provide good thermal properties because they are
capabl e of expanding and contracting freely upon

devi ce tenperature cycling. 10 Exapmp|e. 3:

eguTg 1;55?510&@ & SemeBIlEngn '@ BREHLY Pfﬁ‘?”é]éﬁ g?@%@“““"t‘“
elemeRESidh gﬁblﬂk QLS SupBahe dsrefefabipl isinglciystalibesilicon substrate.

se u

m conductor elenents froma wde.r e re.d

In thisamethod @ siligancwaler figfirsy %pé;d&e)q\ﬁogleﬁlﬁ@% \Ailg%?l.sﬂré t.ﬁbé‘ﬂimace
at a b Gar 2 GoBHBa i mahos of spomren Lo B e
deqrons Cetshoniash & tispyisteaia psteids frualst i e findea surace

of th%ré?le'toﬂ%Fafél‘?V\Eféiﬁﬁia A0 tsaterials miidegnétaisyer dopedepalyasystalline
printabl e

d ' | ect ed oL i . .

o oA e e e S S iy e
e S g st o g st
width dgri @nibbart) of tep pg‘pﬁabqea%wcérgugt%m%%%);o gg g%@ffig% %hhe th:
!ayeﬁzcﬁkqa[@t@é%gél’ alﬁéﬁﬁ’\%l&%ﬁg@ EVCY rhi(r;éldrfﬁ‘ﬁ:;tmpimhy bianyy eiched, . ere ly
e et oot oGRS e e
layel =R @il{cﬁ’ﬁ Iagfet EP@%}}efe%bi{l Revindg isficath sids evalls.o Mtiud tte photoresist
ayeg: ements t e fabricated. The ex o§ed Si| 2 {‘} § fangeof
layer ereSowas, fepexasupie by aneealingdn iastGF'PgEﬂ Lo ﬁeyece%é{: e

by . & [ ] et TeusreRefalging The photoresist
aboag ;I]QI? tg?g{geg é?’eltieﬂé\?s Y& bbsierdocdégr feiu

f eat f.osili ; .
irarbfers o godioo st nasphatoraet § e Rt el o inedBlIg RO As shown in
Figlﬁrgl Cflefl & sEH‘eSiSEurlfé?;eeB! isoﬁ(b{iiieéltytae_éteh bysirig fwet odrf dry etching

chni'qués, 'for exanpl e using selective Si L
T B e eent e
serm] ﬂcc{ﬂuﬁﬁ)a e?’em ’r&t@f' tﬂfl e Qis s r_o- et. .
siidoheosy begetievochusig hfwﬁ?ﬁﬁeﬁ%%ﬁg o¥a %P”@Eﬂ@ﬁagiﬂ%es o i
. B if trdte starting materials
fabﬁgaﬁﬁﬂ*éegtﬁ&d Qfe fl'%oljgléltﬂsrelgrl]tgv{l cH& @FanNaRsiiiage sabs s

on net t he ther .su e can

andtheabéiynedeasedhe éﬂ‘-'ﬂ@%rcﬁUb$’Q§atpiaglﬁF gga%—gag%?gé@ﬁ‘).

exenpl ary nethod for fabricating printable

sem conductor elements froma bulk siljc rate.

pr effigurabl{8Ca shows! gal‘@tlg@,’t @xp;n!p@rg! m S{a}gsfﬁﬁlgqc‘aglha :f)}-]mtailnle
seril rsl%ngt ht-ﬁgmeﬁtssﬁ'émcéjﬁumaéimfon' Sublstrat, prefgrably di siegle crystalline

TGP %% € I'n a quartz tube furnar?e . bsirate is
silicon substrate, In this method, the external surface of a bulk silicon substrate 1
selectively patterned with photoresist. This patterning step defines the shape and some
of the physical dimensions (e.g. length and width for a ribbon) of the printable
semiconductor elements to be fabricated. The patterned substrate surface is
anisotropically etched, preferably using dry etching methods such as reactive ion
etching and inductive coupied plasma etching, thereby generating relief features,
preferably relief features having smooth side wal[s_. At least a portion of the side walls

of the relief features are masked by depositing a masking material such as a thin layer
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at a tenperature selected fromthe range of about 800
degrees Cel sius to about 1200 5 degrees Cel sius. Next,
a thin layer of gate material is deposited on the
oxi di zed surface of the silicon wafer. Exenplary gate
materials include netals or doped polycrystalline
silicon. The thin layer of gate material is
selectively patterned with photoresist. This

atterning step defines the shape and s ,
of mqg#iysi@ar Sgimw@hgﬂ%ﬁglbp@n‘&ntq% rg%tgnaw? %FR otyige side \:Tralls
ot o 0ty ooy aeorortychposs i con o
with shroplacpialion laupBsRASPaAIRLHI SEPeset J0B B o S gfUi in Figure

18C ttﬁ& '&aﬁ?éfsedgﬁrﬁfr@bé g isoebpiedlly steliet esing ormbor sinngtching methods,
‘photor esi st [ayer,

t terial | ' '
thercbyyeleasing thg reii@f)feapgg% gn:ggafelérlsﬁ%q 86‘1‘%{’&? %ﬁk&ﬁfuﬂo? e{err]nents,

VI Ng SNDO

prefefafly h‘é@% Sl surthdel, plsotigsie wicting bbgrer silicony may reachieved

r” exa

t t \ p
using adﬂNOhbﬂ-hﬁqh‘g)é Qﬁ:B:%g ol 101180&61@55{55%%%@ .fac’tﬁlcgﬁ&?g'n&tﬂod are

Sius to a
the r%%gvéif b BSst G kitd sificonRRibsBuiengarting npdterdals asd ¢he alglity to reuse

ansters a portion of, tzg @E?toresist to the side
the mathessubktratecafios plapgrizalig (FEYP)As shown in  Fi gure 18B,

the exposed Si surface is isotropically etch using wet

or dry etching nethods, therehy rel in . i ef:

¥ criguroe 45N shae ot Mo RROSREE AR o rebrcéfil Frntable
sem%ﬁﬁ@%c@%ﬁé\% %ﬁ%sf@%ﬁ?&‘tg?%hflgﬁfng?@ﬁmtdng:isréf}egatrkymoslhile crystallln‘e
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seieéé\ég\{]]lse@%ﬁ% oi\F\t/{ Coit?l%gifs $ heé g?clfdingédnﬁgijbgt r cet. rnlgo opic
etchis] rerabysgenenalinghieliseASs: | HeXCRE SR SYRLTEP & anhedled, for
exaid: By %Eﬁeél{#geih é’lqﬁgﬂi i AbbS it (E@WReratbiey of abo®C! Hibdegrees

| thod of fabricating.pri _
Colstumbabinchitzoas. levkahe SUFFGHINE AREAT] PUGH %ltﬂ%gﬁfe{? ﬂ%?“e;’;::
L& 89LY LB Giith 'phsiorédidtn eThi® pattérhingosters delinasatne. s
by rﬁ%&'ﬁ?rﬂ# g@ t{ag I’%é,l %1 ! I ) f . |
ancsote sdhaphys G HEATSIASE o FoePars GFTHORREDETURY élltlgﬁfthtablz
sen}-lr(::qﬁé\%lﬁﬁﬁt}eiérﬁérgg tSURP r4lpEhiRes nbestimmpin RigdresdBB, thF patterne

Irmensions (e.g.. length and, wi. ;
curfabblootie aineslss BrsubsHBPdS SHERMEDRANCED S tiafid et o %T‘b%;"“‘,"g
apr i t ot SSehfitdnauetos uslémentsi preferably having
me%ﬂ %oﬁ%&%q(cgﬁﬁéagt rfgé‘ prefer,ablé%/ usanl% ﬁ]r yreﬁayggw&” cost of
smatth lsardacesu cAdvantagescafithie faliration SIerhgealg PRAIEY i ve .
cqupl ed L Ngiald NBE &piitg &N aRAkithg methersubstrate after
thefsgggnrsélg;@&%%@bg@?{?ig}aa’_i ef feasgur es_having PﬂE&B& ode, gate
plasaritatior(EGMPRand dresabilily Fointease SOUIAT S peeydiLeiegoce: t
the rel | el g fff%ﬁ{%egﬁéinhs@msﬂmgngea rmskiitign, we
elesfiida p dislrefit,a8vics ﬁclfrﬁp ayer 71 f‘i .’ret al o Si G2 or
etofinblmdyrbeusedantivdirebetchingrsteRiith ah QeI Waehy 1 i ed to
the side walls
Figure 18E shows an exemplary method of fabricating printable semiconductor
clements from an ultra thin silicon substrate. In this method, the extemal surface of an
ultra thin silicon substrate is selectively patterned with photoresist. This paiterning step

defines the shape and some of the physical dimensions (e.g. length and width for a
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of relief features by angl ed evaporative or sputtering
deposition techniques conbined wth sanple rotation
to ensure deposition all exposed side walls. As shown
in Figure 18C, the exposed Si surface is
isotropically etched using wet or dry etching nethods,
5 thereby releasing the relief features and generating
printabl e sem conductor el enents, preferably having

snoot h surfaces. Isotropic etchin f e Sili
ribbohg dliche emnﬂablessqngcqwqqp& qmﬁatm% Eﬂ ftgg%cg%%%l u oﬁ%&emed
subsﬁgﬁ\éa%u S‘is‘gméo@o ichPelchad 't%uﬁﬁttli@khaseof mbeu!tra thin silicon

I t of th | | tr t
e kgl U, s
havn%gbé(hgést%sageﬁ oo%r&ﬂ%é %aﬂdeoéf dolotiVifd mldrﬁnﬂcg abwtm)D microns

exenpl ary net hod of [

br i,ca
are mmfantedkfoe sommpnbﬁ%ﬂmﬁ@f this dakvination blﬁnkéél\gﬂtage of this

bst | mﬁbﬁilcﬁ 16é Yl&taalhkn siticors substrate starting
fab”%%&?&'ﬁg{hgd ?tﬁ% éthW od the external surface of a
matdpialss silicon substrat e is selectively patterned with

photoresist. The patterned substrate surface is
ani sotropically 15 etched, thereby erating.r
f cigurees 18Resandt HEGs| $1o¥b eXGHIRRTY A (Eeds, gf?«%al“@gi"gf grintable
a télmd1§ﬁ@natinahls method, a thin
sem{cgﬂxgpqicgr %gmg@?ef 'ﬂ? lr1-100 egr ees

| si
Iayeﬂ bt pdmstallhbatsﬂtcom@ depopitrbop @ qqp@ogl,% E@tﬁ&& 40111038 glass or
smc%\ ﬂ‘i})slbr hlea\? n %téa Emk?zg sultdcd BydrsNSlichelsertaating egmprising SiN or

sioghape ptﬁYEﬂysialhae sin e aityen GaNOSlPReAE SHECRE walths of a the
exprlggqrx}g %Wg g“s&%PtlJngf m@sl(édbapaépd%ftmbf‘aerrﬂék nadriad, @@h as a thin

(5P abri cat ed
film§compdsidd B methls, pid @T$1Qd ngﬁjmﬁg@lgg ggept Qfg'lﬁéﬁ ﬁEgﬁ)V@%ﬁcgsome of
the eﬁ&%lcﬁ L Wsﬁﬂérggs S@t% ORhGR! la¥id Eivilie dfor Sa ngbbmtj of talz yprintable
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senﬁ@mdoctod \baroente | te nem fabricpiedt e MBS R,at%g%cfn r?%cﬁo 5t ﬁnlsotropncally
etcl'teﬁle e@ r ﬁ&?’&nfa@gv%@%@{caggicﬁln%aﬁbﬂ@aél génaretiriyp chliaf ésatures of

e sil ubs rate
silicoh Eﬁubpﬂgem’ay éhle aserificiah layglb,grqafpgﬁbhbrqh ﬁge@ ﬁ)()lpg] gmoi':l sulzlje
wal%bI fqo%rgitoﬁglﬁj %F&u o h% eNafikidridyen rél&@\é@) thénltéllémfeatures ereby

e source el ectrode

ger@ﬁ'aﬁmgrpjlmmblegwmlcowlmrr%@el‘gﬁd Ay @vge{a‘gp ?gg§ f%béacat{on method
is t@qgﬁonent Rt ago% str %eca‘?\'wfabéﬁ&j &t Rfused N Atdativeln, a thirt layer of
I'n

use e first etchj Wit
télluhe smnommﬂaajr be Riagasited1 giredll Rk 2a '%x%&)ﬁp Rsashown in
AP0l ét@ﬂﬁbllhmft oBOsteps may be
ol I, G s o e
use"aE&)f‘gyﬁeratt@@rmabmsmhm@mumc@Iamergs, Optionally mqgcesﬁpptg%qﬁe ga

eleespﬁq? ' F%{i?e éa:lgsﬁtr?? | e?{eiééﬂ(fegﬁﬁ{eh?ro?eé?\y\/‘bérﬁblﬁhﬁﬁr@ efsthﬁse may be

hes the shape. and

intddrgtel M6 Itlt@éerdcmiwtqu retengent grion tedigaff in ﬁg ol qﬁ?tpgs‘e dpetgods

Figures 18H(1) and 18H(2) ilustrate a method for making single crystalline
semiconductor films using printable semiconductor elements of the present invention.
As shown in Figure 18H(1), an amorphous or poly-crystalline semiconductor thin film is
prepared on the surface of a substrate comprising an insulating material, such as SiO:.
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72 ribbon) of the printable sem conductor elenents to

be fabricated. The patterned substrate surface is

ani sotropically etched through thickness of the ultra

thin silicon substrate, thereby printable

sem conductor elenents. Utra thin silicon substrates

havi ng thi cknesses selected fromthe range of about 10
m crons to about 500 microns 5 are preferred for sone

applications of this fabricatipn h t
The By afohoHBBF Pe TSR TRSCoRIeRs T ?rga[y, '@QP%?‘ BN 09 fneans
knowH {r{ B% Hht lhauazhg Npigt hbtCRrAitat bs; t deposition ateﬂ:hmmies such as vapor

erials. Figures 18F and 18G show X ar t 0
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| f |y | |
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sel ecti ve?
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sube:.li It sﬂi‘FrTséé CP?E’)r & §dhdiftioh '&#meséma(phamosmcqstallmmsemiconductor
ca

physi Imensions (e.g. length and width for a
thinfilmlmbon) of the printable sem conductor elenents to be

fabricated. The patterned surface is anisotropically
et ched by either

t ch | et.ch
geRarbomn FaiecteH(an g i aormbpys ob RO HSE L4l onductor
m3E8r ARG Whfd ] cdrBS g SpeRblystalthe sbmimtriossfucur, o
H% snoot 0 walls. cal | é @a@ tBQr‘?wOO
examle bﬁuaonamllnga%téilgh é@rﬁ%@@%‘r?%éu Eqm?eergkﬁuf é o eyl
momdmtt ted eimglet erystalline
ol LR Mo s it o et
sensicpoictor athcgwmctSa@Sea sagf W@W&"@Sﬁﬁ‘aﬁﬁ ’F‘E?}ﬁ% | i
ﬂmAi!r ?’ﬁ %aéh&%'l'\%us g B!%,Ibtrysgalg’&e Qﬁ‘aﬁ po b sy stgahizet single crystalline
e BT U IS it sl e T v
& tof tfef wafee plgi 1¢]
4G ST SN
tenﬁieea‘canet fumaesi ondPryseds BRTIGE S ~°r Juy aﬁ‘% °P
te "%3 n%{‘"re ?;?adléiﬁt Ee@éﬁqgg rQgieobt@ihebﬁcéﬂﬂcemelmeatccmveearqn of the

I'nat ons o may be inte i nto
seraieondLmimtitin ﬁhne:t\armlmentpee o PispPrets it ey pRtficagty reduce

these r e5/sifiile 13erdRendddr2dnin |flms} sacte a8 single
the (0¥} %mﬁﬁlﬁl 1‘n€l§l ngle crystalline 30 semiconduct or
cryéﬂalllnssmsomgrgarnwnwm@ﬁ‘@em conduct or el enents of the

present invention. As shown in Figure 18H( 1) an

anor phous or poly-crystalline sem¢ r]d ctor. n fil
is anure 181 shoe\ls gn exgmplary method of fa ricating prm a 1 ) setnidBhductor

elements comprising micro-wires from GaAs substrate. As shown in this figure, the
exposed surface of the GaAs substrate is patterned with mask material, such as
photoresist. Patterning may be achieved by microcontact or nanocontact printing or via
conventional photolithography, as shown in Figure 18E. The pattemed surface is
anisotropicaily etched using wet etching methods. In the example method shown, re-
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prepared on the surface of a substrate conprising an
insulating material, such as SiQ2. 73 The thin

anor phous or poly-crystalline sem conductor film nmay
prepared by any neans known in the art including, but
not limted to, deposition techniques such as vapor
deposition or sputtering deposition. Also referring to

Figure 18H(1), a printable sem conductor el enent
conpri si

i nal e .
entrast prefles @fg ;sage Eﬂllamg bﬁlrée%ll lé%l?g? af’ Iﬁ@(éﬁlq %’azcltig% fs.oluhon and the
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tochrien ixibania Gahs SHESTES o USHH EURRAD B (EEMP). This
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(e gg:%lsgth |aﬁ.gnvgpdgﬁ§£gne§ t?'\rgﬁﬂé P g% {)u aﬁéﬁ%ﬁkﬁmﬁﬁ &ﬂgnﬁs {o be
fabrich¥d. anr &B&!fad (¥ L{?ﬂ?als-kédi)ysbﬁédza o the a$|e(m) awaler lis then
organi zed single crystallin i
sotpipally SoRg 2y, ehes doh a6 uet Chicel g TRILLY: fThis,progpesing
ste | Hhved Qe1¥e? RRfRkrab of th@tﬁrﬂ(ﬂiréfeltabwmmﬁngmesth aideowalls $rparaied
Ire surtface o

ff
by aaeplgs @fuﬁr@ehuh%gss%@ctgcgggggd gon 8&\ f features ege then
re[eg%%fj frofh e °§F@ﬁo§ Rafert ByRSI@bier étcnlthhrmhhﬁoifep@semlyg tthereby
ai

n an efficient hase conyers
genseating opriniakler S@rnqt:ﬁnciqqqh elgmen {)gg%naéiy ursa:;eIO Plggtrode gain

eieétu%dfé ghte! ble@ﬁ&dé' @Blektrie a8émyntr Cﬂ 4ae cmams affthese may be
uc¢ing single crystalline sem n‘gﬁ h vadté of this

integ(ated argtosthﬁg;sgmcggdl&t%? lgmenh, 1oy |19 ¢

fab{;éa{t):gﬁ mathdHisGh& e AloaWS sabstexe ot Bey:!euaédh add oef-used Figure 18J

ricatin rintabl e semi condquct or,
alsesirqyvs SEh g\%ﬁggfa@hg\,pf B(119)hvadous %?JB@t"? ﬁ'teeoro%%ssgﬁ method.

inthis figure, the exposed surface of the GaAs
substrate is patterned wt

| h
phdtigure 1Bkt shomst qrbalﬁﬁrﬁ@hvlqdpetggg g@h Iab %qﬁg;prigr’uya%le 88mitBnductor
clelbiCESbASTg UngRABRSRNMACIIdRAI Mtiohg. OThy istarting material in this

method is a Si (111) wafer. The Si (111) wafer is selective isotropically etched for
example using a combination of conventional photolithography masking and wet etching
methods. This processing step generates refief features of silicon. As shown in Figure
18K, the side walls, surface or both of the silicon relief features are coated using a
passivation process. Printable single crystalline silicon ribbons are released from the Si
(111) wafer by isotropic etching and fiftoff processing. Figure 18J also shows SET

75



10

19

20

25

30

conventional photolithography, as shown in Figure 18E.

The patterned surface is anisotropically etched using

wet etching nmethods. In the exanple nmethod shown, re-

74 entrant profiles of side walls are obtained using a

H3PO4- H2O2- H20O sol ution, and the relief features

formed are etching until they are released fromthe

GaAs substrate, thereby generat i ng GaAs m cro-wres.

As shown, the tor SISt to
micraatapl 8 SlolencREBIBRETERY TRRSE BpltEicihy D Ko lust prior

reactlve I on

iftoff€t Chi ng. An advant age of this 5 technl gue is that the
GaAs substrate may be reused after planarization

(ECWP). This technique may also be used to fabricate
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a

so shows SET mcr hs, of Si (110) at various
propeitias When lﬁt%akﬂddﬂfé’égﬁc@%%\[!f’ﬁsgewﬁgs Fi gure 18K shows

an al ternative method for fabricating pri nt abl e

sem conductor el ements  co | Si Si.n t

<1 1Figin 16 plovides arAErestalicc R Rl et d; o SiofS' & ar Rooier
meliabrde ,Jali,\l,% i idfsfefiig riinowkd brayabe Sabs teel  sisirgte, such as

t t f
. e sihw e qu;,r%&iﬂp%ﬁag it(ej%ﬁg}ﬁﬂlgﬁq) ’Eﬁg‘?‘g&gﬁ!@ cBakhi Htn a thin
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Technology, Fremont, CA). Defining a etch mask of SiO- in the form of lines oriented

along the (0 1 1) direction prepares the structure for anisotropic etching using an
aqueous solution of HsPO4 and H,0» comprising HaPO;4 (85 wi%) : H20. {30 wt%) : H20
=1:13: 12 in volume (step i in Figure 19). This etching chemistry, when applied in this
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30 18K, the side walls, surface or both of the silicon
relief features are coated using a passivation
process. Printable single crystalline silicon ribbons
are released fromthe Si  (111) wafer by isotropic
etching and liftoff processing. Figure 18J al so shows
SET 75 mcrograph of single crystalline silicon

ri bbons generated by this rret hod just prior to
liftof f. Exanple 4:

k -
tashiomnextibieshigh @mﬁo@rpay\,,'vﬁ@ y5g?qer? ag'!gaggﬁ %%ﬂ Ueldke mesa
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conductor nanow res. and. mi crlﬂ& eﬁ?‘ Q&Oéjwwe with
two sidsz als oheackgVRIsE BRI GpEPY plamat ng
tnan@.ﬁﬁj rokS Qedtlﬁna THidRianglilbe troseectioni is esempliiadcis the top inset of

onents and device settings. It is further a goal
panebf-\(telftesiqﬂ)@éﬁﬁt"q Hrention to provi de nethods of

assenbling nanowires and mcrowires to construct
selected single |ayer s res,

it
S5 L SO, L SL NS e AN kNS by b S0, i

which! FBIRRL #: boll? cAaS F Babh GaAd Mré)beﬁn‘g CMmenmdhf@dﬂ;ledﬂothphyafer
préesent invention, nanowres and

Thusaumdnecrtinnmnﬁn%ubfauVwé&Sea%a"essﬂ)’ﬁﬁ i é%é}% E’ﬁ&“tgﬁ"%'a out as

respec

deﬂr}ellaeéJ t[t;ﬁ ekl G050 Rilies Ut:;iyom airecdrmmg:dbctron micrograph of

Mty I1n a ran e of ewéfgw%p%%U@E %H@ted lsrb2 lines.

freeatammngoraaAs wises, @btamegd

@ﬁﬂ? r £ uhd&cutiag fi (B@Ss ancurei alonmiwithsthe rvertical
it ]s\j\\é t’f."lr’]%d@%%g{ tgﬂ@ons and 19

|
I N R S S
nanﬁrﬁ%&ey AL 88 bah witif Bl Oftek Mehthabe rideron efidtbenpl ex

M crow re assenblies conprising single |ayer
struct ures and nmul til ayer structures. The present

rre%\% ﬁr%}@ esag m&éds avay e fransfer printed to
nanow res an ng%IPOWI res I e d 1 ﬁ (ﬁﬂo R&]Q&flhqulres in
piasaxcsbbetsmnh retantien Pf hgairion) ‘Sn\ﬁ“ ffa Yee ‘éft

Ot S Aidstrare th@Jr@aASa aonfofméble @lastomenc transfer
the Rt e Forell e
elemhamb;sa;ncﬂ?bf&%g of o s P, O P80 Sgard 124,

@ﬁ@ngﬁ) %glrrﬁrgpf QNiscedoo SRGaks @ifee td fickupuhe g@rea ( as shown

in seacenrplf &igpre A8) h@&h'@lf ééﬁ%@%@b{‘ rgfﬁl Ee St&gr}%ﬁén&m% between PDMS
shesfl g@@”tl@ee ﬁgzsﬁ\%k lyePi Feduted t6 bRk tht acrystaititre agnn@gons to the
su

trate “conprising poly(ethyl ene
undegiyiepisubsttzie ) the RS OEWEBS- coated with a thin layer of

cured pol yurethane (PU). As shown in Figure 19, the
process begins with a piece

surC[:laamng) theeRDMS steB1PgaRth @a@%@f&gﬁv&q h‘f’ns'ﬂ rnaélé \§nthba weak
oxy(gpn SP%%%? hﬂ?h\%ﬂ%éor A lof %len@%‘llbmmg (@i-@148inh bmad& etween

I ines oriente
PDMS and SiO; by a condensatlon reaction (see ﬂ':e middle inset of Figure 18). The

present invention includes methods, therefore, wherein the elastomeric transfer
element, semiconductor wafer having the SIO, mask or both are exposed to a weak
oxygen plasma fo provide effective and mechanically strong transfer of the
semiconductor wafer having the SiO; mask fo the elastomeric transfer element. The
density of bonds over the interface is proportional to the number of —0,Si(OH)4, on the
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along the (0 1 1) direction prepares the structure for
ani sotropi c etching using an 30 aqueous sol ution of

H3PO4 and H202 conprising H3PO4 (85 w9 : H202 (30

wo% : H2O =1 : 13 : 12 in volune (step i in Figure
19). This etching chemi stry, when applied in this 76
fashi on, exhibits high anisotropy, thereby generating
sharply defined reverse nesa- shaped profiles of GaAs

under the SIC2 mask stripes. For.suffijcie '
PDMS swéacet wichy wl@[ﬂgemc‘%ﬁ Bp thg iRensityf %&ﬁ%@ g[yspr& and the
frea B?fuﬁ@l‘: trredtfelt Withs tstrdilng} plasinarfored long tTﬂe canvindecedanging that
ul ar cross section 2nqu
s tapestionm tsrelsasRpher VERs 1o Hiﬁvé egyed %?a%t': ?:‘bgifa;e;
Con&&lﬁfdtexﬁbgﬁgn%zmd: bAs tfat Ub PDMS)a@d Sr(hpmm@aﬁ\s wafer treated by
l'ines are surr ed o] f

the mmma] geaerateddram Op &f Rressiye abf! Sé%ng % & @bs%m ahbower

mterfsﬂg;&?%qﬁ (LRliskfaerdmd Phmasphdiin Reddtive IomEmkmg System) for 3 and
e o enated and ros {ve &\he 2 %t | i?nlne the lnteraction

60 sowemavelbrgwte%%P gegdtsichy hese BRe of

botwaen4hé £ Hdam %%o%éﬁ’SﬂEﬁn@skﬂéwmmgsﬂeststmm enough to prevent
m crograph o

free-standin
dela@ammomwmgpﬂiﬁ e WPESFS: s&eﬁé%wﬁ %@Mﬁbtﬁgﬁ %}Jag,qrmm the
Gaﬁ\éwgutbg%at‘éfaf@me%vhﬁﬁtm lcBhREaNith HEeGass Wafey hakinGdids SiO2 mask for
he vertical gt ftyqug esulting in

~2 b ftsablf Bl of theoviigs éaelurateringten i WGP 19 ant Gals

Wi res down to nanoneter scal e even with SiQ2 |lines

that have mcron w dths wire arrays

by Thb resest anatheds; ke tfﬂ&xﬁa%\?a o, AGH eﬁssﬁmﬁ‘&t°f55®%aﬁ‘ﬁﬂbers of
nan?wﬁ%% La/AP Rk Swirds! dtadtRth fe'a@'ﬁle!)derfmamplee thea®admwafed after the

rve position of in

trankfer tstep éstbpdi 9f Figure I1Q%1Cﬁatt@ Pﬂ"EgPBﬁPJ e@%"e"%@ 8'af Surface for
anoﬁ}%g'f.rl?ﬁ Wl#@fa?)\'l@étkﬂr(%b% b AgSfeero). Therembinatiarcbf waferpolishing

rece o dlnethyIS|Io

P
withl %ite félﬂ'lc.an@t as _dgscr gg\;.a Ps )l(tlaé]o%)aibéetg)oge%%tﬁ @A}&%fumb?;
of %a}{ 6\5"‘5&%5 C%% Hgﬁ]ﬁblé%e\r%ﬁﬁ%r( F?Seﬁélfmltﬁ omelnplat@pf GaAgfvafer wi
diarhétvﬂ Ioﬂ 40 mgthmmmgseom%@&”nﬁ ZW%E@?@&Y@S%&@QJW@%%M&“ Xeal
TquhH ﬁ{:j%&g%g&?‘én L*Pg% \%frtigﬁ 3 bilRns WKes elitharatht @f +4@0 nm and

e at ends of wires. 25 Ceanin
lengths drONdB @h)itmdmuélm@rm entirgasyrfager e plaghc ﬁlégﬁgl'alte Qith an

are\gd:f 21| 72&1&@ iflk oxﬁ% quff% %rgﬁbcp%gﬂ?oé gﬁd P%ééﬁﬂ{g' éﬁ?rsﬁnfnes 2 pm GaAs
in @&%a@é/ am‘&ed@mnbh@rare egpitaloaf fteeeesulie dﬂsmmag! irhg‘@t present

examplﬁl)ggzzzgfq}éyéfsgpié rep%g@?% ghpli ng&ﬁ) e ARG follo¥ved by wafer

omsrl C transfer
polishing steps enables highly cost effective use of the bulk wafets.

As shown in steps v and vi of Figure 19, the GaAs wires having SiO2 mask
elements can be effectively transferred to a substrate, such as a plastic substrate
having an adhesive layer on its outer surface. In one embodiment, the PDMS stamp
with bonded GaAs wires is exposed to ambient environment for one day or rinsed it with
ethanol to reconstitute the PDMS surface to its native, hydrophobic status. This
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el ement, sem conductor wafer having the Si Q2 mask or
both are exposed to a weak 30 oxygen plasma to provide
ef fective and nechanically strong transfer of the

sem conduct or wafer having the SiQ2 nask to the

el astoneric transfer elenment. The density of bonds
over the interface is proportional to the nunber of
-0 Si(OH)4-" on the 77 PDVS surface, which is highly

dependent on t [ it f t
s BbRyarpery i e, ERFRE ] sOL BRI, SN S rom
strodgﬂmtéradmﬁqmm hdithsbes bkvatchre @otmaﬂy hydsophilis. sYWheRdhe gecovered

rel ease t

PDMS, BTPHE AACS AT PR ER PR et S ff BB Lddkaiped from
Nolaﬁ?'}@p?dﬂdlc@ @aﬂgﬁ? eNJ)Cﬂmcmtéérorttw eaplegtingulstiei(e. gl PET of
asma_generated from )
~17§ s 'rbih'@ﬂ@‘e%-cw a&rﬁ'ﬁ“ g%tﬁwa‘? egﬁﬁ&lﬁ%lgg,f %%18% U%A);Xdlhg\} the
Gand Q@res %tl%&ﬁ%; fg;%g%@mp&edgg m;ﬁggb{mghéydtmqe f'Bge thickness
of PLnlaype.sen DAV, | 1hPRerTepEEoI ) OTUAS T, o6 spesd
murrﬁné%ﬁljugnfhé\é%%g,sgﬁl? afi lgila?avrmﬁtgl?ilngx(emdena ®OAAP| Blask:Rayg Upland,
CA) farderosihe Rl dpYeRanbINES & Siinpo oy W rkokn he Wi dhend the
GaA%LU@ i}{cp S, tnﬁ%sld %ﬁ%ézsﬂawd l&eﬂmﬁeﬁﬂm aged\RU hnd nm} Mlying PET
avl e mas
sheeif(silehef lwﬁlg;ge (18 qual@gtqmgtyéé 'bPl\@% 8%' !ea éssv_l% (fsa/?é wires and
Sloé%}néan_%h&nﬂt%cﬁil%%nh R r}ghﬁﬂﬁ( Eﬁi;c&rddﬁé’u ahllhl pmsewatan@f order and
of large nunmbers of __nanow
crystanogmmcegleptaéseg istrallar yo ese ehIESS PYr té’jﬂfl (sPdn vidn Elgne 19)
Thev‘g%p%ﬁ'atﬁ%tbﬂ si frﬁﬂng PPW%feﬁﬁp % ?mablﬁgle!p)y itwp effectsi gumederate
n be polished to regenerate r
adhesion @Bnﬁﬁbngﬁﬁocﬁm% WithbTh SB??“’{‘??% qas\,atswﬁ:ﬂﬁ&fgcg between

PDIQ@) an T%ﬁb C QI Riringp v@ak@@fcﬁﬁ-mgqhesmngss of téconstitating PMDS
bf 1 cation a

escri bed_ahoye es it
surfgesieant ) altradigin fYRHEF S Egg? higkngss of, g%? gélsllmaﬁlo ters)h that
€ BahEtaRurcopkthial 8iy, afhicBadan Wafamorp ous,
ren\erg &n g{ aprrg{l\géf‘ agtEPlil:g cm atagui hi CFH@ ss of %hi@nnaf buffered oxide
mcc(mndlfaagﬂf« alrameesincether BRFKHSPeET RARC o
etch E%EOW‘;FC%G wenerat O@m%gla: V0 £ a3 f6r 25 mlblrbm:)was e Si0;
masieﬁtstpey leawing thehdeah {1903 t%n ?\d soqfetﬁgré] rilb%re@(stteﬁ vii of

. tith an area of 1.76 n2 if one cycle of
Flg'gr%ib@g!‘ﬁ) %Htétchi ng and polishing consunes 2 .tm GaAs
in th| ckness. These conditions are typical of the

ﬁmgres‘f& Q&ﬁn"aﬁb Fc{é%{‘n% ﬂ‘ieeﬁbncﬁiot?ﬁmﬂcbdry printing of GaAs wire
n uch repetitive applicatio
affé}ﬂbmffemamem){r adylan@@e@ptfw \ﬁéﬁ'@P‘ep%@ B%‘P'?“Eﬁ?ﬁé’ & Leﬁgth width and

sha%?bﬁeﬁlehbﬂgé %’aerfoostﬁeuefsbﬁﬁél' Hr?a#i&@tlljd?{e dfhebfntld!éfmegd%%@! dhe initial
lithegrapisic lstepi tn ga’&f@ﬂ‘nq@@n of the desire electronic or optlc d application.
The transfer printing technique can generate yield as high as 100% with preservation of
the patterns defined by the lithography. The well oriented crystallographic facets of the
transferred wires (i.e., the top (100) surface) on piastic substrates provide an extremely

flat top surface (having a flatness similar to that of original wafer), which is very useful
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el ements can be effectively transferred to a
substrate, such as a plastic substrate having an
adhesive layer on its outer surface. In one
enbodi nent, the PDVS stanp 30 with bonded GaAs wires
IS exposed to anbi ent environnment for one day or
rinsed it wth ethanol to reconstitute the PDVS
surface to its native, hydrophobic status. This 78
hydr ophobi ¢ property of the P surfa [
for deview Eatirisaticne rPigmthe; S%DPN& FHPSY §§‘i"?ﬁgﬁ‘tﬁﬁ% sftfads of

adhesi : |y dragfienisuth as AMGY, PU@nd solvents
Gahs g&rggEr}gg'}écgm(tﬁgﬁghia?dp?&acgd Ig@ aiunst Sgrb JREbHSes them
used inythe, precassings Bmperdiag dhe GaNSAIREY PR I\@I arﬂ]%ang i '
rod ; | latferglogt \edticah doedtiqnisa sspasially when
L i U N O AR
the fladtin) subsirataaare barts r?WIS@ﬁﬂ el I moga}a\. O Eii)é onl’y tthe_" N
only?eg(/_a\{srwiés;gﬁ kAR aga018 iSith8 prasant siventions. ahecondinglibitewill be

esive. The thickness

f PU |
e St ot S S ksl R, e 15

|8 S ' ' heyr eRemble KdgtdnZor polyimide film, can
(NO"fﬂp“Frmri%g&g?r ﬁyé#b%g Srp‘%e%QO rAP, I aclglRay, Upl and,
be uSA if e nietisdsmitiespresentiuyantiggr and forms a strong

bond between the cured PU and the 10 GaAs wires and
Si 2 nask stripes and between the cure

d PY and th

UNORNiey boorRER 2phroachdss okiieprion afti His goagfwn FRBETSRgS of thel

a the P I ; wWirismalkedgthSi fidin severa
oo i B e | GENE T B et i soverl
miclRhE SRy atehsrof abniimeters fred thergamater 95 CHgRALWa ers). Fig )

ori engatjon sir - ! ikH QVidthe of ~400 nm an
showg fan. %€M '{'ﬁggpé?vﬂr&r‘%tgﬁ?%ggiﬁsg%wﬁﬁg \nge At grg of The ton
length< B 12 @m RbB sieempandonaliiaasisetnblef PR gt o 9! i

noderate 15 adhesj tre ; bad. @eHigdting tsehighelegree o
eraves B S S AR pse s g s
flexilitg that 1 stfuedediby resir narawnyidiftfe AF SRRNR in,fhe lowerins 9

reconstituting PVDS f , i g, ihidh duggests that
ZO%ﬂh%P@e‘i W?ﬁ{%ﬁ%&ﬂ@%ﬂagﬁg‘%\?g% d“n%n?r?e?gr s)l_lt hz;?m oot in
nar{gﬁ@k Wil oRigtnes PRNBnaf deeid withstand staimpf o 8% THRPPEr INSe
I O,

ich can be, anprph . ' tordRé cfosd Getiton before
Figuren?dAs proyiden @ %aggppge?%cﬁrggﬁﬁ ﬁ“ﬁ’gﬁ\é@m utbi oorl: of cbg fe%i; As and
a n%&ﬁﬁe R0 o WHIBR cleaBPEhowtAFFmation wf inyerserega By oiesO ans
» 1) for 15 m.n remopves the Si2 nmask stripes,
undeseittingrem anSPEINC PXOU% t op surfaces of the GaAs

nanowi res (step vii of Figure 19) facing out. This

Sl e oL a0 nARRHPRED ot haldas @ies ¥ gontrolled

pr i Intanegspreci@{Age W¥§"P@ge'§£°$a£%ggip ers many tchi
by %g%%ﬁﬁélﬂg 8&ustinRy thexaam of Sihemagkolinesr selsctiveleadjuptingghp etching

wctn and,  Shape) ebn g dikde eldd Mt bRhanometers are
timor grbpPat RIS RPHEeRSM LDy TR Tk t
attainable using the present methods. Controilling etching time provides an easy way 10
generate nanowires from Si0, patterns having micron widths. Figures 20B-E show
scanning electron micrograph images of individual wires obtained by etching the GaAs
wafer patterned with 2 pm wide Si0, lines. The wires were transferred to a PDMS

surface using the procedures described above to measure precisely the average width
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l'i thographic step to satisfythe design of the desired
el ectronic or optical end application. The transfer
printing techni que can generate yield as high as 100%
with preservation of the patterns defined by the
i thography. The well oriented crystall ographic facets
of the 30 transferred wires (i.e., the top (100)
surface) on plasti c substrates provide an extrerrely
flat top surface (having a.flatnes
of their tap swfacsaf(eaferredpin 8% W wr 69'61‘?;%5 pmﬂﬁﬁfc’ Bg,‘é\f/gﬁ%vg% the

depeaﬁl%\}:'eccﬁttt\% Qveterggé Wtﬁﬁ ”H'{v‘?e»s, éfhtﬁe Eb;fB.lrfmk of tmrep &abricated by the

f
presard methodsaereetching E%ﬁﬁﬁé p og lﬁ@waifs? gﬁ\ég%h"g% gﬁﬁ EHY down

VR i Rirld @isPEABEGIfeRYof ﬁ@b@d@bmgnethmseame linear
to Sﬁ'JPec:aﬂl ne cﬁtr%e d L% [ rm{)bl lizes the

relatlpnsjuprttetw@ert M&wan?%@gn\‘g’"? HS|C§(In%IIS%nP (Wlt% érewous studies on
etchlgg rl?ﬁ%ﬂcgnﬁf caRes %PmJM}@Q-I-Ed Relufibrasté.c thel b@chnag gate was

or twsted. it is i

propantidn&ETo aetehmgntuyeexc@ﬁm the ngl%t r@F 13 afngtwggébﬁé Ifctj H3PO4

esent Neblar friabtion ofl HAGE (1 ;w)deassetqgl@ljto or
RS UG S st ot s

h
less than &8 @vmbgymm agg 5H20(0|E\|g}q r}tgtjjsgci Hgélgfq%gwgﬁtg We?‘? 7.8 and

l Aé Histributipnd meomdths of the
0.9, qqp%gll el aﬁ qﬁ&%tatlfagéai ?é‘s’éﬁfg sﬁg\{ﬁﬁg%tct ¢ Hjstrivutipod g

wires (asenlﬁtemnned[by ayeragag algsetoel [;Bgt%gbwp%gg I@pfrgf &FQ% 'ﬁnth widths of
~50 gr | 9 ci%rlg sofnB&hat r%?roq}é\“’iharﬂheﬁem%ﬁari@fmﬁ freoneptyps ehibottom up’

can generat e nanowi res Wt orm
nandwiret that Hasdreep eorartgd to @f@;}l@ﬁ]quy%gq wsd?l-é-;n%f Q]Blgv\rﬂ

centineters (i.e., the dianeter of original wafers).
Fi gure 20A shows an SEM i nage of free-

naliesviscaning elecmpmmgroaraphzuwgﬁﬁqsgﬂ\gn fgsgl%‘ﬁa? ,'@B?%so show

| d rintihg thenthfrming process,

e A e
indi€kting ige piCbHJQSShigth@n@Qtrpﬁlﬁ VAR ‘Hl“@‘h "85 ding;

obsay RS TR fx%mﬁ%@%pb\ﬁ tl"i‘eftftﬁérgf?gs&ﬁetr&ﬁjrmea@bn cblvem\slde malls. Much

ower inset of

of thik rroh@d\esammeﬁe:imeaté,y fropeig I,ltgggrg 1glsorgq?gA %sedz?y define the

W Ch a k) hm@ndbh m'ifsk li#@e a'ndm etching
SiOE Gtk SHPRE oy & @Fﬁg&?swtﬁé%' i

3% The u set
itseff] giHie rcﬁ@hn«pssodetawnas Sreawidth @of él]eegrpla pgaﬂre%qthat we

e of .th ¢inva ti'tﬁﬂom shown frt Figure 20F,
coulgk potaipy{sig ear ﬁ&d@%@% o?ﬁrr‘f}:a\s‘t'l:'lrnoInnvmrcl i nver é e
the n'é@é idetseaf tr@awxwﬂawariaumnd@lpagtlﬂfﬂ*wall?‘r‘ﬁ'ﬁersaﬁf‘ AP

('E)'vj\jt égqla] Q%p r;gr}gf gqggl?j et?ctgg e et@ﬁﬂé’ 'En%% réaan't;ﬂﬁ{&{)k[ GoRs néﬁ@mres can
D AR Wae 1ddaethah dido%af Tﬁécmmeapwovlctedee Figure 20F

be ggefr%@%, Ve% tﬁ%f%{@t\?vﬁg the etc AP% f this embodiment of

indicates that the width of nanowires obtained from application of this emboai

the present invention can be decreased down to ~40 nm. Nanowires with different

W|re width

average widths exhibited essentially the same width variation along individual wires
{i.e., ~40 nm), which was close to the width variation along individual SiO» mask lines
(i.e., ~36 nm). This comparison confirms that the roughness of wire side walls is mainly
initiated by the rough edges of Si0. mask stripes regardless of efching times.
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time or both. Wdths between hundreds of mcrons and
tens of nanoneters are attainable using the present
nmet hods. Controlling etching tine provides an easy way
to generate nanowires from Si 2 patterns having

m cron wi dths. Figures 20B-E show scanning el ectron
m cr ograph i mages of individual wres obtained by
etching the GaAs 30 wafer patterned with 2 mw de S102

Accr{grigﬁ% t%geqwg%@aﬁé %a&fe%ﬂ se{h%?‘#eélﬁeathg ghﬁéé‘sftﬁcﬁe mask

escribed above to nea
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sent e g time. This plot indicates
ﬂnaltqyg{str&&se EETVﬂ?FW&JV\%“(‘ﬁ)hS down to 50 nmcan be
obt a| ned using this enbodi nrent of the present nethods.
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det ermnes the width of the snall est conti nuous wres

oul &0t 4 f @hAd Wfe arrays on
3@‘&%@% é}ﬁ?‘fe%g :ghébe% gv\nt% érﬁl‘t E"‘S’Eﬁw y@?s”é SuAs e array
thelnah\mEETtéubsmtdtﬂy spin-ceatingre aewiayer iR duhiesqi methods grovide
SLre o IS homARRBNASHWIRE and/or
e PR RLE o b Bt e SR e
microwires. Figures 21E and 21F give typical images of multilayer structures having
double layers of GaAs wire arrays. In one embodiment, such multilayer structures are
obtained by rotating the second layer with different angles (~90° and ~45° for E and F,
respectively) relative to the first layer. Figure 21G provide images of PU/PET

substrates having three layers of GaAs wire array obtained by repeating the printing
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25 be prepared when the ratio was | ess than 100% The

curve provided in Figure 20F indicates that the width
of nanow res obtained fromapplication of this

enbodi nrent of the present invention can be decreased

down to -40 nm Nanowires with different average

w dt hs exhi bited essentially the sane width variation

along individual wires (i.e., -40 nn) whi ch was
close to the width variation an [
procassstn kamples 3pown ie Figuey 2ﬂ,ﬁ—)and-|-%‘| g‘??‘iegsﬁ c?otn PU Iayer
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wer%%@atb@lﬁ%ﬁw Ad P \ﬂzﬂfe@d%mrmd w:ﬂaSr@M@e@ﬂé@ uﬂbméqutlapnd 2 um
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in Wlhﬂe\ or'ﬂ@r “ﬁ‘ﬁsvﬁm ge ‘?@'é% \?@g %lf 2 rﬁg‘} A’?:iﬁ 1.7 pm,

I nset ur e

OV el h&biot B REP Wi n-@ﬁhamot holutarbraof Bed ig sngmﬁcantiy
respmc Wﬁfrr\gg%llﬁ?lﬁg%% i

ation, clearl
e T A et s o SBL L Y G ot
endg % l%fe?a?nmﬂ@ﬁ;ﬁttﬂ‘ngo R dr ekafiples dnéPBchirigt pracssmdlsﬁ:onnected all the
ace

as snoot

t hat of he P
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etchin | e 28 Emﬂt&rmret, e degree ©
one, HFEq | ug fg%ﬂ\@éé on RearSERs \ﬁh‘@é }Srgu E

aces of

underestireg in lai isipss then thatdy GaAs indhdaBng tha a“"%@%éﬁ? small widths
(Ieslswgélt%r@p dn O#Jh b& mg%@lﬁr‘éﬁ)a\féd By usingdiarea Biat $tbpes rather

wre arrays can be routinely printed 20
thae by tcbatréMilighhi® esahing ¥8@-e usi ng the nethod illustrate

Figure 19. GaAs wire arrays with other patterns

(e.g., patches consisting of wires wt fere

| ertiehscremicahfledbiliy of ﬁrsgﬁglgéwpé@rrqn%al Abcgé%ewce Hbde with GaAs

Subst t es ERLRCE2PWhich were ¢airiedterddrgun Sitloped n-

wirk i ey R gl Eso PRI RSP PRt o8 Shopod v
GaAs wafer Wl'th carrier density of 1.1-5.6 x 10 m°) on a PU/PET substrate w
evaluated by measuring the electrical properties as a function of bend radius. The
structures were fabricated with GaAs wire arrays defined according to the methods of
Figure 19. Photolithography and metal deposition defined on these wires two Schottky
contacts made of T/Au (5 nm/150 nm) and separated by 10 um. Figure 23A provides a

schematic diagram and image of an exemplary two terminal diode device comprising
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25, the sanme PET substrate by spin-coating a new | ayer
of PU. These nmethods provide inportant pathways to
generating mul tilayer structures conprising nanow res
and/or mcrowi res. Figures 21E and 21F gi ve typi cal

i mages of multilayer structures having double |ayers
of GaAs wire arrays. In one enbodi nent, such

mul til ayer structures are obtained by rotating the
second Ia

GaAsawie parrag@ {t"ﬁ,étlx r.:-alie 211“5 ?&\%!gﬂ?en‘t{%@d ?Rﬁ softifioh #r 0 min

st | ayer.
removFécGthtemam&ofaﬂevay@m omthgesiriatedof GEs wirad jist hefore sitign of

hree |layers of GaAs wire array obtained by repeating
eleth’PH@Sprl nting 82 process on sanples shown in Figures
21E and 21F. The thickness of the PU Iayer whi ch can

b trolled b
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Sent i nvention can
nanoWie%shoh BIEREriAdet ofifigura20ay s Tidseoteiseits Sisthet GARATEY %\at GaAs
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res wt
able t6 RN ted W%mebiemssmrmem f Wher notettbat the dateshay that
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wheq;h%ﬁqbgzgp'qegwsmq%pirgd SR EreTE M bfeeR vaisaaged Sndler than

tion o

that FeEBIE&S frf%%bﬁ?lﬁblouévléel asfore dbeatiagt r Bigureri28Coghaunthe current-
i reges of an

re
voltagg sUees nm%%xée%qr é@ t\(x% II%I’I’I}IE%%? c@ %\P #&r gﬁé_rarnelaxatlon after
‘éf difatene bBRd raiiit FEBIthR shkenof cahpditsopnthienblpeinejirie dhigure

23Cvahgwﬁ §r|1£pmrg§-v|9|w£ﬁ? gJ%é %grr%ﬂom@gulaf{égh >3 ?\%@ %oﬁ’ﬁ@ratlon prior to
bencﬁ h"ff‘Hla beRasf Ririafidn imhd nVhetidractetistes| with bﬁn‘d)ff agipo and with
I C

antly differen t of i
mu!tg.ﬂﬂ @an@nglyﬂbwc% ﬁqa{ %g?ﬁ%t & Qqur%@ﬁgwo'\nfév@tq Y5&URe one

of wre

time ﬁe%@qnlcﬁ%ﬁ@n gﬂﬂ g6 cauddd mgan Frtial emaawﬂnem theygroperties at the
e I'ng process disconnected all the ends of InP
interfhgedestveeminerflegiofRR ANQAX M S en with an etch mask

that was simlar to the one used in fabrication of

GaAs r F 21 Furt 3 .

e e g hbinobl PBSEARGaphy S ghRSo enica
etctluﬁﬁvﬁ@%lﬂ% rgm&ﬁahlmngié b%tal\wahers ohtHeseinttiénials {drs on attractive

‘toprimmb LBt Tomiere gﬂﬁpga‘g{{'%é?o ,g"rgjﬁggﬁﬁ ¥||1¢{ﬁérr19%ss sections.

The® HfRUbrs! B thel reaeaftAnh6in orgariaciton arey selbctveb| fglustable by
erm nal di ode _device nma v\{;1 %%Aﬁ“ for example etchin
approprlate selection of the lithography an et ing c jons, for examp g

time. The as-obtained wire arrays on the mother substrates are able to be effectively
transfer printed with high fidelity to plastic substrates coated with a thin layer of
adhesive in which the wires are embedded. The mother wafer is able to be re-used
after polishing, which enables large numbers of wires to be generated from a single
wafer. This “dry” transfer printing of ‘top down’ nanowires/micron wires represents a
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25 wire arrays (sane as those shown in Figure 21 which
were fabricated from Si-doped n- GaAs wafer with
carrier density of 1.1-5.6 x 1017 cm) on a PU PET
substrate was evaluated by neasuring the electrical
properties as a function of bend radius. The
structures were fabricated with GaAs wire arrays
defined according to the nethods of Figure 19.

Phot ol i t hography and jret 05|t| fined
new \olass soft tigns &p%wegdh@o%teg 0y 24 nsﬁlgdé \%ﬁ“ [%P %???‘Z‘E'V of
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wi th bendabl e plastic sheets. W note that t he dat a
show that when the substrate s rel.axe e
be irdomaymiethod efdhisiasperkof e Proggeh WHeliioD, g Ipﬁlg\la% %ﬁréﬁt:d:ctor
! I Shdtdle deviae ih@iocentddnfihigdederipione the term
cloty T i HEVRY Ao doent e s .
“hafidle cldmentivcefers i ;SPMAPRRTL t%@\ﬁﬁ‘@&’gafP%%?'%@%gx%aﬁmw& 0:1 the
© oM nRsiofl fdéafpfnﬁfaﬁlét Sé?ﬁlﬁdndlﬂﬂirl elefent after schldion phase
posﬂ\p nr%%r‘fr'ﬁsuon “The black curve. i ur e
delivery muarsubistrais) ﬁué%cecur'@@"@o?'?‘éeg n@ %egﬁg??‘d%gf?%':mi“:hlst
I é?é\’ﬁdrht@@a T leerdpeisik ca‘layerro anaterial tha
pm‘l‘"ﬁeé ﬁgﬁbsbhgh%gﬁg%fg ehralhgltel cS Wit E b P ritl gs i present
is respdrisplectoba margngtia fiskh AlRRYIC Jlfe 8 ﬁf’t bige aﬁﬁ’r SP* one
invel g’ﬁe%t u?n&ﬁWreEroﬁJ\?é rhdtRodN&f Zé]tghinme pﬂ)emomageamdﬁor orienting

ent var i. at

db t
pnrnakﬂp axammmcmctqr h@gr?wgatese PR é@@g@%@@ﬁmﬁ using 'C%?%&Hagtailg Qorces,
ancgﬂr {‘}ﬂgf’? {aﬁé fﬁ@%g CRRGhARIYI SRe q:freéérmdnvemlnal provndes methods

and ani sotropic chemc
wheeirh absdrmdmcglcmﬁameyt i5i prgvided pving) o%\apérrgorg a{ le_glements

eac tcgr[n'pnéiﬁg O[VEr BF nfdtbfdthat/® responsive to laser induced momentum
transfer processes. This aspect of the present invention is useful for providing methods
of aligning, positioning and/or orienting printable semiconductor elements on subsfrate

surfaces by exposing the printable semiconductor element having one or more handle
elements to a series of laser pulses (e.g. laser tweezers methods). Alternatively, the
present invention provides methods wherein a semiconductor element is provided
having one or more handle elements each comprising a droplet that is response to
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25 '"top down' route to mcro and nanow res of GaAs and
InP with triangular cross sections. The di nensions of
the wires and their organization are selectively

adj ustabl e by appropriate selection of the

l'i thography and etching conditions, for exanple
etching tine. The as-obtained wire arrays on the

not her substrates are able to be effectively transfer

rinted with high fidelity, to plast, uhs
forcéogqar@jat@ﬂttw a2RilFAMN ch he ﬁgg gfﬁ@%ﬁ ﬁt\gﬂﬁ&&ﬁn}eﬁhods and
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e sem conductor el enents over
of foraesy agsitG fIpe 66, praTiiIce et Semene yras S EpR; Srfbapguctor
e[erﬂéﬁ’c%' §%§bécﬂueiugche hirg$ers piﬁ@éhtfoabls astfubrfor refighiod sprintable
Fe %0 a w de rang conduc

senumd@ei@r glemeapaAig Randie e’PH‘eSa'%‘n}'Pe‘P’ tgﬂrdtg? afr%%sbg@&e%?smons

an doér:eﬁb?lo% &‘?éh?ohﬂ’ﬁ i BQRlectedddviveadt deviertongodant cmnflgurat[on
havi ng a handl e el ement éri‘am'% clements

For caxatrgie, asintabig sericapdyGhen Ppmepiseiaviig, e fE Mgr

cor@r%[ﬁ%n%llaf f & Pabibtid ﬁﬁfmﬁﬂﬁfﬂy b atovet| intss sélected positions and

| at f it
orieatations a0 |acﬂmgg§éﬁguﬁy?fﬁi|5§gbgépl§éﬁ%8€% mecpe el Baying pppropriate

dlstﬁ8ut}5n§bcﬁ? éﬁ@ﬁéﬁ’es S6d bivédtvn O 11 trisl ATbodingent,ua hmgaettd field having
one emnbo

sem conductor el enent is Vi
coléniod distbrtions, of foiesiHah ane JBPEER Fesvas OB RyenthG e or
mo#e%?lf?n%fgpgﬁg Sfeh@P Pﬁblec!r&né@@i@%é:ﬁ@ntbq)r@(mﬂwBi the substrate

. Thi s aspect e
(sugh esasitioned, behing ihe subsiate susfage, FboVe %ﬁuqﬁgﬁﬁbagﬁ%ﬁe and/or
alo@% £ ﬁ)lg Qﬁétb? Otan%@; %&fe%ﬁn@@eﬁé&émﬁlstrmuumgibf intensities and
uc

m con or e errent on substrate Sl{{faces Usi tabl
direzitions mddahacorcespord de a desired assembly, pattern of structure of printable

semiconductor elements or a selected device or device component configuration. In

this aspect of the present invention, solvent, carrier fluid or both may be removed
before, during or after selective positioning and orientation of printable semiconductor
elements via manipulation of handie elements by any means known in the art, including

by evaporation or by desorption methods.
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and/ or magnetostatic forces. Alternatively, the
present invention provides nethods 25 wherein a

sem conductor elenent is provided having one or nore
handl e el ements each conprising a | ayer of naterial
that is responsive to | aser induced nomentum transfer
processes. This aspect of the present invention is
useful for providing methods of aligning, positioning
and/ or orienting printable sem conductor el enents on
substrate surfaces by exposing the printable

Sﬁ‘@@&{éﬂ“gﬁaﬂae@é %Hﬁélﬁat;bﬂ?ih@ﬁnﬂmalstmﬁngmneemmm rgghod of the
e nts Tto a series of |laser pulses (e.q. B
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and bimorpheasferomageantie elloysugh @& trangifer MR rae "
m crow res, nanowi res, mcroribbons and nanori bbons.
In this aspect of the present invention
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castDehtb the \sudéce hbarmuksizate: oFhis sieR Yides %?TPH%%B%E% or ot
el sen derS@! SO Ca Frid®n iktibdtich ot gasitione and ledentations.
em’B‘?ﬁ%?%ﬁee%sgm conductor el enents _rand - the.
As shivat irasepsiliof deschasmatic diggrant ifhf l%'Ff'dggl %r'ﬁg&e%trtrlgrff% ’: ﬂfen
.ando ' ' RSl rpaéfe hanagretie field having
RIS bl B el sty acogaat el i
selatdddibbinions a intenmities Angkdireions, 1P 3‘&%5‘31?"536'& AL on gl | b’
15 of - ari.si : nfeAslies add bisexdioes is applied by
a ”‘@9@%%@%5 g'gwﬁese?ﬁ%t%%ﬁg&ﬂsdg%dg(;nduct 0 el e Q# S sides of the
posfiiohingatheentagoétia pelepr@fsent o DT F’lﬂg"?é B’%e‘ipﬁ? %r

al Lani.ng. ol i | 6iniSIET sanRbsdWiors! teesdrs  hawi adferromagnetic
SUbﬁ%ﬁ% éu'g?é;en@%{v@ai ﬁ?rgév\@lf order arr N iDto o the handle
matesial, tintersstior ot frer inegnetici fisid ae@ﬁ?%ﬁ%ﬁ laygrs @prising

sel ect ed devi r | hfovE ORBOPHthbleosdmigunductars . into desired
e'e'@SPtSeﬁg'ﬁ?fﬁ%,s f)of?e%t g\@ﬁé se%écondgctor el e ats hat_/“i3 \ﬂr?in Figure
pogisGindnaTteatatiansbe the suhsiate SUfaCENHNE ieﬁﬁ% &gl SPO

magnet | ¢ gt erlaly RVEE drintadls ebrabadudtarssiements into a
24,%81398?1?%@%?% %ﬁglegﬁyﬁﬁﬁggtrat?e surface ,be{ the long sides
weRRRidredbiray chéraatenzemhby iacstrbﬁtanaaliwwfﬁge Agropn A 9
of the printable semiconductor elements. As shown in step 1l of the schematic diagram
in Figure 24, electrical connections can be deposited on the ends of printable
semiconductor elements comprising the ordered array in a manner establishing an
electric connection and in a manner preserving the orientations prepared by application

of the magnetic field.
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di stributions of intensities and directions. In this
enbodi nent, a magnetic field having selected

di stributions of intensities and directions nay be
‘applied by positioning one or nore ferronmagnetic

el ements or el ectromagnetic elenents proxinmate to the
substrate 25 (such as positioned behind the substrate
surface, above the substrate surface and/or along
side the substrate), thereby generating sel ected

di stributions of intensities and directions which
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Figu%;%%{:@rpéﬁ%oﬁ&'ﬂa s%ggétﬁéte EurfRleaiRMgspriritabiesaminohdudtons disperse
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. Fi gur | QeraEi Bretisagomiy disttibsted anithey sihstrate
‘maﬁeﬁﬁﬁéﬁébﬁ%gsgq&?ﬁe pr eselht v mi off Ot of Figure 25
surfael utTihen optiahtimagep rarpsatacs I dhe £8r gﬁe nf's

nay) h (Ellbgt atf! E%é@ﬁﬁpbﬂir&hﬂ_ﬁ sergicetductdraglispersed on a
corr%qu\l;\\ﬁqlo 3% rafe gl g . t X
et i e ol 50

| L Sl ' ' i i erein a
presgﬁ%gﬁf\ '&ﬁ% Ee?pﬁ%rﬁaq’ﬂﬁé E)gﬁ&il §Rides Giredepbndiny ¢o sonditionsng
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magietié ficld inbppliednshavotiak §1® BINtERIA @?F’i‘\fé))d"%g%ﬁ?{ ISR ng{lgigm\med
. strycture, USE4 Ohodlidiise lcofrespdidid o al evelinbglered array.
m ?%?@e‘ixﬁr}ﬁﬂ%ﬂ?g %ﬁ?ybgé;ﬁd\ﬁg cgfr e&an‘gf e a’md gn is of Figure 25
Confifarisbaldf itie iroagesnpepeited in ¥f@r lefrRagei frd gp P%’?ﬁ rraytg t
. D d in thes i pNéblduiéd distributiong etiintensities
indigale 1 epploRli g 4 ,%E@Mﬁﬁ%ﬁ L A ——
andVRiPEeREs, is\i Gpables of Coewsating TREFeRe 3 MAYg AAVEHD LR
ferro ent | J lspB Yriehtions.
SB"H'"EQ%”EﬁEF%H%F%ngo%/%?/cya:ﬁgﬁ?ﬁgm i ﬁl st egnsl of the
schematic diagramin Figure 24, a plurality of

Prit OB e L RSEISERRCHF hBEsoRs eFRRAISnemehar af idegichabiication, the

: rspersed 1 nto solution and 15 cast.
Pos‘itlb?tssanglf atantations ofugrintatia @.emfmnéug?feﬁ'sﬁel}%\:lﬁbﬁ%t Eﬁrﬁaﬁelst;f
_printa em C 0 h s A0 pbsitishd echiavable using he
Fioug Eéc"gem aor}ea%g%rmi %i éft ﬁ[:ﬁgﬂ%n of tpo,si tions and. o oeone of
sol @fcn@gintihg arathodsst tbjpmenhn%@réipni ;: l:;'PBé’f §$§8Rﬁ? f:c" .
lagramin Figure SRfRESr Qefehilsdand selegtion of appropriate
hangi, [§leLeenty Ctrhgr' ?P%t g%rﬁig semﬁ}ggnguqt_ orara:&ne%]t S\ mav be used to
maBhef et avingeegented distri_fout_msnﬁwéﬁgﬁ:@s?_ &§ j“ :@L e
I stributions of .i : drig&iitip@Bigiond &n ntations.
Qe'ﬁﬁtﬁ?ﬁ'?qaily§H$W§ftﬁ[wﬁbﬁgﬁ%§r}"gﬁ?&go ' magngtg ic field
having sel ected distributions of intensities and -
e T ecll QNS L SicAPBt High Bérormance Single Crystal Silicon Transistors on

Flexible Plastic Substrates

It is a goal of the present invention to provide bendable macroelectronic,

microelectronic and/or nanoelectronic devices and device components comprising
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positioning the magnetic poles of one or nore nagnets
on opposite sides of the substrate surface having
printabl e sem conductors thereon. As a ferronmagnetic
material, interaction of the magnetic field and the
ni ckel layers conprising the handle elenents
generates forces which nove the printable
sem conductors into desired 25 positions and
orientations on the subsirate surface
printables dughmapality FemiFoNAUEPG Bleients, assenitied shifiddife sybsirates. In

addit.%ﬁgltii?% é&ﬁ‘:of%é msl%lnt hﬁgﬂﬁdmtoahloeided;érdahleu@g@ronic devices,
elenents 1 nto a we oraered..ar r . . .
o S S S PO o e
and tﬁﬁ%hﬂl'fai Jbﬁ@@é&eﬁﬁﬂﬂﬂ nga@b@dingltrmmﬁ_tmn filts trjhsimrs fabgeatpd by
0 the  schemati c I agra n | re C
conveniipmeligh despraird @"Qf@ﬁ%‘ﬁat'%‘?r)[%%‘#‘t E@%&ﬁdts ?so QS’rL“Fﬁ‘E gi?l @Jesént
inveritign S %Qﬂ@é‘ ChdHdaBles rBRsYrenizoRBYiCes neprojfeibter dwihe ceisgigndy high
I'n a n

o oS 1 € BPIS ARDEE e, v

| 5ing omgdadicisabétistesl. 87 Figure 25

as ro%ﬁ‘giﬁh@%gét@g\%%s ogti cal inmages denonstrating the use

of solution printing nmethods of the present invention

t Or]-%eé}ﬁﬁtﬁb? tW@bﬂesg?tdﬁéth@ﬁé,ajﬁariaeﬁ andi conopasitions e ngvnde useful

conprisihg printable sem conduct or eREibiting high
mactustesirenie 58O ICKRlSHARE SEHGSS AT agfics gﬁ%%%%% .egThig;id 'iy

QP | RBUSarRIGEaY Bobém dreplpaaebenfigurations vess veiifi
devig pefiBmArB Lhe:

dt bst r at i
experinential l@ttéii@g ﬁ@%ﬁ&gq Qfﬂggqﬁsrgls%trggragnélﬁe%% rBR\h&Ghe present

on a substrate

-inveﬁdri ﬁg&i%é '”t?ﬁt trhsfoR AntabRt priniting! technigyeet iexhibitingg excellent

. th | i .
o oo S iR s
' Ifedlity iahating singte pasiel Si ghbons,
dep?sﬁtréx{q?ﬁ ‘?ﬁrt\g@ﬁ figh Iq%hté"s et t
e cSHbd S 6, AR s, Fo

i'spersed on_a

i iecintiicate it bendaglecthincfim type
exa%nkﬂ%s, Q{eaﬁeﬁulgéé%fz trﬁgget Hit@[égé?firﬁegﬁﬁll ?&lﬂé&;&lﬂdlcate ) '
tranbisfors samerising spatialyt W@Lgeﬁir}ﬁgg%rgaygﬁ @@S@%ﬁ%@éﬂ Brﬁ‘ab'e’ single
oy giin% |0 %ﬁeﬁmﬁé gt%x'ﬂib'i{ highd aewa ;férm{rmam appractaisierysuch as

a e printable sem condugto r \
averayestsvisetefigctie mabiliie% ﬁgalaglsa b%@*lete'l"%%g Fg@?)’PE@'e‘?ch?;? idﬁgﬁi‘% , and
threltgﬁ%@ vﬁﬁ%%s%e%?ﬂ@ Barkifef; théSe Sadiearshewrihafthe Hun filiw farsistors of

e

inthe left panels and rjght bl
the Frepeningsntianrexhiit llerldﬁgﬂ'tva¢)& St AL Q%Rﬁ%éﬁ et'"?)cczr:lpa_rz_rte
fiel i icah&iidtore|ricomectuidah rausinese gnd flexibility
to dgxﬁegﬁ%§§t“?%n§§+'§5§§ggb| e of nerating forces that
wherosibjéatet i franawargandibasioward P8nduct or el ements into

sel ected positions and orientations.

High performance printed circuitry on large area flexible substrates represents a
new form of electronics that has wide ranging applications in sensors, displays, medical
devices and other areas. Fabricating the required transistors on plastic substrates
represents a challenge to achieving these macroelectronic systems. Some approaches
that have been explored over the last several years are based on modified, low
témperature versions of the types of process steps used to fabricate conventional
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20 As will be understood by persons of skill in the
art of device fabrication, the positions and
orientations of printable sem conductor elenents in
the right panels of Figure 25 are but one exanple of
orientations and positions achievable using the
solution printing nethods of the present invention.
Selection of appropriate positions of handle el enents

printabl e sem conduc | ements,a n
S|I|cqp@|a§g:|l thine filye tﬁ%{@;ﬁgqrﬁ cl I%Ié:fo@ t%ﬁﬁsﬁlé’ggel L ﬁ%{e% Ofhe high
tempia'ra?thFe{sb H&é&i&e@{\mlﬂhnttﬁ? airﬁt@aalaadtdﬂ“ ication ipUOGESHB d@geloped for

used to enerat e Vi y_an r
produans it e A Bl r b Fhkpfengh of i ams on
SiO E@ﬂ?'aec\madéabé 'fcfo@be@lrarﬂ;ﬁ anh glectren foeamanc@ @apgteestnp heater)
‘Crystal Silicon Transi I stors El,e

makgltﬂ!j?;tapaltoéﬁh ypsyitabledoruss i BI%S?%%Ubﬁﬁgsent AV eér?t% d gRprogehes
havé)éﬂyé\fé% ééﬁ@llﬁﬁkﬁl dmeogﬂ QELESH) aittéougm uniforhiby throughput and use
and/or nanoel ectroni ¢ devi ces and de s
with ok sOPPIARhcogopr SRPTEPS: SO pxpryyodah HERRAGE opirect ul
wafdt J?H%Fétr%f éf@fmécﬁdtr@l’ts fdnﬁx piﬁlsﬁc sul’ﬁxﬁltatﬁ weld $ame useful devices,
tion, it is a goa t he ese i, nve
out {isoaRRIBARL P 1 St Briatokalpes a0 1t 4G B rtig tee
fabrchLrS]‘l $ddudhbéPnat ﬁﬂgfht Se'idt‘ipértm oo rc]:tns’celatiglgea£ufeca|crt|a\croelectronlcs
ties, on - off ratios resho e
OrgeninispaicondugeT WRlsBa RGVERaY SEMAIR PR, P ek B Gegtronics

whef'éh*i’ rth%l %Y%l@ﬁ?gbdcélwﬁﬁld: Piaterigs c}a& {nr;aenatu[atlg imtegratar i Wiy room
hods.~ Fi na e

|
temperaite FapOSIEE it ecrans ARRBRE sPsteBSbE pEdhnig gemioonductors

y WeddwnefHdvidvent ehilgs ortlylrmugd,fqiudeme)a'e@mltng For
mat&‘i’il?iédgr?ngreas of flexible suogr,‘brat es  at
t

examplep eaven gl quality single oryigs %§eamﬁ1%'larﬁ g\V\gé gnobllltles in the
rangﬁ{c?lﬁf %%nﬁlﬁﬁsa’nﬁaﬁ@szo &ReT8 for alind g-typetdetites, pesamtﬁely
ods

evi ces and conpositions to provide useful
macr oel ectroni ¢ and/ or m croel ectroni c devi ces and

deyirs ERRBRRAMeShRYlddslitMas hﬂltgdﬂc séﬁvassenmda; feparatecthe high
characterizing in bent and ph@r L‘; ?rur atﬂ# &f/v\’@&perature
temperaitureesteny fore RpRiucienbigh TP Vematerils R, M
proé&%ﬁﬁttﬁ%lﬁ§ H"écﬁ.ﬁ[%& [7) Hﬂlﬂﬂ‘ﬁ? iﬁeﬂri%é@ oh PpRistit bebstraésme These methods do

I nve des dr ransfer contact

nott bewenetu g&ow efficiant copieleic e %r,g@nlignqnea{ quaﬁ?r}l g)ﬁ the deposited

obj%:(%pabl lity, that are capable of assenbling bendable
n filmtransistors by depositing a range of high
qual ity sem conductors, including single crystal Si

'?ﬁ*i’@ﬂ 26Acﬁué%§at thel ABpNUESS t Rebrigategbenvtdry eabndablbhin film
nano

es onto p astl Cc substrat I
trarséators deviss phibeeresqnb FvaBHRM FgY O
phol?&"ag@ppr?threhéuﬁaéé b E¥&Sh-on-insulator wafer (Soltec unibond SO1 with a 100

nm top Si layer and 145 nm buried oxide). This resist served as a mask for dry etching
the top silicon layer of the SOI wafer with a SFe plasma (Plasmatherm RIE system, 40
scemn SFg flow with a chamber base pressure of 50 mTorr, 100 W RF power for 25s). A
concentrated HF solution etched the buried oxide and freed (but did not completely float
off) the printable single crystal silicon semiconductor elements from their substrate. A
flat piece of poly(dimethylsiloxane) (PDMS) was brought into conformal contact with the
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transi stors conprising spatially well defined arrays

of dry transferred printable single 20 crystal silicon

el enents exhi bit high device performance

characteristics, such as average device effective

nmobilities, evaluated in the linear regine, of -240

cn2/Vs, and threshold voltages near 0 V. Further,

t hese studies show that the thin filmtransistors of

t he present inventjon ex it \acted
top surfaghicé Hhe wiafalrandothe gfe r}e’fv ot pack o bibhp yfe nterbibete
arra%it Hehganhe ,ﬁt@fﬁcﬁ@m duileen she phstorasishand diee PDMSLwas euficient

deeX|b|I|t é\grlen sube edtofrontvvard and
tobdi@dh@\m@t%w "e’PIP %‘% Brinted circuitry

on large area flexible substrat es represents a new
formof electronics that ha derani ' j
i A lged In-ghagig (Y, th*i%‘glﬁsﬁ ait EH{)|°8%‘%drab%ﬁ%k'bﬁ%%ﬂ%'at9)
(PE’?'rt i%ﬁnesgahsg ) ﬂ%t%@ﬁeét@éwegeﬁ the alesice subsirate. Plasbing dt with
strates represent chal | enge
acotohe SdSORIGPENEL %HQE"@&% edyy %“&E“lh% Q"hr’gxé B¥jth @ stream
of r[;\?%/g%gbﬁl%ﬁnéd(n{soﬁﬁﬁa@/ erTrehting i8¢ 15OV avithl ay ehars Q;VQEn plasma

I
gm0 i SRR, A LB BUC i b of 10

mTc§’||9 asg'gy REOSLWRATECd &) plorblegiadhesien betavemn (TRFITS) swin cast dielectric

t bst rat The .h t . ]
(ayen sk oo BA0SAFM 105008 ST AN SUBRFach it §8% of sus-2000
thlnﬁérfc?ﬁ%e@cﬂ?%@hé?ﬁﬁ@eﬁdiy Wl p‘r@mmcg asbMgCeorca st plate during ~1

one

min Si Bringingsthe POMSowith, ,mgtaglecwglgégyst&c c%bﬁs'érﬂd&ﬁ:‘dh%r Qfement
on .Fs' S0 Thih) SBRlacOWtiR iHlY Raht BeoST layer diriathen peemgalka;:ktthe £DMS

roach unsul tabl e for, use wi.t | asti c.
lod Enter raEieiOTAPp SRR Sinfiavaysieh Py TR Hghent to the
epogyzgr'l‘?l?s R% ?‘éﬁ@&e%‘is 7t O Berding fdrossTbitweehhthe isificpu andrtde soft

t plast
epoxyp Hyen(soms %prtggﬁ ﬁ{_ﬁﬁmgq? alglfp%j ng% Sgl’?é ﬁfvrv gtgs?rgm ?round }he edges

of tﬁé @P@tfaﬁfe gh Qrcﬁfs‘t)él Aok 'séﬁ%ohauétﬁt elemmtﬁ)lare strosger dhays those
T devi ces,

petiesr ireuiotrescaE SIS é&ar%l? o508 Rad BV il cured at 100

°C fe?%a}tnﬂ 8&;50@% R UWI@?t #6mftAS bhsaidevf teovespesent halstrate for 10
npor t ant

or |l ow cost, |ar ar .
s andharcpesthelsed €& 115 CEfan PmiBdR asRiDE s PRESF Jg photoresis
maa{ gﬂfi ide &“v@ﬁiém AtdWhtsPegriarmation bf thd tabesurface of the printable

Fdnics

rein the organic d el ec
mng’ratoeystalailcga@emcq&qu%,e pgnein?ﬁ tggetr sge 3%??5 Was dissolved
wmi S%Eﬁﬁﬁea :‘rH fhelBRbR Whe ﬂwenVMbhhdéhtW@d ofith pletsided water.

e organi c sem con tors nmaterials
currently knomn however, enable only nodest device

or ;gsc{ r{.é gﬁr;fl d{: %ﬁ éléctn%ﬂ@%e?e fEMRR Wit Ti quz0 inky, Banmagical e-beam

ese materi al s have m)blllt es in, th

ovanaraien) oflepbsited o \Be sl SUIRAR0 O DR PHREDIE sirgie, Sfystal sificon
co B hGREor JERRRE! | MBhiMg (1:1:10 HF:H.02D! for ~2 s) through a photoresist

mask (Shipley S1818) patterned on the Ti defined the geometry of these electrodes.
The last step of the fabrication involved dry etching (SFs using the RIE parameters
given above) through a photoresist mask to define islands of silicon at the locations of

the devices. Figure 26B presents a schematic illustration of the bottom gate device
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O her fabrication techniques such as fluidic self
assenbly separate the high tenperature steps for
produci ng high nobility nmaterials fromthe | ow
tenperature 20 processing that is required for

bui | di ng devices on plastic substrates. These net hods
do not, however, allow efficient control of the

organi zation or location of the deposited objects.

Figure 26A illustrates the ste sed tp fabri
configuistiph af {hesbindim Eninier Paetier win fiag oyl Begfifidtion otca
. HeGBlickamapt i on. First, photolithography
mag%éfo Egraﬂf; pattlern 0 phot or esi st on the surface of a

SI i con-on-insulator wafer (Soitec unibond SO with a

ur@”ﬁ'f@ﬁar&eﬂté‘)ﬁ@l‘reﬁﬁ%lie{b@ Glﬁlarbdeﬂetﬁ:soni che pendgtbies thin film

res]gst served as a mask for dry hi I t he 2
tranisibl ofdhe pessent Byeriog tagyshas & Serie:dics HRRIREbY 140 cmeivs

in tl‘eﬁls%_g.lgﬂc{ﬁq dBirRk Eay $60MemA Vs mcm@ Shéarf fe:gwnw tas evaluated by

f 50 T
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Theﬁ@é\dr% ﬂ % ﬁﬁ)dﬂérﬁ bf tﬂb@cﬂ@&kycéﬁmicﬁ il thedd datlcesohb\).rever has

e Si ng e crystal_'silicon sem con
a s@ﬁfmmféct onthe davige reap@iseafrigura2 7$|p5e[zseb1 %E:%nsg?r c%aractenstlcs

of sgv(%%l(%%[&?& %h?%dc?% {8%1 qeﬁDA@Oé@?gloéémmm (right axis) scales. The

surface

plot wafher insetcshbwe ithat Ane flupshol weliaggs Bave AN aﬁBIbHﬁ%ﬂ near 0 V.
Smadl {%20 Tk ﬁﬁﬁ&ﬂ P o ¥ ¢ lé)bﬁ\fé‘%ereé' Beanithé etl‘ra?r&ferotiharacteristlcs
e

otoresi st a was suff i

:nd:danesbaridv\ft dimsity\mftttaweﬂ eqhafgﬁ at; g)@o\pgq facg; tgeﬁwsg%gll-le sntlcon (with
natlyﬁﬁ)x@l enc% ﬂbeoﬂ}?}éyt lg|elémc-r' 'ﬁhepﬁl'ngrf V%\ME@ (<t 8 &KirssC.crif®f the

enet er ate) (PET t hi ckpess
norm él&%d mbthﬁémtd slomd'&&mnfis'& thmpcﬁ[sql-tﬁbf of dhis dtedagss whighnay be

F 27C
govg\ﬁnp pag]agf;(by \%?li%eoﬂbgwg‘%ﬁ &%%ﬁlﬁ:pﬁ%ﬁp?ﬂs Vr\}a{h{/é‘ék::%g Igure
sho% tnetmg@monl @ramedmeas etiacivecmobiiiasapf Agverakbe bfgy thin fim

: { lue of
tra@@m fé)ﬂp%(%% r;?red r&gh g\%ﬁ'lgﬁgg‘sg&é'&é@sﬁlg& Eét@glgoc%ﬂter value 0
24078@Ps Voith Wﬁ&nmmeviambn 1§ ) cprdisot SomedRELN IpW Qalues are

bet ween it d B
asspgitsd VDR 99eER R 6if Hestthlor B pher somfBhale, G sy ces.
ThOLinifddity & Ghe tdpiory elidlectiitiveas pnma!blgg@ﬁsw ibyiidiag,o4gin same
subgtrrgw;qlnjr{gg%p : d50 & &ﬁg tpﬁe&% ?‘ IE?IQ[HF b&l% d‘ élecmcnan array of 256

e Si ng Cr yst al
(208%200C ) S@maﬁ@rmdpactmrs el'ﬁmamset im Figres 27 ashows,the measured

cont act vvlth t he, war.m eno el ieber than 2%
capgsiancenaigsvs ’i?ﬂ”éa' eﬁt ﬁéw%@én&sf er g@t é’ﬁgﬁ'{' ntapl e
corﬁuhﬁﬁnngh@r Ex&éuaht Slettrica mnﬂq:hws&oaicnncwe)'hefell@fﬁﬁﬁ!ty tﬁ@é ﬂlerﬁpoxy layer.

epoxy is result t gSkHz and 1
CapraitaBem ﬂleﬁéu@mel“L%W@ Eét g%?}hs fRéuBAEES RBelv@bA 45Kz an

MHz) indicted a small (<3%) frequency-dependence of the dielectric constant.
The mechanical fiexibility and robustness of the bendable thin film fransistors of

the present invention were investigated by performing frontward and backward bending
tests. Figure 28A presents a high-resolution scanning electron micrograph of solution
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epoxy layer (some of which are nechanical, due to the
fl ow of epoxy around the edges of the printable
single crystal silicon sem conductor elenents) are
stronger than those between the photoresist and the
PDVS stanp. The epoxy |ayer was fully cured at 100 20
Cfor 5 mn, exposed to W light fromthe back side of
the transparent substrate for 10 s and then post

baked at 115 C for 5 to 1
SR B LIS ST 8T 0 BT
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to tr%aér?)ﬂfé%e&bl‘famegﬂ wmfa tﬁ@fiMi@é etdﬂﬁ@tﬂgiietfloqbbonfummbe e{msnacy of the

i'ne islands of siljcon e |
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ben&g‘tﬂé thifl Hth Qr(ahgﬁto?sf fs%ﬁ(bﬁy t@fodéuﬂbﬂym veryThigh ktrgins, as Takahlro et

stance (-90 hot t ont
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not lfe!lwvaemmhéolsﬂheaﬁoﬂﬁ(ﬂﬂpﬁh ﬁ\él?‘?ﬁxe 6‘38 5@’)9 ﬁ‘g ge%%'g
exafinie Bfibbik hew! BfbottiRltes t8iRStigHe e ¥nagbdemspoftjn afecharically

strained silicon at strain values not easily reached when bulk Si wafers are bent.

In summary, this Examplie demonstrates the high device performance and
beneficial mechanical properties of bendable single crystal silicon transistors formed on
plastic substrates by the simple and efficient paraliel printing process for silicon
provided by the present invention. To the best of our knowledge, the performance of
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15 normali zed subt hreshol d sl opes confirmthe good
gquality of this interface, which may be governed
primarily by the interface between the silicon and its
native oxide. Figure 27C shows the distribution of
the linear effective nobilities of several bendable
thin film transistors fabricate by the present

met hods. A Gaussian fit indicates a center val ue of
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ran%@él’jaﬂ)rfﬁéﬁ@ﬁ h?ﬁk@ﬂq@’fepmékiﬂg Miexiblefeleuitoniarmiodunds.backwar d
ending tes Figure 28A presents a high-resolution

scanni ng el ectron micrograph of solution 92 cast

shows aplcture of the experimental setup used to

bend the bendable thin filmtransistors evaluated in

t hitge fp$é§éﬁ|1/mvérﬁhdiﬁ)fb'ﬁﬂas%hetbmgenewemrinﬁiﬂ@ gemicgngygdor elements

thin | mtransi sfors, when, t sheetyerickS components.
conpsising H‘q”é'l‘%@f‘%lele "ﬁ’i‘lt%kar(d 'Jé%téﬂ ad%bicgst%}??sdub‘st r at ep
Prinkable UﬁSﬁérdgéan@s?esémiud'ndmtorFlegmnwts 2@8 thisowzample LeRIArise a

seréégy‘]g; . o7 ﬁ%réﬁtl o w:ih Lhey ¥pé¥%ﬁh%ﬁfﬂuh§n and provide

tensiTe and conpressi ve
entHhEéd nﬁin@ﬁ@%htyoﬁnl rasaia)\ge The manmelag:trpmm uRicserlectronic  and/or

strain val ues where conputed using a finite el enent
nanestesiToRie deWEeHuckl i ng sheet. Conparisons of the

bendi ng profiles of the buckling sheet (for several
bendi ng radius) 10 to the profiles obtained with the

finite ment .neth onf d¢ A R8YroBEnddi® printable
si mhead B'E)é r%THW@ Ip5§ia ?Iﬁse{eOHIEn JFuhng re 28B prrcgsrc]ants !
serhidendtitdratcionnenté  extbitay usseful oslectronic cptopertieg &g yerified Dby

exgr;t;{asur d ol ﬁ%%agfﬂrgqtg? Q%@icﬁ?uﬁdﬁ P e8ER néthoddblasdembling

['e strain at whjch
prifttSie ReaAaits antohuncticnahdévieesswas slemeantrgied by fabrication of flexible

thin film transistors comprising printable single crystai silicon semiconductor elements

having integrated doped regions for contacts.
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operated seens to be limted by the failure of the ITO
gate electrode (which fails a 15 tensile strain val ue
of - -0.9% . The bendable thin filmtransistor operate
wel |l even at conpressive strains as high as 1.4%

This I evel of bendability is conparable to that
recently reported for organic transistors based on
pentacene. Failure of the present bendable thin film
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tempekatog prloeassingaed @cqqea@ﬁng wiesein Gopants inF5ducd S a anner
providing control over their spatial distribution in one two or three dimensions (i.e.
control over the area of implantation and depth of implantation). in one method, the
semiconductor is selectively contact doped by spin on doping procedures performed at
the wafer fabrication level in steps that are performed independently from the low
temperature substrates. Contact doping provides precise control over the spatial
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Exanpl e 7: Printable Heterogeneous Sem conduct or

El enents and Devices 15 Conprising Printable

Het er ogeneous Sem conductor El enents The present

i nvention provi des heterogeneous printable

sem conductor el enents conprising nultinmateri al

el ements, and rel ated devi ces and devi ce conponents.
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asse I'ng

printable elenments into functional devices
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genetetingl iransjsiorsscaraprisignprijiale hefprogenegpe Seuyee uc(.tgrdelements on

a Pﬁﬁcaﬂﬂ}rg@.l ¥n fhi€*XdRb&uibAC he Hridth)s hetsogdneous samiconductor
croel ectronics, are attractive f

f

eleramblcoomrien srystal SEeaL R doped sPUinecS) 20 IaRdD) pepiasty The

ol Y58 e 255 Ssssts ol on dop (£00)

dopbeskoishgeuslobbesanFemTaRISH Fionandagnept baIe (GGl Sotteo

unibg‘iemﬂtvﬂﬁ} BIRDSH: t9n 'St PYer A 20065 Nskied oxRlelr Thefefbrer a spin-on
era

'ng singl'e crystal silicon m.cro/panogl nt
dopéni (SED) providemihe pitoaplarys JOPRLANT thFRI OB LTS géfsc?“?es as a

ol & ¢ iqpRBY i ithd &MBors.e Mineodshest 8OI provides the
mas& t&T%Oﬁ@Wihéreg?Ppﬁt er nat%’_ve approach that has been
sourbernf psintabtechibterogenasuig isemigondugley 8'gMeAl- hi gh
performance thin filmtransistors on flexible
substrates. This fabrication approach has also he . .
deTorgbdate theagrinighle ir@%pgerte@uwemlwugﬁwl%?ﬂ% W first spin
en G r q?% hadch (FHHEONRS oRaAS, SONRafeBaiNd expdsed it o
Casﬁﬁr??i'ﬁggﬁén%th es).e&%&n i rr%gort ant@,char cteristic of dhenn nm
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windows in the SOG. After stripping the resist, we uniformly deposited a phosphorous
containing SOD (Filmtronic) by spin casting. RTA at 950 °C for 5 seconds caused the
phosphorous from the SOD to diffuse through the lithographically defined openings in
the SOG and into the underlying silicon. The SOG blocked diffusion in the other areas.
The wafer was rapidly cooled to room femperature, immersed in BOE for 90 seconds to

remove both the SOG and SOD and then thoroughly washed with DI water fo compiete

the doping process.
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processi ng and assenbly steps allow for device
assenbly at relatively low tenperatures (e.g. room
tenperature 30 degrees Cel sius) conpatible with nost
flexi ble device substrates, such as plastic
substrates. The present invention includes nethods
wherein high quality sem conductors are not only
grown, but are al so processes in other ways in 20

fabrication steps i ndependent from subs
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prm%’b%c' R&efodBhédls Oyﬁﬁlcbﬁlﬁjc&ﬂatdlérhent% dderransmgutumfnrrlﬂj/ doped

I'n"the sem conduct or ter and, ther r
crysmjlijmqlwmth atyyeare eFinied Qnm plastie, eewgr‘ea{p?%%%oo Fhe inset in
Figdr&P r3|09\ag‘:l;h%0180f l:é;gé‘ g atiet Yarﬁﬁngétr@nt eoh epﬂmta!gje néneterogeneous

sem conduct or

ts h
sermicapdoetsT SPaNEATH Gt ok pacs sk %@%5?@ i8R EPngpot resistances.
Thecl%ﬁﬁgﬁrréﬁt' nth\;sn gm@ef% (Edttegidwn)smmad tllfaairthetcontacts are
ese rrnta et ero n S €
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shoWs%cﬁﬁﬁ?ff tﬂ% noRRA LA rédistah PG W Ok Sscofpetion afd.. Linear fitting of
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|
RosNREom B 5328 65 DAL AIE a0 b R A0S QHE: PR NEUGIY ormalized
conEqu GLAGERES 2. gﬁ%‘ dﬁ&@dﬂﬁh%n QJrgsre ot maymmu@em@f fhanawhat we

icon W source and drain
obsEhed fapwideped prlnilabbterl%qi%aryﬁi@ ﬁi'%@@@%‘ﬁr‘é’@ geme"% Processed
in %gk@% ﬂ%n REOCERe ?@#ﬁlv isNakyut dopantol S, Wkach dopesponds fo a

i ons e top silicon | aye
doping ieaelmfolr& feraliif meoassugpefor(sg@hcrtg @E%e dopmg is uniform through

the 100nm doped printable silicon semiconductor element. Figure 30B shows Time-of-
Flight Secondary lon Mass Spectroscopy (TOF-SIMS) measurements that show the use
of patterned SOG as a diffusion barrier (See, Schematic in Figure 29A) localizes the
dopants to desired regions in the silicon. In the image shown in Figure 30B, the bright

red color indicates high phosphorous concentration.
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uni bond with a 100 nmtop Si |ayer and 200 nm buri ed
oxide). Therefore, a spin-on 15 dopant (SOD) provides
t he phosphorus dopant and a spin-on glass (SOG serves
as a mask to control where dopant diffuses into the
silicon. This doped SO provides the source of

pri ntabl e het erogeneous sem conductor elenments. To
produce the printabl e heterogeneous sem conduct or

el ements we first spin 20 cast a spin-on glass (SOQ
solution (Filntronic) onto a SO wafer and exposed it
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chau%'ﬁfefriﬁc% cg@gc«’l&@g o % bidsBRomasttionakitty cisfneh eaigtieretwesn 2 um
| e and i1nto the underl con. .The S
andISToum GdHEnua GHTe o100 WohdnePias DF Tl eplafos [ cases
are ;—i‘ﬁ‘ gg}é tﬁ&.@hgfé JoRab QoMY HBRELAIUE S0 V,menctecally FROEL= 97 ym

seconds to “renove both the SOG and SOD. a

to 24lmen Figite BlGRTapendhe EoERees %Ssvw%somssw?@an&%ﬁi (Ren)
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. pla P

Lineanliss obRadV of. 1Pt S60a HatF VRIaGe AN TP Thgn GLop] ol ntrinsic

devfg;%ce)méﬂgﬂ. g tc%m%'c?Fésh«,@éiﬁ)e. 3 Ghis SN nfcBldB;R.§80nsists of itesseries

I using the present net

‘hods. . Th
acdihyot s chandelres Riangs Wbich 1§ eroPBUPTE G &) PaR T4 Falpiged contact
resiéﬂaﬁcégﬁ%g%f%artea WithitRd sBfirckdRirbintekbt@dbs.h Eigure §eGebows that

el ements. Source and draip .el ectraodes, o
R., 55 deldined)fronairecinteseepis obinaan Eitiggye a\egﬁwﬁsccpn}pég%%ﬁs‘fha“:he‘
by an .al i | epséoin Bigack 3b¢ iat sows the
ool ) 56k R mechodol P abg it dioue e
variation obshdsheondyictaneeca® geieepingd fioih Hﬁ‘élpﬁc&?i/ 80@8&&‘%por o
el enent i i ‘ f5tABée datachs siqpvasin the inset o
s IS0t S B8 S P Ir me ditashs eprmein e ot o
Figr 8$Cspises an infsnsig deviee AneRiity of t"?ZRsCFJVﬁ' iand b pnst

l%%ﬁ;%‘ gp particular, we nmeasured resistances between
vo ntdet pads with separations (L) between 5 and
100 mcrons and widths (W of 200 m crons on

Figure 31D compares the effective mobiities, Yo, Of transistors having undoped
and contact-doped printable single crystal silicon semiconductor elements evaluated
directly from transfer characteristics measured in the finear regime (i.e. contact effects
are not subfracted). For the undoped devices, e decreases rapidly from 200 cm?Vs to
50 cm?/Vs with decreasing the channel length L from 100 microns to 5 microns. The
contacts begin to dominate device behavior at channel lengths beiow ~ 50 microns. In
the contact doped case, the mobilities are around 270 cm?/V's, with <20 % variation with
channel length over this range, which is in consistent with the intrinsic device mobility
determined from inset of Fig. 31C. These data provide additional evidence that these
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printabl e het erogeneous sem conductor el enents
conprising uniformy doped 15 crystalline silicon that
were printed onto a plastic substrate were neasur ed.
The inset in Figure 30A shows images of the
arrangement of printabl e heterogeneous seni conductor
el ements and contact pads used to characterize the
contact resistances. The linear current (1) vs.
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t he |
Thexsr-:fﬁn‘dsuitm indieats wQQﬂafat!g\qu rsé@q?lhtgl g Zg’\% %eﬁf ﬁ%ﬁglgtogsg Q:ompnsmg
pn%h%@ gﬁ@fés %ﬂe‘qﬁ{:%&’{eﬁﬁﬁﬁ ect transistor

characteristics of
devi ces of the present invention with channel |engths

:%\té%'ﬁtfé,n@séﬁlm@@ﬁofvaiﬁ-hs dipad0 @ropresses for
ef‘%'“?@l:d%ﬁg?sgnt ratios in all ses, 10 are trJn%Afstors on
conTaitﬁ-dbbe@sphniadimmg!age@ta} ligon ,sgmlcogdgc pelegiep!

ot eal | ?d@éateé that tﬁmpréaegumcass:yuends devices

pla |'°e§lébrﬁtr§&i%hes\é?|e é%clzsg 'of the devic npasure %]J 0. N cthods
thab &rat reot CBatapt limited, whxch demonstrates the app lcab ility of the presentrhetho

for fabricating high frequency silicon devices on plastic substrates. This feature,

combined with the remarkably good mechanical flexibility and fatigue stability of the

devices, make this contact doped printable heterogeneous semiconductor approach a

valuable route to a wide variety of fiexible macroelectronic, microelectronic and/or

nanoelectronic sysiems.
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at small drain voltages, and nmultiplied by W as a
function of L at different gate voltages. Linear fits
of Re"Wvs. L at each gate voltage provide information
about "both intrinsic device nobility and contact
resistance. In this sinple nodel, Re" consists of the
series 15 addition of the channel resistance (which is
proportional to L) and the conbi ned contact

resi stance Rc associated with the source and drain

el ectrodes. Figure 31C shows that R, as determ ned

f "l‘ﬂ@ ﬁljégeﬁtnh%r%%t §ls@fprbwﬂ§§rhe‘terbgem@um mtegsationgmetheds for
npar e

to channel resistance, for
mtegta&ngtmsﬂt@bl%l sRisNdUEIoE ‘?'?E‘@St Si g3, r?%g%%g | Kfég and device
conﬁéuﬂgtloriéar TRt 2Pediofthe I'es@ﬁmﬁuaitwncm'pv:des M:tre:atnmﬂ%ihways for
he reci procal of the_slo %ﬁ I|n teggisfér{atdsg&nbled
making aRkige raNgeCot Gavaes getessiy GisPaEe oAvEeY
and HAFSSALRR: orP fhesliaHe plagofnhf Hemgerwousﬁn@gram meghodssof the
an rntrirnsic device nobilj of
preséntt investian tuilizes rﬁﬂtﬂ'O“vBﬂ"}tQQeaﬁ‘Fm" ZJW/ &ﬁ?%%r c%g%cg'bnr:tintg t?
S f hiV R afenbl Ii t & gaanivef éstatdishing their electrica
comlf%ﬁﬁ?l@t 8¢ E% ﬁgvclfl]ﬁ&éundg 52 ?P'Li cont a %&Dggments of the
opticat am/anbn@cbamgalem@r%'ﬂa‘?“vﬁ}’ | iFeARR P E‘ ¢
pres%llﬁt é}i }:Ud'g flegratcragitl Miflerarm denslemfdactor materials or other
ar ac erlst cs nmeasured in tfﬂf& Ilneaé r él%@e@a% olymeric
classasmfacatesd!s dpelyding dielgriicss EHGULAB AR ’EB; & Gndoge

c i aen decreases rapidly from 200 cn2Ns to 50
mate&%\b vvlth decreasi ng the channel length L from 100

mcrons to 5 mcrons. The contacts begin to dom nate
deyi GEeDEhBMer! of AR SonbsngHitserbgbmoous Stogrkiomribyolves
Phe 'cont act doped case, the rmbllba %&t@h%emi onductor
trana‘emmgcar@mtemmlﬂgcﬁﬂﬁ a prinigljeFe(UsqndUpioR © i
mplt tﬁg&%t Ny RFerdt rb'gl%p'b@lﬂgﬁ foM@keﬁﬁ\ple 30 iaBs@mbisi = tyatemwint & chip type

n ronsic

t
devioé. Firy.ariter ambodimeat, o2 :zﬂ“t‘f@e(tﬂefdg%ceﬁt?ndgrﬂsgcr eér@gér device
comggﬂéré% & N§8%ab %atgt?‘ﬁncﬁ"ﬁel%hf)%rﬁl@gd)ﬂ §e|h|cenetﬂdtmcmfenef (e.g. silicon

te that
wafehsfaner @a{« eiéfgtﬂ?r;‘gg@yb%@%ﬁ@x N‘%?gr?wgt og%tg\eia 86 Thd Sathl erﬁcewlng

ices Wt

C t apl\@t anabict embddiment, hetdregeneous
S“b%%ﬁeﬁﬁ?q{;tggaéz’e?%@ggggaﬁ%ﬂ ?ﬂ\?ey%t (;anpr cessi ng condiflonss into
intetyiation timosees introbuEing P dOcBINAANEE ca?ﬂ ﬁ‘gp t -
tasSERPIARY @kl tntab!e)biedem sipsspecific
Pre%’Fm?cil1 J%'Jnk) (% "Hégvé dpgrmg% %go‘lil Sgystlg‘r?tatl mglﬁn ﬁtgsﬁh other

oriehtatibhe amht affectual;ye dntgreornedtipg n dhe ¢ B'?“gt Bendi
com ﬁ%&g@%‘ c?o the iReSrtee QN ca&wmsgemm mtsgramrarr@thods of

theBn@swhetrmehsommagr%?@axgg:lgr:gg%ﬁ e r@b‘” Ci%#ﬁi‘{ﬁt s 73} Bssembling
and interconnecting microscale and/or nanoscale printable semiconductor elements
known in the art including, but not limited to, wafer bonding methods, use of adhesives
and intermediate bonding layers, annealing steps (high and low temperature anneal),
treatment fo strip oxide outer coating, semiconductor doping technigues,
photolithography and additive multilayer processing via successive thin film layer

{ransfer.
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10 Exanple 6. Figure 32A shows the change of the
effective device nobility, normalized by the value in
the unbent state, poeff, as a function of strain (or
bendi ng radius). Negative and positive strains
correspond to tension and conpression, respectively.
For this range of strains (corresponding to bend
radii down to -1 cmfor the 200 m cron thick
substrate), we observed onI smal | OW

c frigpud @&a@rgglgee na NSEM I\'B'@E a; ffamp sn &, S50 Etor st(éucture
comffi R0 e bl ‘%f?c?ﬁf’mec*”z“"ffﬂ"gmv iR
fabnaatgbmsmgaa]weée@enqoaﬁs'r&ee@f@"o’ﬁe%fjgs?ef e bisset '";’;"’“O”t ;0

u nagstaR| étaetiref Stemtn vie Eugmm i 33, eprintable
fabngét? %%o%ﬁlﬁpgﬂe:?s%?e@oer al hundred bend q %Jl %SGal(lt 09] Qtfcon
semlcmdu@s)rcﬁiergergs eRyeripae CalY, vere SHe "\I\I;lg ge/

rarn at

R P s ot e o
usin@@n aywb‘e@plc wataetﬁem ol ageppus RAEG ﬂ??sw&ea %@ég In ﬁﬂ"tab'e
G aNt 4 Smrg[(qllé Q,Ygrge F@@?@bﬁg‘ggﬁiﬁm@mﬁ Mpii’rﬁ%l onﬁﬁhas@rewmg silicon
chipl s Saceter GONGF BRI TR BERTh ol BgcRRrfid ERRetn the
pnntaglg]f {;ﬁ-?ﬁ déf%@l?ts eARITR! Silicohtisip 8% Prptided bymﬁsawtare daterrelecular

ness of spin-on dopant roc
forcesodoarcnct demeE l|4ﬁq ot amppdh Q;ﬁ“f?g ercr'ﬁgq SENL q:ggzgrowded in Figure

| eg@RbAdudort lefihsdrté cargl dransier auintiog assembly
33 gﬁ%{},{?ﬁ%{ éh&é(b:lg |§n anal ysi s | ?'le ates that t&@% n 0 different
metlpnicts&m‘rthe presest mvgnt@nd@ea‘ei??'e‘% ?930{\98"% &
denonstrates the applicability of the
sembcrog@ {Sirrnegét%hI 'g' for fabricating high frequency
silicon devices on plastic substrates. This feature,

Exa ?q% énl qﬂal oAbt Ner rﬂ!@ kpblfor@noe _rBatdranCelid  Having 'Printable
w@mwm&g@l

gue stability of the 30 devices,
nake t printabl e heterogeneous
.g%ﬁg I1h & RPERAE fventioteldl plvitier methmds cofamakieg solar cells,
i ety I

bl | ect,
so\amﬂallcarraya aﬁdéﬁééﬂai%qﬁnggéé)rgq Egggégsgga%%&r P SEIECM RRy& a:reas :Jf
t ' gl rhiee t@tic @nbstrates.  In
ub O $9ndY QY icBRpobiEbes, agending Flexinle g
dei’?i‘ﬁﬁﬂi?m' 3T i o P s
g Phe Jtm'iceeesltm isolas meile rexhibiting
se (#:CH ae?érﬁéhcts %Bb@eaéﬁo bid f o _ . .
e o o o0, DKL 3 emion i
te”?gﬁ%‘i{"lg%ﬁ?%’%ﬁ?%@ﬁm ed and interconnected on the

t erogeneous integration nethods of
the present invention utilize solution printing

or 1B 2B, b PGBl SaRkp e e szgﬁm‘g';;w b
protliniel ireterbgarteous gfintable semiconductor elements compris u ions wi
high quality P — N layer interfaces in solar cells was verified by experimental studies.
Solar cells were fabricated using two different fabrication pathways for making P - N
junctions, and the photodiode responses of devices made by these pathways were
evaluated. The experimental resulis provided in this example demonstrate that
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opti cal and/or mechanical interconnectivity. Printable
sem conduct or el enents of the 10 present invention may
be integrated with different sem conductor materials
or other <classes of materials, including dielectrics,
conductors, ceram cs, glasses and pol yneric

materials. I n one enbodi nent of this concept,

het er ogeneous integration i nvolves 15 transferring

and i nterconnecti n table seni 1
printakje AetpEeaersaHs é@l‘BI‘C eﬁ%wglp]t agﬁ dﬁ%egd%s%%%blﬁhg%aé of the
pres@ﬁm'tléh arb udefll f&wmaag h@hammycn -N janciiprs ensatar cglls.

chip type device. In another enbodinent, a plurality
free standi ng devices and/or device conponents are

f qii%ur@%ﬂ:ﬂ%rgﬁdég b Fem@é ﬁbwrm@ram sszbamatmcﬂy diustratingf preeessing

and .sub |
stops i feBiiBRIoTOBRIWEY "SnBHE Ghaot GRL RTS8 & PHHiabe & = N
juncﬁégﬁsh%aélﬁ?wrﬁﬁciib@é 3AA! %leﬁgh'Iq’llltg!mylaée;fmacorldmo’goetmatamlhevch as a
enbodl nen et erogeneo nt egr atl
singlerrysiallieg siljcanwalgr. q%qogﬂ%p % sgg n%gﬁﬁ%}\é?generatmg an N
dop% Q%%ﬁddd?éﬂe?ﬁhqidaﬁlﬁﬁdd @ﬁﬁﬂlyeadjammm at%aﬂoped seiniconductor
y asse rintabl e

regiayt. é?i?ﬁfattlﬁiowﬁbﬂé?tfr@cﬁ?%lcﬁﬁ? r%"ﬁ'ﬁﬁ'aﬁ'r%c’&%pﬁﬁ'%eh&es Pand N

regidts Hébhep ﬁ*s@dﬂ?néo‘hté/&téhdﬁtﬁﬁé a6 ograpie Mtsrfamenpviiheith gindoped
e I ntegra

semm@ﬂduﬁj@,r @fesggg tq(élgnr/%:ﬁllegb@w ﬂ)% ergg%%%g' n&ﬁgﬁg&dcﬁﬂl materla! is

sub tte?r?é?:?énd Sehe W nfa@ilie plmmbmmmlsmaa of a prlntab[e a P-
er connect i ng m croscal e anoscal e t

N Jlgm&pnonmawue% BFRGSEEING k‘ﬂ%q -off tegHEIGLES oSt H&Q & Hhénolthic

s’:ru!?tg{1 &:S?'ﬁprjfélr{ﬁ e Griheibleaiefunbisithangre Fhdoped laysas darfactly adjacent
esives ‘and i nternediate boEld:’;pg\gl ayers rgegl t"BFad onto

to as hegepqchiagmiceikiucion favee mpae RENRRICATRLAN!ON 1y FER 583

a S@H R R IL%?SH%E ﬁt cﬁg trafisfat emﬂabttphnhngllmpthmgs of the present
n| u (o) 0

invention | | Ay showndB GBeH RGO A 1BRE <Ly ERERFAFSY P 2N doed

sen{léo%'aﬁ&sf Iayépsomgil BH rdRfired 9{/ AepstorroiStdihemgrolithic structure prior

t t
o ivifracssainorasdha BaHe E-N et BEAUERPaTCD e G ifBle PN

junc‘f@[m &lrtek hsSebl 5rﬁ‘ﬁfe' Qlﬁis‘&@téﬁllmmé dishtimgein eontacts are defined
egration t hod of the resent i nvention. To

uarfgataﬂ%d@@ﬂﬂ%%@ﬁ%@&fméeg@ '$onduct or structure shown
in Figure 33, printable 5 semi conductor el enments
conprising GaN were nicromachined fro

o1 Flasom 3481 showaar sehardtivg SRAERIL O v S91o6 1 L §efiguration
gerBHfiEk {bgotg?gkabﬁéaﬁéﬁ j%t%aﬂmél?btgatﬁd ih f@%&‘i t?gng Aa% ﬁ?né:g‘%n thick P
dop@d|semisindudtoelayer aving koron dopant is provided | |rect cortactwith two N
doped semiconductor layers having phosphorous dopant. Contacts are provided
directly on the N doped layers and on two enriched P doped layers in contact with the P
doped semiconductor layer forming the P-N junction. Introduction of phosphorous and
boron doped contact regions overcomes the contact resistance of the system. Figure
34C shows a plot of current verse bias showing the photodiode response observed

upon illumination of a solar cell device having the configuration shown in Figure 34B.
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GaN el ements were renoved fromthe nother chip and
printed onto a receiving silicon chip by dry transfer
contact printing using a PDVS stanp. Bondi ng between
the 10 printable GaN elenents and the silicon chip is
provi ded by attractive internolecular forces does not
requi re use of an adhesive |ayer. The SEM i mage
provided in Figure 33 shows that printable

sem conductor elenents and tr fer ting .
As shewnda Sigire 13 e ie 9ene 8’ egr b(ieg %?Iﬁf‘rﬂ;‘?ét(\éd and
it %eﬁ&ﬂ% digy egration of differ ent sem conduct or
pmvﬁg{jgﬁlﬂa s. 15 IIExarrpI e 8: Fabrication of'..- High

Performance Solar Cells Having Printable

GEBATHBIIIEL BFRISs hbwidiaghaigashembticdly Istatingtprocessing
ntion to provide nmethods of maki nI? sol aol gelll comprismg
steps olhalanc@!wma?\f&a)f%br&ﬁaoﬂ radyvay dar dPag o ©'de

mdeEé?Wdeﬂﬂy Bﬁﬁt@ﬁieqﬁ bhé !\P&bdeﬁr&ﬂ‘u@drﬁlﬁﬁtoﬁfaye@ Asl blschwramd"sgure 35A,
range of conpositions, |ncI g& IIeeX'l:ﬂJ: wafer is
a high amalitu %ﬂJnBJQW‘l&lCK% maigriglg GHER &N, a|‘°t‘"9 coysiRIUE 3
orovilfe@SSH drbieR8kd an é%ﬂ{r@“g&le!@ﬁ’lgr@l@ﬁﬁ@lﬂs dop e taad| E doped
Sem conduct or el enents capabl e of

semjcondudtemn segienss ol ghecgqopgssggh,‘s@wqo[qguc %6‘?%%"%@ subsequently
pattécﬁéé’%%?eétc l’dém%eethteop |car dmirisionkadirdepatatel Fogioped and N

t
dopdthdayal. | férl@smuq@\tm@g;@g s Rl eehnTed BhO RS £ eparately
pnnf%ﬁ%s%m éﬂp%e%hf&nﬂﬁhtorpiéyék dgndi6it &f cepartely pirtatiabNe doped

t t t
senim%g]tiﬁgffgtalllja%le:])r PA- P-&e F@;ggnorfﬂu'ﬁ’r{ gg%%mgﬁh Lsimc gi:lr(l)tnnfg %" ﬁljat doped
semf%dﬁétgld %Yné?ff R@ﬁﬁéﬁﬂt@'N dopeipsnto Sadezond elopsd vwmiconductor

cated usin wo different faprica n_pa
lorfiant hiatiiond cHfer GBASHEn BB, et HbCB‘% oD frst d°ze§
e hesesaablk rinting both P an
oS et ey e o0
doped zepim@ndectonioyetst @fﬁﬁammel@lprﬁ?tinﬂt% SE PR ?%738 Segeray
ontcaS ﬁmu%gf?gtﬂcé %sﬁ:’s@ﬁ@é}&iz pRinéng &l s’ﬁc@ﬁd dspedrebyicontimiatslapdr onto

resen I nve are usefu )

ovi din

the qmmnpgd Bemiqondastoilayen n‘\%n%{ff‘feb’el"ﬁ%ﬁ’”df'@‘iw N B $Bsembled
by BI'IH n $ irdt &Hp%ﬁes%?m&r@(ycﬂ'r We?mrﬁ@ hesusiresd bymprising a second

U8t 2{T'ng processi n n a.fabricat :p? ding & qood
doppeltslevmgonﬁuctomﬂyﬁthay erﬁ?thgleq)ﬂP ggg.'p\f ggqqqgla)éera %{ lngag
inte; B Me%ﬂ%b?@ leheni@Waable fl'tﬁélfp@es'éﬁt\mvanﬂnrgincludlng, but not

Hﬁgﬁ’ Y sem conduct or. materi al such as e t

limited to, a orlentatlon in which the first doped semicon uctor element is contacted fo

the top of the second doped semiconductor element.

~ Joining N and P doped printable semiconductor elements may be accomplished
via wafer bonding techniques well known in the art (See, e.g. "Materials Science and
Engineering R" Jan Haisma and G.A.C.M. Spierings, 37 pp 1-60 (2002)). Optionally, P
and N doped semiconductor layers are treated prior to, during or after printing to strip
away any outer insulating layers on them, such as outer oxide layers, which can
interfere with establishing a P-N junction having a high quality interface between P — N
doped layers. Optionally, in some embodiments any water present on the doped
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single crystalline silicon wafer, is provided and
processed in a nmanner generating an N doped

sem conductor region positioned directly adjacent to a
P doped sem conductor region. Preferably for
fabricating solar cells exhibiting good efficiencies,
P and N 10 regions are in physical contact and have an
abrupt interface w thout undoped seni conductor

resent between them The praoc e
semigmcgqctomsqrfgcessﬁcb EoRdl 5 %g{ueag%&r gor a@ﬁfé]’@?&ﬁgg{e%ng, prior to
contéj(ﬁlf'\g NRedd'lcRiBWE ©adntdinoeiisd qualitpbf thepintertaablie the P-N jnction.
Assqr@i'_hfqlf g»n@egr‘z’ggﬁi%gem Eoﬁﬁ%iﬁ%?q'*@ﬂncxuc?%élg@{eﬂ{s may be carried out
usmg? QHHﬁd)rﬁbﬂ&m%;rtﬁ Ry trahsrbl eorfPack pj'ltlﬂllg mmdula\uf thp prepertdpeantion.

ayer direc acent 5 t o do.

optiongfl the RO GRR PRI R APETON 16 W REST dRLa fa Tuther

comPiePtne atepbitEnhadihgUifie PN ﬁmcﬁ(brL mﬁesha?llsmm‘g)cmlnnt@rfgce between P

and Nrﬂ?{;];d %m?c%%&é}qb%ﬂérg; Iﬁﬂgsglefr{g loﬁ%fgr@ghﬁ%éﬁéoec?&% temperatures

low gﬁcﬁ.@h £ da%ﬁ)ot@@glgngqﬁﬁgtlyodﬁﬂgmé tgs subsicatel anppnrtmgatyner%Nmtlon,
In sitl

for exampia at @e@pqr@ipreq lespi p@n tp?é:d; gggreﬁg %«%IEEP% for P-N junctions

assé%ssaa %E';ﬁaé?cl\éwbw&tteg orAu@rndayelgl elthesH’-N dunatioh anavhiee annealed in
I ntabl’'e P-N 20 unCtl%ﬁé

ft
orovsaHing SHPS SepAaEh SO BEAURETRte. JB T A FRSky BB e anpeated P-N
juncgil"é@?]ﬁ()%e to @Sﬁl%d d.stﬁﬁe@uerﬁy%sed‘amb’ndemixmm substraigudiz solution
ows a schemati c di agram of, a sol ar F?oc-ﬁjré 3? éo‘?m‘?acts (Le.
priningnen Ay ransion confer At Ahe PP Cal
elecgbbé%to‘h‘?‘ 8l N("jbo‘f:'teﬁ %ﬁlé’oﬁﬁuctér fayefsananbe Uemledfby d;@osﬁron on to
sem conduct or | ayer ron
mdmdmhd@;)gd samifondyetor @M%’éd%”%\{? ﬂﬁﬂ%)o RF%F%’%@ dglr by deposition onto

t RhctichY @ftér Rasknitgy oho st eubstsateopmtone embodiment,
the ﬁﬂ@g?gr@ %row ded di re%tl on_t he

ed | ayers
contacts are delRedRInG: YRRPT ﬁea&&m 8ok e E‘b%%ggt with the
P doped sem conductor |ayer form ng the P-N junction.
I nt roduction of phosphorous and 0 t
r efiguns 353e$m§ Wlpgn@gﬁt rar,neg %‘ﬂ% 8&?9?}29@ Rfibrated by
prm@?@taqmdo@é@ Eé@@ﬁd%ﬁogm ?ggéfcﬁ Egdoggdrmwndsﬂ@e layer of a
smaohlvmferhaﬂil@ﬁompoﬁ esHTULUre 39S %m'{%a[jeg tﬁa@ﬁﬁgﬁgtuéj BP3bout 1000
degli_é?ég C&Q@g%b gﬁnéﬂ&@!‘@ P-R jﬁhﬁld)h%a?vﬂﬁ a high2quisitysintasface ipetween N
urrent is gener atﬁ n the lg,ol(% G%,El: 6r?top of
and H>|dopemaemt¢omtordﬁwm§!f°w0@ C%W%CZ% were, RIayjdgd iRty 2 5
9 f ﬁi@mcﬁdwniwmda ars. Figure
Rl P et galoge done .

rn

showesta SENLimege paaiviyiew npaﬂl@fdfej sggeprgptlc@gy ﬁeg@{gﬁ:ﬁ? Flng’e 35B.
Th% §%ﬁpmgg%;§ﬂ%~§{Henﬂaﬁﬁp%d %eaﬂ@bd}iudmbwes exsitionetti oh dop of the P

yers in figure ) ; o
doped semiconductor layer and also shows ’the aluminum contacts on top of eac
doped semiconductor layer. Figure 35D provides a plot of current verse bias
demonstrating the photodiode response of the solar cell shown in Figure 35C. As
shown in Figure 35D current is generated when the solar cell is illuminated and

provided with a positive bias. Figure 35E provides a plot of photocurrent as a function
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a high quality sem conductor material, such as a

single crystalline silicon wafer, is provided and

processed in a manner generating discrete N doped and

P doped sem conductor regions. The processed

sem conductor material is subsequently 10 patterned
~and etched to define the physical dinensions of

separate P doped and N doped |ayers. Subsequent

processing via || ni gue ner
of tirkpeseae SO AUPNELPE BRI Chr A Sipspith difrent
mtenﬁﬁgg flight.separ at ely prl ntabl e N doped sem conduct or

A P-Njunction is then assenbled by printing a
flrst doped sem conductor elenment (either P or N

depe hﬁ&bpdﬁweﬁ@me%fqmmbieemterogmimu:arsenrﬁcmwﬂt@melements,
such?ag\r/ilarn b?q\,glpaéc{e ;érrl]lt‘cng&c q%}g%hgﬁglagﬁmoﬁw%%f th gﬁ‘lché}ls useful in
solar® b E‘dbﬂ?ﬁ% rés'égt Mﬂllcbmflbpezgd ion assw@ntéredf byn@h{(asnt ifriggt, the
oth P and N 0] con
thickngespmisk b i7rge PO high %B"@ap@swﬁ%gfﬁ%?%‘se sy ¢ REicBERhs per
area%n‘@%é&géd ;’L‘:@%é@bﬁqmml yrmref?teg tl't@ ?lcﬂmesme afdhared N doped
em conduct or_ | ayer irs
layersewilc ggpend, oft |I%$§rm mr? P4 Pvgll) al p?@?%f\ﬁ uorf] tthe underlying
sem;@@ﬁ(d&?orgﬁéi&’ﬂil edydd By ¢ i abdongion fcloeﬁ"lbledbped:or some useful
sem conduct or er onto a supstrate cg
applisati@nsd thicksigese rRringahie, stligen B ? or Ini%?&% b mlc%rons to

abOLE DR SHRPEH IhfKAESseRI sTVdalliung aasegmiedeiemantsrrhag@ from about 1
tween these elenments js usable in_th

micrpm (a1 0P HUCeRs- néecm in,gpme |drewlc? gaplfcg%ﬁss fifdlthickness of the
pnntgPlbeéqénrf}éﬂlitg ﬂ::dosg F%\’gitﬁgg GPE@QH ihias me@(ag]?ﬂ;tmeﬁd detgeseaf flexibie for
a pagtisnias devioe epplicafidielpe 0’2@'"3% iﬂ%'cﬂ?%ﬂ 8“3&%%%@’8%@ flexivity,
ever? "fér”lSr?rﬁ’ @HBl§ ‘é%[lé#kJ &k Oé'n@é Qm‘céimmgmtmnammrsp and [edsp lowers
on n echni ques
fabri¢ Sk cc§tsgby rqqg[r@g ,l%qsgagdp%tﬁe@s bll’g Eﬁ% ce %ga &f {hjz aonntable
eier@té %Lﬁ‘ S0 M toRipiire r@gﬁgmﬁc?anppumbacbf(my photons.
ionally,

and N doped seni conductor |ayers are
treated prior to, during or after printing to strip 30

aV‘@SP c%\Ht S ihtPodiicad line {h%ygérﬁlccﬂdddmmnamnah bysany process
ou OXi ayers, which c n

capalsie abf i BHVidiga veall\ defiRed i 8P Wﬁv?j'ﬁ '%Htf'cmsg how b&h c!}iailtyaxdopeld
sen %ﬁﬁétﬁ_ﬁﬁlg?&fa}’?%l@mg MetttB adingeshi-on c@ptantsr(alg ,yseei Example
t t

8). sErempladu m%ﬁ&iaﬁa g&@gﬁ@lgé b‘g fnﬂé“a o?n%mg?nqci.j-\ td'ggijepélz p:}c:vi
£ tirensi e. depth o

conffTRICspAal g ibion df doREntt ?fé‘“?’ o Ptm@e e Tace b

implantatien I\aanLﬂTemQBra Serwg‘g@%:ﬁqy gyer implan erdsW laﬁigp%iti ot 3|gm|

acvABES o W LRGP pathlayB BhewiThY FitRirenB4A emdoddA is that dopant

implantation and activation may be separately carried out under clean room conditions

and at high temperatures. Subsequent fabrication and assembly of printable doped
semiconductor elements andfor P-N junctions, however, may be carried out at lower
temperatures and in non-clean room conditions, thereby allowing high throughput

fabrication of solar cells on a variety of substrate materials.
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using solution printing or dry transfer contact
printing nethods of the present invention. 5
Optionally, the fabrication pathway of this aspect of
the present invention may further conprise the step
of annealing the P-N junction to establish a good
interface between P and N doped sem conductor | ayers.
Annealing is preferably carried out at tenperatures

| ow enough so as not to si nifi nt.| the
Examamr | Baticaton ot ikt il SRR ol e at

t Grﬁeep’réééﬁt fveh®sSp Mﬂﬁ% aﬁauhaiﬂ@@ledﬁg:abamuﬁel @vmsfa@ﬂ device
P unctions 10 asse S
aroymcaBacH oo PoTERPOR e ST PSR AL BB siper o e

stretdHaBRE SehRBnSLAHS e{%ﬁ%ls-?lﬂescfribem inhExaojiet 2, athe pneﬁemthlingentlon
rerlb I ment, the_ anneal

t t
providos,sisbasian ey huait 5, AT o, e dosrete
havuﬁﬁé Uslugg&‘tm@r SuRbédth Bsntsktywitly andelize, devitaetraprar girtyhaving a

shown in Figure 35A nta
curved mrnalo%gﬁcgnsmhaaﬁja ,qug' Béate%sg g)%lﬁblgiﬁ%ﬁ wave stryucture

in th%estﬂﬁftur eg ré’h/ RSt legst a)nottﬁn]cﬁ thed:uweduatenmmgdace of the
Sem conduct or l'ayers pr

t f
devitsy dRyjsesamanr eyt snggh%{ impaptesl i Rlei SRR Sl of the
ﬂex:tﬁg §ﬁﬂ§{a‘§e g'r?]eédﬁgfa?ﬂrfggﬁ% ?feﬁchd\%ge?ﬁgg?ﬂﬂbrmazmple 2, however, .
the nlewee madewrs . arpagfglgreCIgg:g@ Qih g @pggﬁqgﬁ:thgcﬁ)%sg t ﬁ\%f‘@n is a

ragram o

multﬁ:%ﬁ';ﬁnérg' élerﬁ@n‘{’d ESnSIRARY @pReallty of Rﬁegraiedtdavg:eacqmmpg@ such

em conductor layer on top of a e gty
as seajaandudtors, dﬁ'“?qt"&?n elpgiredes. figped 3&{%@ ggas{yr%@{]urhe \%fggs .
BleUgiRuné, @dcds dfiDdevidegreys having a ne
an %ﬂ@?&u@%@&gﬁﬂgﬁg{ﬂ Sﬁla -INUJ unction hayi gg ofh nrﬁ%{ated device
thlclqmas'sHByS itharerabosé 1 IEERS NCORRYFS adé%‘g £efli CO
bRGhve MPERCGC Mave edrved strgtting. on
compg%&{tgat ‘E‘Lﬂ&% %%rggbjog‘gm condu%\?or | ayer via vapor

dep03| tion of alum numlayers. Figure 35C 25 shows a
hq G?&ﬁ ?rﬁm éc(lJFn%Ht ¥ B pRsehh mveaticn, add standing electrical circuit
Ica

ted Fi 35B.
or dahlowotrlpesmg @O@Séhg@eﬁ 1@%&90{3?%@8 ng?g?ﬂ%fgg ?ﬁ ﬁ% dgﬁmgx‘ﬁ internal
surfgﬁ% oP{heté?gchP Yol WRRGHos iR duntzeted @yt laast mrtally Hooded to a

um num cont acts on t of eac 0
prestraimesiosldstin substraiein arp:,G@gqa egoFAlsy E{qu'gﬁﬁ%p?aq be fach:eved by
any rgé%n%qzno\’mﬁrzﬁ @ér@ﬁ-lcldéiﬁfﬁo Bt dcttimigd tdaolp bKHSSIdg @gd/or prebending

e of t

h Fi

the elmstio silrstriaiey @nd tl%ggétp? sstgq{rgqegrnm%)é % pﬁlsg‘ |r\%ﬂ iﬁ%pﬁﬁﬁs@fajongﬂa
t ba achieved directly

smgﬁ% gf{‘irﬁ ?gk; généu%g% ot g% afp&f ai@és)VIBdﬁﬁhg/\n‘hy ac

5E provides a

by mtm bonmng oayan dpumqalsoﬁwcefd;ptwpeq 2 tb@ 89(}188 of the internal
surfﬁc &F? 1 enc% cf {:}lﬁt sPLiéjice @hH tﬁ@ Qistiaingdd glastic QR@trate or by

using adhesive or an mtermed?art]esz Ibtohc(ieiﬁg cI)anyerI %lter binding the prestrained elastic
substrate and the electrical circuit or device, the elastic substrate is allowed to relax at
least partiaily to a relaxed state,.which pends the internal surface of the printable
semiconductor structure. Bending of the internal surface of the electrical circuit or
device generates a curved internal surface which in some useful embodiments has a

petiodic or aperiadic wave configuration. The present invention includes embodiments
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The physi cal di nensions of printabl e heterogeneous
sem conduct or elenents, 5 such as printable doped
sem conductor elenents and printable P-N junctions,
useful in solar cells of the present invention depend
on a nunber of variables. First, the thickness nust
be | arge enough that appreciable fractions of the
i ncident photons per area are absorbed by the P-N
junction. Therefore, the thicknesses of P .
wherieboyalt ﬂwmqmpqm@p@rﬁﬂmiﬁtslﬂgetbﬁte?‘?‘i’ir"‘p?iﬁ?f”c% i { ‘gﬂto%te?@gggm na
. i n fdnyi Nng 10 sem conduct or
penéﬁﬁ%ﬁ%@?ﬁ&ﬁgg%ﬁégg its absorption coefficient. For sone
useful applications, thicknesses of printable silicon

el SHRRIS of 2AsRiobicO W88 obdnfiglratibng oofs stretchaltie ueledtgcal circuits,
mcrons and thicknesses of gal h)ldunt ar%etnh]d% Sérﬁ”&ﬂ\tﬁﬁurations
devicasgad fdeyiseadiaye allowytheny {0 (oML FBE“H Tr ons.

ithotftS ' #lavd of iampidusiatérmpenent= of Hie kinaits afdevices.
w:thtﬁﬁeé’é?%}'allﬂr?g [RRYECs 1

able el ements nust be Ll en .
Thiseadpebt of thepresent ir@@@p% pgfwciqse%eilﬂgel?capcaﬁg:%ga\tilgla[‘:f gtne%{hable
elechidhf icﬁ'q’:lgil%f lcﬁ%é'btg eaﬁpﬂleiligét érﬁiys _wgl_en _O?rethzhtnir( betfostretched or
mcrons) el ements provides flexibili ven
defomid tstalesratTéei priodsefcprriogics VAYR é:oeﬂl%%%nﬁffﬁﬁneé Bl the present
metS&IS rﬁg}rﬂ QH&}\M&?(D ARt ifiskricayer the Ealletiimasi iategeaisd somponents
q ng’l ess

requir raw materjals. Thjrd, ,the sur e ’
compfising dhe cireuit BT geviee &ng il the, cha'ﬂgall %'PB%ME%a%q‘@h%s "?ounf s
t I GaH HBRAE copriBiag dreedrafdiadeyite. coptponents.
moc%oﬂ%an d?‘egg%]l g@Hi{Nri??g{deu@ed into tpﬂel geme%onduct or
material by any process capable of providing well
detiadasRabak dlbRiobkdHok Aidgrah Mughtinyais exemiparydmethod of
sem*conductor materials, includi ng ngt hods USTNGEA an array of
malémd an emaylobatretehaple §in filmdemngision, A SEOWN B EIGH{SR/

1 1 InNGasRaRt isi plovided Mishen dhe taohniques of the
freegg{agéﬁﬂglﬁgrnéérﬁg%éﬂﬁﬁm ?gl In tlﬁepspa '

_ ISt dhes tenbin
oressnt dopafiars. The eiay of {in B FRASIOR RuRCHEHED (7 ?%Mgpﬁr‘:ﬁs‘r""ti
' | | QUi ¢ointdragieurfaces o
e B SR g Ao e saradue s s
thet thensisidrsi c Fhieoexpreer W AnSWAGSR #ifylIP s cntacd (Wi, o

ten{g%g%&r%{cg%@@%ﬁtraihg@bﬁﬂﬁ@fd PpRIBEntAA tnvedpandedratate eSubsequent

rried out under cleﬁn_roo

d .
full 2ot ieghestesst BOMSCBYSTRNEsINe ST ah ke & e, ransistors
to G780 FBMS“E%ELG THERREstr 768 POMBItAyer ibitowet © cool and

uncti1ons, however, may be [ out .
assumeean 20 leasinpertiatly rrelgx%qqgt.atq, ,ﬁﬂl\a)étlg%rp? ﬁ%@wglqayers ifffoduces a
per?o%?ﬁd\%v%\ge%}ﬁlcﬂr % ﬂfévtréﬂslis'@c?}‘s ROt Athayt Fepetghipaking them stretchable.

on of solar cells on a variet f substr
Theriiset inafFigurel A Exaiges @ngatov;tﬁbfqr%mlqgﬁgx)épﬁ o ,ae§rgqya§f|t sgretchabke

e I Sroglomie e A
i e P, e K . o

thedsriodie wave structure that provides for good electrical performance in s{#gtched or

deformed states.

Figure 36B shows provides optical micrographs of an array of siretchable thin
fitm transistors in relaxed and stretched configurations. Strefching the array in a
manner generating a net strain of about 20% on the array did not fracture or damage
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arrays capabl e of good performance when stretched,
flexed or deforned. Simlar to the stretchable

sem conduct or el enents described in Exanple 2, the
present invention 5 provides stretchable circuits and
el ectronic devices conprising a flexible substrate
havi ng a supporting surface in contact wwth a device,
device array or circuit having a curved interna

surface, such as a curve ernal surf i ng
the inelhe. bendopts o, 1 HARIEn OB R rax aa‘?‘iﬁ'ﬁﬁ'?ﬁ%'ﬁt‘r" g strain
conﬂé&%ﬁ&n 2R Obdr08d & bé B@e\ﬁéﬂémecbrbdﬂéser Fdure L:BBBaai@ mnvldas a plot

d i tostruct
of creincousieph¥eTE? REAS YPIAAEIOB SV aRE! RSP TS, PiiBaLE 41 BefECeibltrode
shom{:zxiha‘?ﬁ’iﬂt t"n@sétrét&ablbettﬁﬁ rffirh ClRgristors easthitsitn dood gresfomance in both

however, the device, device array or
relaxeﬂﬁ@dlstre@f\e@ RPRAGHENORS- of t he present invention is a

mul ti conponent el enent conprising a plurality of

|nlte1 rat ed deV| ce q(o pone ts cﬁﬁ@@% {-8h $i .

Exargplel %;: PIgE ek Bad = siate ;
condUCHOPRntidddbaseh ANRGBAL mmancdw
circui evi ces an vi ce arrays having a net 15

t hi ckn@mmmﬁ@o@&%m crons conprise a

plurality of integrated device conponents at |east a
ortion of which have a periodic wa curye
st Themgiheds, deviceg s8¢ lgevyggﬁgmpﬁgﬁqts(g}l ﬁ} e%?nq 1nvetntlon provide a
new dg eq‘t?el%edafafﬁnﬁﬁtio’ﬁt dtions @dre ehakingal high r;mrfon"mame integrated
Vi C

conprising a plurality of i nterc
microeleploonin devices ﬁﬁg\ﬁi‘?d@& arigysi nA\eYaURd %8 ée%%nt gpprgach to

m ac%e‘:ﬁ%&lrowéal el leideléé[roﬁieVlt&mnbﬁ)g@ntcﬂ'@t edomdtlm'tall peasessing
on ed to a prestrained elfastl @F agéﬁ’g!§ bﬁ‘ysncal
metmsemmeqompmnty WIS @ Aidg g9 P HRHaSTALS

l'h ddasibhcthd gredent pmrdhg+hased agproach
oAl ot e

pr bendln the el ast] .
enallebsar love, caghd ht ee§|cﬁaﬂ3¥c %ﬂﬁ%ﬂ%t t ﬁ%ra thiiing  integrated
mlc@) ShOAE NELLIdS GXE ARSI eﬂa?ﬁgora Iamm@k@sa»f ssubstralgs that is

)%%ans i'on"al on pluralit xes.  Bondi na Eegﬁnl Ues.
competible waith mieﬁéﬁging high thipugh |pélﬁ %B‘ﬁUF’HS“t@F gﬁé' q
Waal s forces between at | east a port| on of the
internal surface of the electri ircui
andhe hadveneast infpreafiog| %Fm@ogﬁ%stﬁg'aﬁﬁ :’J“ %C‘(a%l °‘f modern
soc%ﬂpgg‘ﬁe\ﬁ% ﬁftlc&!} SRy RdbainterbalBstiam: Heyieds, oﬁ\és éhlat mvolve ever

strai ned el astl C substr an
|ncreh$ng r’mgi'@lr dﬂnswg$ tof dntegealipRe, FiOA: thg initia C'@H‘B%t("ﬁ%? of . the late

.} stafecofdiok art lC now
195@ g}é\&d%? nﬁ&iggﬁaés t%&e‘?@%n @@’ahs:@iolw cufrent art ICs

e i nternal surfa e of th
integrdtatraitibes 3@nsieiors énan casgentigl! y&qu\{aée ?‘8‘991 h‘ghere has

beelé\n%rg [rg&?ée%s% rnflt@ﬁaest g{qﬂé“v%r Gh Qfe\/élo?ﬁ\b 1w @Eimbe (ﬂdﬁrm taetors,eones in

a curvéd internal sur

ace whic
whicis efiel capeatilities mf raesnieansiugtor sevicesiake &%ﬂgg oy ,sg'ng\f,g(}ae involving
eltréﬁ%agg % én?cnir f@iﬁ)l@ hER&His baprns Rihdg RBlitatied method that serve

to in an attempt fo decrease costs while maintaining high device performance levels.

Such devices technologies could find wide application as active matrix pixel display
drivers and components of RF identification tags. Recent reports detail the use of
solution processing methods to construct models of such circuits, notably ones based

108



10

19

20

25

30

wherein all the conponents conprising the electrical
device or circuit are present in a periodic or

aperi odi c wave configuration. Periodic or aperiodic
wave configurations of stretchable electrica
circuits, 5 devices and device arrays allow themto
conformto stretch or bent configurations wthout
generating |l arge strains on individual conponents of

on sérnh\%@;rlﬂtgcgc% Bgm%lfpgg\(lﬁ\ggf A Q&&@{ I%gg%nta%teé §hﬁlttﬂfd§ﬁeﬂﬁ10ﬁonal

avi or
devicéd TRESHaBIIR thd W‘aiyr heabrorisiog) tissy ce igsperadiyicchasagterized by

s:gnlfgragaﬁé gowqrﬁ ge\g.-gs? ch dd%\%aé]epéo?e gﬁc{/vave ? % o UedReRtishal high

gurati ons
tempér‘éfdi‘@dsé?brcbﬁtﬁ:cﬁfrepmhsslrﬁg rapbrusdbesray Fonrexamnie, figlfl effretive
e

mobllgg';rﬁtlj%lg}(a( nc()ens'lgcg?r%rp IQ ~ﬁi Cciﬁh S glte |l :Bbggtﬁ <'T’tﬂred‘:hn film tran)sstors

UIt 0 evice an
Td E@QQi'n Rblubbs® &:rc"esmg methodsas Young' s  nodul us
(TF a?lr;tg ‘%"exura rigi dlpty, of the materials conprising
i ntegrated device conponents. Figure 36A shows a

?r?%ﬁé %sf)éélwtr@ Grakadn invdntist patvidas arftopxdovy) dabhrigation giategy
t -
using mﬁgﬁt@pwgd smg Sq%rfﬁrﬁyn?%aﬁo r@é%@%beon%ma?vés'tédﬁ om sntcon on

an arra free
msu!étbﬁ‘%\‘é?g O g ﬁmlﬁah@nméﬂd‘rﬁEMaTﬁETst dihis ia@rlmt@m tgelpique is

compﬂttbbswm ?@s:ﬂ%%th ?ql g%ﬁgeg%ghg%& gér‘ﬁ@"ﬁﬁaudt&vﬁﬁfér%@ am%as been

ransferre
succgg@gzéﬁéﬁéﬂ@ othér andiiktrially asefub semmndmtorpmatﬁrialsgthat include

a manner whi ch exposes internal surfaces of
GaNt e andp@Ast ors. The exposed internal surfaces are

next contacted with a room 20 tenperature cured

prestrai ned PDVS | ayer prese
Sub e @eamplontd emORSTALE BhUDHET %’n hppr; @@6%%@%5% useful n
the H?Wéiﬁeﬁt&ﬁ‘odd Bt ﬂﬁé‘@échﬁuibﬁﬂcmsiudii*lgtﬂabrlttatlanSmsthoﬂ% wheqtl aih?év the
prestrai ned PDVS | ayer prL.e
selectiVeoivansieroard GCCUAW regésgraﬂg'l 288 jl(coﬁ rﬂ:%gng %és%@e bbstrate

east partiall

area%ebr‘?d(g&séﬁlétpﬁntuf@fb@;éadm@? apbl;}dé@{ﬂol tzofie r|g|d| (her gasi) apdiexible
[C wave structure to fhe tra
plasm sabstratersr WP RAGTIFGIY IHeRATS PFES REhEHBAS thik EAIP be used to

I nset

il | vt Carfcbrsubseqmnﬂ)g rtegmisfesf thgm in
se!egfllve% %‘158\’% et%hg}grﬂg%t %lmn filmtransi S %ﬁc&‘eferre 4o
patérhed poreszomors: RS SubHateat SHF EYG T Iy
hav%lag C@gtrhogf g % e#"}?ég?\ shhuakinog it (=g BTB)(IL&eSdlfferengawdhamsms of

i cal nce in stretched or
adhé&diad EBndiB@ t@layactetheamngmymsqq g@t{tqgggra@a{qr coﬁhe ps-St Method |

t hrethylsil
explgltsfsir sfiopﬁmﬁ e?é;\?(végﬁ( @??gtﬁﬂéﬁh e3660 ohyf{dimathylsiloxane)

conf.i qur at.i

ﬁIS)%hﬁm (Egné\hexgemmgntalm h@h medulies P M!;‘Eprggp rgwﬁ%c{1 By the Dow
Corgltgrg%gp g@é o j%(():/sorﬂllétngd Alukay a%&rﬂWde(fé!@ﬁédJﬁﬁs@ﬂess soft-

lithography technique to chemically bond the ps-Sito a PDMS coated substrate.
Figure 37A provides a schematic diagram showing a processing method of the

present invention (Method ) for patterning ps-Si elements onto a plastic substrate. In
the present example, the plastic substrate comptrised a poly(ethyleneterepthalate) (PET)
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the thin filmtransistors. The transition froma rel ax
configuration to a strain configuration was observed
to be a reversible process. Figure 36B al so provides a
plot of drain current verse drain voltage for severa
potentials applied to the gate el ectrode show ng that
the stretchable thin filmtransistors exhibit good
performance in both 5 relaxed and stretched

configurations, Exanple 10Q: Large el ectd
s dnppert shope HFagreH et L GPRER TLECH 50! gporte
usin@#?éﬂd%ﬁrd MNgho tﬂﬁ@réisgﬂr m{‘liqges.Hl gllasﬁ_eg femrml c quied, by
SR 20 20 E o Wi . o
sam@&qg‘ﬂ{gn étaY&f‘ﬁlE&ﬂpléféh{ LgiRgHF Reyive undbicoypearsdsl held only by a
or

abrication platform maki ng hji gh perfarna .
residuat exjdatayer preisentoat) the duEbDel aads pbdehesy gb?ecge’ik"’rag%‘? then
Advant.ag With Featimer alesponding o the
8 2B 47 PEAS St AR o

ctroni c technol ogi es_over . c n%/e;[wti onq\l the stamp
laterfi g b dhel Slesisedh qugsterm dranafer-c o A&t iaeri 1P MWIFt 'a

corr%vgp%gﬂ é(? g eor%L‘gﬁé{%S45[§it i§ r@iﬁﬁﬁ%ci 8di8ctivBlYfidre ahe SOI surface due to

Surface norp ogl es. I n addi iog %Eﬁ ;
strotf &fteadhasionrtd iregPDiiSe dTheppamacafter praliadsayay BRm he SO wafer,
. high efficiency fabr] ' Q%é@ﬂ‘ (PEKTT) "heet ted with
is themy El@?%é chorﬂ%tr %’gﬁedcgral%l E}l%ew ces agaﬁé(} devi)ce eg& r(:%?‘sa v:l
polyQfttihaed (PUY thas Mﬂhm&nspataiauz,s ctiteglt U$iag q;&l,\/pgtnmm A . coating
e s pea | iBh & USTR/MfBin Qobati
e LS55 A B 0, Lo o cmstng
ickREEB0QEE RFgé ARt FitleG0DNen’} plastic subsirate. MdwersS! on the stamp

socl ety depend criticall n e. : d
s thars pipbadn act gut B PU,R3abliFside B dhe plastic sheet, a secon
UV/ORERE Bepoairdlisahien prsfomidd fesm diie PETetideol e sapaviphitadully cure

initial circuits (1Cs) of thedate . ' :
tho T anpoREBES TEVEATLS 14 e, orop b o Marfp fond 1S plastc
subSrath 1Esistin HfeSdAGUAMABNt dTtteg mdrestnictured sdicon &RBI bedtMS, thus
Fn an

essentially equival en ized package. There has
conh:é@imgdhetfﬁﬁﬁf@ﬁé%e PH%?U%ﬁ@ ver, in devel opi ng new

device formfactors, ones in which the capabilities

O S o Sk SR R A8 ey
PN iSRRG gabhen e senets ot
subdesfece phr f thenmpesenkey exampleg thec hPigsls nggstr t¢' comprised a
poli@ﬁﬁroggﬁé@ﬁdg{éﬁ:{)ﬁz@hn p%tg fsqgﬁgiriﬁr?ggggﬁf)rted¥ Dgo,;al Transfer
irogeaphy (D7) leshnicug sTiertedn pal@prnSIeasiIa = ik “pIioidse POMS
slab that is photochemically treated to provide spatially modulated strengths of
adhesion. An UV/Ozone (UVO) treatment is patterned across the surface of a siab of
conventional Sylgard 184 PDMS using a microreactor photomask to pattern the UVO
modification with high spatial resolution. After exposure, the photochemically modified
PDMS coated PET is placed in contact with a peanut presenting SO! wafer and heated
to 70°C for 30 minutes. The fabrication of the peahut shapes on the SOl wafer followed

the same procedures of Method | (see Fig. 37A), with the addition of evaporating a thin
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sol ution processing nethods to construct nodels of
such circuits, notably ones based 108 on

sem conduct or nanowi res (NWs) or networked nanot ubes.
Al t hough functional devices prepared in this way are
prom sing, they are generally characterized by
significantly |l ower |evels of device perfornmance
conpared to conventional high tenperature

fim of 150 (& ot essyrise LA SRaPRErar- 3 EhERe” fegijates
t érge[rﬁ Nsording 16 SROPHIS. fpcfferhbhﬂmgg‘, thenPDISris ipsaled rom the SO,
sronge sgzgprepaged usi ng‘hsol ytion cgtflpo essi ng {l‘[%t §. In
givingoa patierped transfercof s dpihe WY ARe ‘%PQ\?I“E EMg RR08:

down" fabrication strategy wusing mcrostructured

T e it Goeiaoor i) bt A5l 4Fah8ts ooc
.yl tra-high TF ' d @AFigare 38A shows the
in mﬁ@‘&%f’gh& P%g%%ﬁ%\g%ﬁgﬁ'e WIiF%ﬁt _?&%&iﬁo a_éef%[ll%e Pl removed
optimiigfl HF ?ﬁ‘flﬂ@ ooraiilicowhernattae ibarisd oxidg trfg’s?rl ﬁ"e* S o

. successt. . e t SHHUS lshiapeé sy paiefilatly beneficia

oS AL i e e

(aeh\its ehds lane sighdly ex n u
e Lpor ant 9067 B RbERRR URfidd barl o obtifized such that the oxide
under'?iIBQ Gy 8h RIS techno o%, i ncl l,%,di n%\(? . ¢ Sio, still
Iayer{ am:lér]gatai@ntams modmiamvcm_meved)go{ Igea ES%’L e 5"9“[;38%)2 "

ransfer an C i € QN FI . tis
remaips o, Pyt (B AU PR FBriadeR'n 8 Asetaimans onFox

areas, and versatile printi @g ”
this RISRERIABIGSIaggthaiciadid® teoph6t I its griginglj pasitiog) 4 ifjout {lys oxide
f1exibl

exi ble plastic substrates. S i.f.i hv |
brcgeelayer ibe SRS HEHE AT AR Y0 FOF V5T Ean, o aRdraphy s
susc{eﬁgﬁg Qo RSstS! Fiflira BN sibils \aaf eangphel of last of tin torder when the Si

sfer themin patterned for : I hi to start t
cbjostsbare xerstoneicn F1F BQNGR, AP SPOUBy Sy D 228, 3F iects o start 0
ﬂoathﬁ“t’r?e QE NE B9 dhén (Hd ghmpid fYas aver dtehéubin HIF sqlatian. Bitey the ps-

US&™4i'f ferent mechani sns_ of atghﬁ?l Vﬁ Eggﬁﬂen%cpﬁ at the edges
Si isafefrenved filom thei SR wefehby 8ihes AeBPA  OF 8n 0 e
S- Sloe - | exploits physical bonding between a
of t a&@%"%’%@@?d 3600 pol y(di met hyl si | oxane) 25 ( PDVB)
stanp (a new experinental, high nodulus PDMS product

pr oy BV CSBF bR sprids andicragraigis that depicts the

ob @é’?eg;ds%t%?% ?% uses a recent |f¥ﬁ e el.gggﬁe 4 1. Figure 38C
pro ien beeachsstép of (et oG tighafen #cH ugl dhod L T 9

o RS e Ubitler it $IF Bichinge Bigdre 38D

shope dye des> Iao%@ﬁe%gl ﬁg%gf%ﬁ]{@ﬂlgw ng a processi n%'i As shown
sho%ttﬁé’QOwadféTQaﬂeBﬂ'neuPMSrﬁtalinp\remDV@'ha (ppgtczﬁd:g tip§ ugHi. Ass

atter il nd R FrsrrabS i LG SEbFhdratye leaking the
in i ek e P srsts B e B e oo
neigﬁi‘fyo}‘iﬁﬁ?é@fér?sﬁﬁia@f SPHad L eSin¢ePBB)unused microstructured silicon objects
on the SO!I wafer are retained at their original positions, they can be picked up by a
stamp and transferred in subsequent printing steps (as discussed below). Figure 38E
shows us-Si structures transferred onto the PDMS stamp. The missing center of each
end of the ps-Si ribbons reveals the pattern of the fracture occurs during the transfer of

the microstructured silicon from the SOI to PDMS stamp. Figure 38F shows a
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109 sheet. A peanut shaped photoresist patternis
devel oped on top of a SO substrate using standard
phot ol i t hogr aphy techni ques. Plasna etching, foll owed
by resist stripping, yields [is-Si "peanuts" that are
supported on top of a buried oxide layer. The sanple
is then etched inconpletely using HF to gi ve under cut

peanuts held only by a 5 residual oxide | ayer present
at the dunbbell ends of the tEs-Si

. Jhe,. SOl '
represérdativel tasiilh for @csamPnt rANS{EF of B o5 Pl ura e RS stamp
fo the\{fﬁg hc&égel%ﬁﬁfeéﬁﬁ s%?ét?ﬁé%bﬂ&hé Rsidiehatladheret 1o thegleU elipport on

pattern transfer. The raised features of
the plabtic.st anp correspond to regions where Rs-Si is

renmoved selectively fromthe SO surface due to

strong aut oadhesion to the PDVS. T t ftrer ;

pédlliiple tianstevmprd possipls rasm a \ﬁmﬂér'ys‘i‘% Sighp, &, a;‘f“%?ceéqmas“c

L0 contacto ¥h18maL6s spthbabRrttye {HRERYr of the ps-
surfaggye E{gui%a:%%%ﬁdq?% BRA et 5

ed w ol yuret hane (PU) that. had, e
Si orpaRU/BETsheat byl 3680 %@I\ﬁj @Vm%nﬁts(%&%gr'”gﬁ%‘ﬂfﬁ%gﬁ“ &arge area
CON QNS ) ' joanplhstiosubsivate by
oG Loy heoriarsia peaenssominp ey
multipleCitatsershgsif @08xETRN PBBDL | Easglypixgl 4p dhe fmage isof fie same

confighiation aan SioWArR S SBe 'ddTBISRE ing e blodd described for

eet, a second 15 leﬁzcﬂle
FiguR$PBesIE @8ES Theinspt of Bignedi39B showa& mete spleyMeiged form, a
sandw ch_to fully cure | aNgrRailel fn g thanghose
“DARRBA ipasreE Si?t.teqﬂ@a%"i‘{’é)s?%g E%%'ﬁ'g”? %r?] {éﬁe pl aﬂgt ic . 2
highﬁ#l’l@éd frAtiGures 38Ct-B8EN ThiechigrepattemnBidelity of thigdransfer is illustrated by
C

the qesiea e e Phect; Spterernp SR Ap FREE oL et image) 2o shun I
Figufe 39pe B DE dsoratrahtmionty thoagratess Hirellyriausheg by the

an alternative processin g d .
sermolimaa tenden e 14 Jord syl LEHEL Mrmmse o0
diﬁia{ﬂt&irﬁ; BhrAshiidhal Sylgatd #84PDMS fdrdwpreasans. :

D e S ol eed ures exceeds twenty times the feature
et g . et bl

effects e pattern transfer , th
fideMpNENSErs st Haover FRELIYE RE i %e{’é@ét\%éég{gg T that the

SR IR B ke e st 2
Lk R B Ly P i o
ol TR ST s e S 0
appmqmswrwgntatearptﬂﬁpg@th@qq% A yzg@oq , eq]erﬁ%a\ﬁoi% é&“ggﬂa”t‘y- its
sonpite S A SERCP R YR T ¢ Pout ng SO

fabrication of the peanut shapes on the SO wafer
f O|l-‘|\nog§admple of a us-Si transfer carried out using Method i is shown in Figure

39C and 29D. Figure 39C is an opfical micrograph of a section of a Sylgard 184 coated
PET substrate to which the ps-Si has been chemically bonded and subsequently

transferred. A higher magnification image of the ps-Si transferred in this way is shown

in Figure 39D. [t should be noted that the dimensions of the peanuts used in this
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the same procedures of Method | (see Fig. 37A), with
the addition of evaporating a thin 110 film of Si02
(5 nm onto the surface after the HF etching step.
This layer facilitates strong chem cal bonding to the
PDMS. After heating, the PDMS is pealed fromthe SO,
giving a patterned transfer of s-Si to the WO

modi fied regions of the PDMS. 5 Figure 38A shows the

desi gn of the so-call ed peanut, ha s- Si., obj ect. .
oot sttt s Qe 258, LB restngy,
that gfeéh %ﬂ'lall%ﬂ%gﬁ%rég‘hg V%Hrdﬁfe?éﬁ\ AR pbie whepthey aredemBved from

ere the buried oxjde u
the SOGwee. Isthedhioven of fighres 38P se #IFP RS fﬁg'%ed’o[?‘{ag girrace is
alsoggm L@? fiatl eol%agbﬂ for B R heralise bi bt ltyatlseokdrisaif ;Hhe PDMS

1 ghtly d
are mrfectgeclpumaﬂyérangjggrrﬁgégél;}ﬁg ﬁ@l,t b%mgéaﬁ@g& g{qﬁ% gg@(y:ra gontactlng
reglgr%y%ctlv%cp%}? | d PatkPhét U% trédiRiehi, Fediehsaneteche IDMS zagged and

e oxl de |ayer under the center is
touchedrfeavaerysurtase bebvag thepgariigrificial portion of SiOR

still remains at either end (the durrbbell regi on seen
in the inset imge of Figure 38A)

r eEngdmea!lOﬁGEImrat@@m exqaraplaw@qygcetgg@ngetgl o% a[ﬁqV{céa fabricated using
the ?3%'@%.8 n%lgpgg s: %ogasey bR Oéjﬁraﬁﬁéls ugﬁﬁ% dQethbli 1I09Tol eyrefruct these

Ccreate

e 501 mt'ﬁferggﬁ'aée O
dev@é@aglng]m@rmﬁrwegﬁm&osteﬁdﬁﬁ SEY rs&g wsedgs the g;ﬁ &7;»,5?5 .
cm
sery, Jaescmg ggfe gln.gtéfdeet fnd gﬁ%t%@ﬁ’l_f@“\is(rr%ra @lfedVdﬁi%Gm e n

che sol'ution. As sh ovfyn %TFT t
is eﬁipﬂiyé& a38Bgats diehqctrmt sFlgureséQﬁ prqv@esﬂr\(,gprveﬁ His- FTs at a

ran%p I on \{\%\ﬂ r{{/gﬁ e§ 2’(’?@} OV stiRfwrN AdFigird 0B, ’chese plastlc

enoved from the SO
supPordd, rpbmﬁuthmapadps-sanwn shdw an woewmdaian Mode "r%\@n%%!d@é‘sfstf’f

behg]fﬁxg}' g'glpesgt;%{ﬂfg a’tgrqf g@e g Vi 2%}5 Shoih frtadset 4Rkbye 6B %re 40C,

ographs that depicts
‘RI;O AhesRd e ﬂfdti@‘@ﬁ hhé depicefis 408 ;smS| F@umé@@rst@m the transfer
f'ec

t'ed Met h 38C
o Aol P Ui R Pt e
eﬁe%&.@éih%brﬁ%%ssmﬁﬁge ﬁ% meaa;a Ficafe éﬂCtSheWS’IBIVS’w@@lrmﬁcrograph
of R devies e O%ﬂ% lr}vtg The E%I}A%ﬁa ol )‘)\%Et%r'i_%tlbé‘ lr@&%oethat the
thréggﬁfde@ftagé G(Vtrf)gst be \ér\@m hhc?ffenthrer egibbitys wast 56t corVeheThese
he unused _ni crostyuctur.ed s
valggs am@oggﬁte%wgh the perfmania § q@c&eﬁgﬁ é)!rpe&% Pnbé 26 $im thick
bo@%hél%%ﬁﬁc nykdétthizdfpde picked up by a stanp and
ra

erre I n subsequent printing steps (as discussed
bel ow). Figure 38E shows s-Si structures transferred

ont-f,d 58BN ssfeiPmetHoas rdessrilied incihtse exarhpleaorhvide an efficient
route for transferring microstructured silicon from a SOl wafer to a flexible,
macroelectronic system. Using these techniques, and in contrast with conventional

solution casting methods, the microstructured silicon objects can be fransferred from an

SO! mother wafer with precise registration and utilized in ways that minimize waste. The
mechanical properties of the new 3600 PDMS investigated in this work demonstrates
that it has a number of important advantages as compared to the commercial Sylgard

113



10

15

20

25

30

30 end of the s-Si ribbons reveals the pattern of the
fracture occurs during the transfer of the

m crostructured silicon fromthe SO to PDVS stanp.
Figure 38F shows a 111 representative result for a
second transfer of the ps-Si (this tinme fromthe PDVS
stanp to the PU coated plastic substrate) wherein the
ps-Si that adhered to the PU support on the plastic.

5 Multiple transfers _are possiple fro . I :
184 ADMS resinm nefeblr !%HH&@P%‘OH%‘@%Q@'&Y a0, hidbEF ﬁ&ﬁ%"“dmj{""
PFRAY P tdchAhuédBEe prefed toeresedmypatibleewith dres¢anstruction
pr”%@%‘hgﬂ%ﬂﬁté'?@oﬁtohpu PETSpsheet F@?’ 3600 P stﬁ% Aors
of matroelecironicsyteras tmhincarposgty Bigky orTﬁ%Q?l}SS[')%/ﬁTmt nst &r
where the ps-Si was sparsely transferred onto a

pl astic substrate by nultiple transfers using a 8x8
Exparimesttalinp. Each pixel in the inmage is of the sane 10

M th%,fi guration as that shown in Figure 38F and foll ows
eq same protocol described for Figures 38C - 38E. ial SOI
Th@hk rfalficatibn & doe esRipbisinvag Fastied OBhHFBR HEPYREEa >

! P i esd-Slob &, Hesi d20f i, 145
wares J58| el nlPS, p i flkhess ooty oFso 22 5h‘??§ft S o
buriédoXiti@ layes. Rﬁtolitr&aaphvliéhhlegm8,9§tre%$t9,\Nﬁﬁ@épg {9 pery fe SO

transfer is il t alid , e
waleSFIBds daate PRTE RaPHec g et i RepdrEpngh; DO m, widih: 25

e)
pm, %ﬁrﬁ&t@i’h‘ﬁf péankb 50 ;gh}.eDﬁli%Btcthiﬁbe(ﬁmjdﬂlwrmeﬁtﬁqSﬁtﬁﬂeSF% fipw, 40
on 0ose areas re ouche
scornl BT yRERENBrEIO0 4 SN £1eh B, 17 [SRYp the groosec

silichi anE Rinded iﬁ{:gSfCﬁrwé§tH§ﬁrétcheﬂ fof BO sktondsi ingin HF (49%) solution.
convent i ona

| 84 PDMB { . = :
For 3850 GRM stett> AARNGHLF prsd SH S| R FRaping, 5600, casti
moﬁﬁls@-ﬁéaﬂlﬁ?z ahdy B?@a@(ﬁ&lﬁ%ﬁa\r\t wgrning, élastiesnodidugchBMRa) was mixed
1.

e i A 8 e P s

| | | dsedve alre he BUrttin film
o i o S5 5 i esdeons et i
adhasibadayee (Nomang apsici Qd&@ﬁlVgV@pyT?ﬁs_ .esemdiﬁﬁ ﬁgm t
a ngpqq\gg%?eﬁgo(ﬂgﬁl hL fShicRnédsS MPRSIvE Solthwal i@chnologies) using a ~bar

I ng stanps ‘prepared formthis polymer.

coalihg pRiEeduieMBYEr an RD\8pepialiefly does not sag

appreci ably even at an aspect ratios of 1:200 and,

perhaps nore inportantly, its 25 adhesion to the
MelHog-{Si objects is stronger than is that of the 184

PDIVS. e L& cahutldhaBed BEed Mefd Sfiallattthan the ones

u?il\é?’g‘j "@P‘P@@Fq‘f Sl'és‘?ess(ﬁot\i}v%?)ieﬁ§h igg_uPe 39C and 29D. ] A
usek i M6th3@ € (nie-swietiomiengtil: 101 i ogidpi2 1wn. diagetarichengs: Hrm).
_Sylgard 184 coated PEJL ’ iPds WikethieSexekption that
simigs ApEeaoBEnpR Mo YSEHds {EhEE skt oo
the RIE etching time was reduced to 25 seconds (to minimize sidewall efching} and the

buried oxide layer was efched for 30 seconds in a concentrated (49%) HF solution.
After the latter efching step, the sample was rinsed in a water bath and dried in an oven
at 70°C for 5 minutes. A 50 A SiO. layer was then evaporated on top of the sample

(Temescal FC-1800 Electron Beam Evaporator). To bind a thin layer of PDMS onto the

PET substrate, a layer of PU was first cast by spinning onto the PET at 1000 rpm for 30
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30 transferred. A higher magnification inmage of the
ps-Si transferred in this way is shown in Figure 390.
It should be noted that the dinensions of the peanuts
used in this 112 denonstration are relatively small
with ribbon widths of 25 pm W found, interestingly,
that these smaller features have a different fracture
poi nt when they are renoved from the SO wafer. In

the bl owmup of Figure 39D o e alsq note ha REAG
secondss Stk expasedp S/ 61 1LRYUFMIITar 4 MR XX &9@ h“e“
frot BE sbédiidstdned tﬁeePUIaJa@'edfthéﬁmll?lals/B‘é fardhree
SpunF%St%ac éz%?qp?fcalsl y transferred to the SO, being
hourg.i pped out of the bulk in contacting regions actived
by the patterned UVO treatnent, regions where the PDVS
sagged and touched the wafer surface hetween

pérmmetecupem@sqfohthpgnaaatcr%ﬂ“@@*% PIESHTE ?‘g}“%ﬂ?%ﬁé"ac";g t‘;e

f girateiimgonta6t witrethp eatiemed side

unp%l%?egl%g F’bl\ﬂé S&Leg(g\é ég%étg@ng%?e rr ugl gon E g i Tocedures
of thodhid photomaes&séfhecfewt‘@éen of e GcaeaPfir BAcR a0 oot |

t ha sfuhstintatieck fan@ular arrays

des"é@e‘@gg %geagatT géeﬁgﬁﬁr%gzk nd . di | tod mﬂmiatomask for 3

(12408 aso). edrhmpﬁ’&MS Srrsotiennagirgyoudts s SRS oo
mumg & %T@%%ﬁ% |6 -~ P b Ui 4D BePeaY ibis (UOCST VEax16fOES).  After

range of gate voltae (ve= - t
exparay)the PEDMEo st waEgRARied gy, Fb g (VBT pidigftask, fd the

exp%?(e@ mgq’ac@ﬁég gieacéﬁ a6 SoacSivitT fespedimitvbearing SO! wafer. After

heatd]’rgaamm% ‘Iéu(zgthnr?l(;mtgﬁ 2\22%\%% g}ef'%glggci Bﬁvﬁ' Eye{q%%' tﬁﬁg’[%l\% away,
rema\gggq E%grp%ntaggfhg rhéogl in rdgistyQtiPReahékd drarradigiidn. of the

gure 40C shows the transfer
char acteristics, neasured at a constant source-drain

é etVsd —I\/) i ndi cated the effective m)bility
Devggg Ns. The inset in Figure 40C sh

SU-81Y wm'ssm o) - BE00DChion e wes P U Bed O 11 B acgted PET

sarr{pﬁ]%gtnédp?)ergﬁbfloa 3\[) cﬁ%?érgoesr (@Fﬁ?@c’é QﬁéﬁWé\“ﬂSﬂa‘eﬁ%er@ﬂ at $G°C on a
hot gfaft@f‘drwanmta | They PDIMS SABpo(MENind nm@ethewlgfsd@g its, surface was
tent wth th f "
o et ot I PTG, Sl ot ok
tran%l%rihé L Yo tc?-ﬁ.eﬁpex? etrgs sle d]lce?almf wes thertolscured af (| 1256 for 2
exa provide an effic
minuteanexmsen i W (o d0iSeGeRdh 800 FPPPRHC Pl SIS P minytee. Meta
o ] L5088 4ot b ol e e
dramohres paterned | g EEAGHY, p'i‘?*\é\f’th?%r%@? %thgragel cinfug 8tr%m with
etcmmg ﬁg}lp £ Hhesdignsf erred froman SO not her waf er
e

clse registration and utilized in ways that
m nimze waste. The

Example 11: Bendable GaAs Metal-Semiconductor Field Effect Transistors Formed
With Printed GaAs Wire Arrays on Plastic Substrates
The fabrication methods of the present invention are versatility with respect to the
materials that can be assembled and integrated into useful functional devices and

device components. Particularly, the present methods are applicable fo fabrication of
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30 nechani cal properties of the new 3600 PDVS
investigated in this work denonstrates that it has a
nunber of inportant advantages as conpared to the
commercial Sylgard 113 184 PDVMS resin, notably its
di mensi onal stability and hi gher surface adhesion
properties. The printing techniques also proved to be
conpatible with the construction of macroel ectronic

systens that incorporate hi e. i
semicriducior dAsed myewelectonis And %’éﬁ'te’&[eci/g'?’ﬁo Vf@ (Rind &' finge of
high éﬁé’ﬁt Q%lc@sﬂ?@&oﬂ :'%td?%rssﬁncﬁmr@:h@n sicorcamatériats, OTo desiongtrate

Sal t
this tapatiite f=teo pfﬁ'ﬁpniNa é&&é?és\, Eﬁ%e gmgyl) gélghcr%ﬁg%torl Xlgld-effect-
transg%ﬂs ?&E@F’Eﬁb |h§Mﬁ{] )Gai¥ ﬁﬁ&bwtré@ e fabricatedpbye prasgeot methods

I'esrs atternt5 ‘??% OI\Q?% into the

and Mat@ﬂwﬁemﬁdsfﬁﬁl%roe‘@‘ﬁﬁ??ét@ megnicd d ®engt h:
200 pm width: 25 pm dianmeter of peanut: 50 pm. Dry
etching (Plasmatherm RIE system SF6 flow, 40 sccm
50 mfcirr, RF power-100 W 45 sec) was then used to

S0y tfffeﬁtet dzﬁf% Jorntdd WP ﬁlgh'ﬂlﬁmyn giagleyirpsalBheBemizonductor

th 80 d
nan&migtﬂe::erosgg@um@m lg?éﬁ%gg? mk&f%&? ly ﬂgggé%g%ﬁlc%wbgmare of
greaé@?é’?’e&ggﬂ % (63[3 o oﬁbﬁﬂkbﬁonkﬁn mwﬂ)lﬂyusser&owmedmaddewces and

corni ng el astic no

othenaystaimsedA num@eroneanR;ogﬁﬁ@srfgtveo %ﬁ%ggmp%trags%@ t/Rhsfer high
qualﬁ%%%ﬁ:%ﬁdt?&&l mEietﬂQf%g(feabo hSFnQﬁM@GD migonidmed plamletaj\ﬁtc ) onto

ozone active mercur

ny,

plastis extibsatesr ©r { meckanieay n 1exbIR, gt é>§ld8r§ﬁ"%l§°é}d)”6@3f'e'd"8ﬁe"t'
tran%%g{s @)l OEE a@g fmngtg%%fatpglb?é@( - cr)ﬁ mivestion! adeglseﬂ;;cm fabricating
bendwjl@metaHSﬁrnl(SD\dwtwafieldteé‘@ﬁtﬁfﬁlr@gq g@(%ﬁ%@é o[ f‘f S E&;E::ates
@b ab i truditerehl s, or

o TSR e st e
Gﬂtsﬁ) thatethaver intdgaated redmip seurcaiiERin | gonjact Sé m s, hig

m e | O d (fhbricati

b LR SR VAL E*a#z;ﬂ“*c:’oﬁm
rodé'ﬂaﬁbstte fomopthecraictdiparvetesu dp @ddigion, transf é’r@ﬁ'&%kﬁ )qa‘ﬁ“es using
elas(tqrgerlnﬁ QTSWF% Entgér &N\Elglll E)"(%EF?“ at ' BFayLHURESE Wited With q:ﬂwidSUbstrates

and the buried ox d rate
EledtAyR anwasectianicaliméasur@tests b MESF T s EHae érp]{i]xsdyvggl efhons

HE sol ution ¢ Rhehbbig asing, the heresent
thafsSﬂ%ﬁ Peffgamances 844, ¢ &k h%att% b{crllﬁhsI and dried in an oven
meftbdg0C for 5 mnutes. A 50 A SiQ2 |ayer was then

evaporated on top of the sanple

Figure 41 provides a schematic illustration of the major steps for fabricating, on
flexible plastic substrates {(poly(ethylene terephthalate) (PET)), MESFETs that use
arrays of single crystalline GaAs wires with expitaxiai n-type channel layers, and
integrated ohmic contacts of AuGe/N/Au. A (100) semi-insulating GaAs (81-GaAs)
wafer with an epitaxial Si-doped n-type GaAs layer (concentration of 4.0 x10"fem?®, IQE
Inc., Bethlehem, PA) provides the source material for generating the microwires.
Photolithography and metallization via electron-beam (and/or thermal) evaporation
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30 (Tenescal FC-1800 El ectron Beam Evaporator). To
bind a thin | ayer of PDMS onto the PET substrate, a

| ayer of PU was first cast by spinning onto the PET at
1000 rpmfor 30 114 seconds and exposed to UVO (173
oWwcnR) for 4 mnutes. Afilmof PDVMS was then
spuncast at 1000 rpm for 30 seconds onto the PU a
cured thermally at 65C for three hours. 5 The

| ft lith h
peneh et e o o solt L hopr g EABELLELA 0 G5 RSEN o
RS o sion ot (20
for oty aaniasts, oRnneURS thet waRea Qipvtespmnsraly ush fiJfor 1 min)

1BRld SHirfic CORRLEE thedh- Gams
;na@%rézq ﬁ}tQEbV'Qg?gngm ar arrays (1.2x0.6 mm. The
PDVS was then irradiated through the UVO phot omask for

3 10 t d f

o g ey, s apRacr 8L (0 3 STchisemr BRERUAK of Cahs
enab?éﬁmibrmesﬁﬁﬂihedtegmd bhmin QGE@M@MWR ugwg 3 fop down
fab"ﬁ%tmuﬁpl?fé’g?, ngﬂéedh\é’a@f @1' 3?02%&1% 52N RCFightd M1t hae pattern of

eat i ng at 70C for 30
photaie%}s& @S defindB e oMtiemetzt dtripes <B owvt Widies) thenepepings between

these H@eg,h@ggt\n@gqngqj e&% s‘%&%etsgew 58 +_pé[r)ﬁhdseéll!ow ét¥héMtt(Pl3PO4

rimcati on

(85 M%di‘ r@r smwd 18,2800 1hi mewomm)stpdrﬁuaﬂtcbthﬁﬁ%ﬂﬂmﬁace to
PET,
etchs(é@‘gﬁrg@sotrg%g:akyj_ &he ng(t;aq%%é eftﬁgeqjig ﬁ'%ec ue?fgléé t\%%a ohmic strlpes

and r@é;ﬁé"fﬁiﬁ e§<969,SLn'é WﬁwtaeusoTrbﬁlcPéibﬁngtgaqerqtaetrawsqe)mesas and
th the Its-Si_ on |

surfa e was,, 2 b
undercuts alovg de skifege %t&agﬁof&su 096 P, % &ngcgiﬁggﬁg wires with
tnar@g_ﬂé%ﬁjos%?éé&nb@ and fr%ﬂ@?]vawld%mfﬁeleaﬁld fton rhathepwsier. The undercut
|eectr|cvvaste ul | ur les b
yielda Riaisres B WidtisRYY K™ e GHlc? nadciel Kngf soales by
cont?él!gﬂql]% d&metryTbintb eesistMridathe dtoiing itimeeni Em:h: wiredassiwo ohmic
Wwas then ad 0 t
stripssisecaateil B 0P i Eafqeérth% e e gy §i3hd RbudhaIESPET. As
shoﬂflo OEHCE% R RbC iRt Flgdee i4n, woniacting izo flatyi eléstorpgric stamp of
usi 1% HF sol Exa

poamstiatarss OB PAPGrscEBl Gpdn aneEpas & ven de

r petlédh el hGBa%SsdHabes Af ttfeyBDMfB ahchthg photoresist. As
Wa@%b@gat es The frgyg?fbcatl o V\met r& 9 é{b@%ﬁﬁwm all of the
shoivm/ia reeassiag Stare g FIGYre ¢ Inf i’ %’éﬁé"&
GaAs wires from the wafer to the surface of the PDMS when the stamp is peeled back
from the mother wafer. This transfer process preserves the lithographically defined
spatial organization (i.e. aligned arrays) of the wires. The PDMS stamp with GaAs
wires is then laminated against a PET sheet covered with a thin layer of liquid
polyurethane (PU, NEA 121, Norland Products Inc., Cranbury, NJ), a kind of
photocurable polymer.

As shown in processing step iv in Figure 41, curing the PU, peeling off the PDMS
stamp and removing the photoresist by Op reactive ion etching (RIE, Uniaxis 790,
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30 materials that can be assenbled and integrated into
useful functional devices and device conponents.
Particularly, the present nethods are applicable to
fabrication of 115 sem conductor based

m croel ectroni c and nacroel ectronic devices using a
range of high quality sem conductor material s,

i ncluding non-silicon naterials. To denonstrate this

capability of the present nethqds bepndabl.e : .
PlasmetTaheereﬂ%@ﬁlu@f‘o&%"@l %vsé?mgg?a"e?rtﬁﬁs?@f*ﬁd GaAs wires with

! SRAY A EHGLSS veltiw PWEEM&I’@? In the
expogé@%ﬁﬁ{-{é)r?g{b%édgng and evaluated, with res \geol él'edtft also
transtérerinting Brocens, (e PREINRSt SEsNLORY asribp &Y
as angr ?t'i\r%tﬂ%stof E\ERE the dURaBbbf thieabaAywires agd cahmlc contacts from

i ne "sem conduct or _ nang- and i cr st puetunes oo
belng)rmohf@ﬂy@tgﬂ eds showmalRi RFEFesying| kP N1 18 RHE e ™ grap
procé#gﬁgjﬁﬁttﬁec‘ P@V@E‘Pfsubét%té Hefied Slbtreies (RSO nen Wuplthat aomect the

T

Eers Bicoeckaridaly Yiesibls duentdied bendability
nm))mat eri allannTerE?s Bﬂﬁgﬁanos\n res ecm cr o?| bbons

of PDIREE sheat (hinkoeys oht 200 pmaand &he (igae ruifess(Wips and thicknesses

n@gal Iy flexible netal -oxi de-sem conduct or
less i fect- transistors (MESFETs). The nethods of
the present invention are useful for fabricating 15

bﬁ%%ﬁr%%ﬁﬁ%g%%p%ﬁ{s@%%ﬁsﬁgw dgeé drieb fs%%ﬁoﬁ ﬁléﬂ%f&ﬁ@?@ometry
of a( @afbafike PhsctRMESFHT omat plaetia glﬂl@qtratg)?lglg {PET). The sourceldram
oo G e, 2 e s e o
Schatﬂql tdntady Ltb lth@aamrmﬂm sirgnoointeractionebatvaen ithe, nd the
mdemvﬂs@f%%aﬁn g\gres Rn ?ﬁme%res%?ﬁ@ﬁk!g@ EQdt@kdN fhsis geometry

ddi'tion, trans printin

andtvﬁﬂhfﬂeqmaesmwgprﬁﬁa@ desaitred |p¢e\é‘¥@|ﬁp§hﬁ’ REB a%@%elﬁyer (le,

or der ed s of the ot "
the BpesEtY cammiraecinees Do finktle e € ofidp MdrPpiRtoresis
Thel AIAEGtE raatddtrbae Yeynscke Solttiy aoetact with thaBans sWiarantbe barrer
allogg ch.gﬁg ealp tth5 gtweggr'\éqag% 'vﬁlﬁgj@ 18V abh § YiSloNdoldigte the flow of

ur e OVI des & schenat]
curfieht Bgveah tescafrcd tred drajrosleditasies, aeoun & easveptiqnah YIESSTT. Figure

flexible plastic bstr | . h
o i R ARAEE LA UMM PTESrers o s o
of WhibllL@e€ fahsér@ésl oh eenCaass wirass fatiricatedxataossing 10 e ppreess flow

SR d halydl f f~1.8
d|a&g?gggfe|®g AT, ekﬁef@t%)s t@g%w%ﬂ ﬁﬁ\gﬁ%{ ?{:éﬂt%acﬁ\oéﬂ@&ﬂlﬁmﬁ \n)ndths 0

pm"‘@iuﬁ‘%ad’é Wit AR OF 850 g Sid Rapide ai Zﬁppen @m@eqt Ayeephmic siripes
con

on m@ag{y:fg; ﬁ%rr@{@ﬁr@éﬁj{o éﬂ:} %8 ?*508%15% efalcglqn?lwdual MESFET. A
T1AP WRLANBOWRE of M5 MViah8 Heposited in the 50-um gap (fransistor channel)
between source and drain electrodes provides the gate electrode. These stripes
connect to a larger metal pad for probing. The conirast difference between the metal on
the wires and that on the plastic is likely due fo surface roughness on the PU generated -

during RIE etching of the photoresist. Figure 42C shows the image of a 2 cm x 2 cm
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Phot ol i t hography and netal | i zation via el ectron-beam

(and/or thernmal) evaporation 116 generates arrays of

narrow netal stripes (with width of 2 mand spaci ng of
13 m conprising conventional mnultilayer stacks,

i.e., AuGe (120 nm/N (20 nm/Au (120 nm for ohmc

contacts. Annealing the wafer at el evated tenperature
(i.e., 450 Cfor I mn) in a quartz tube with flow ng

N2 forms ohmic contacts to the n-Ga t
PET SRéetl ittt hipdredaob ignsisierg, crlaary) dep Vﬁrgppg ﬁ%g Xy tR:ultlple;
' & uewd tegerderateniarge numbpers o
prmtl{lq]ﬁge@%aﬂtndgﬂgﬁfn @ﬁ%ﬁr}{c’gg‘tﬂgé %?aﬂ’ erated été‘r% QLIJl’I% the
w1resothErnddatyer lezas @928 pp Plaste sut@ragef.ﬁoa@qus B%%li
wndth&e %ptﬁé é.-ls ﬂég Qhé‘ %dtﬁs I%t?ttt‘iee &&Jr@éldreﬁxh @tantreetestthe shannel and

he nmetal str] m wi dt hs
gate Gpeytha gse ladmamlneqs)lyttpegglm MESEE ls &bf“v\@é‘ﬁe cg aeswbpeoutput

tal. stripes. These openi ngs all ow etchant (H3PO4
Chﬁf{%%"%% © H202 (30 W% : H20=1: 13 : 12 in
volune) to diffuse to the GaAs surface to etch GaAs

a LGalahce THe tieh BhRLiSidtsS twaBr eh:padterizdieto evaluate thelr
m@rb&og’ etvveen ohmc stripes
electﬁ&ﬁczsmrreech"éh@abmoggttle@p F[gugqsgqﬁﬁr, &%&aﬁtﬁ% gre?snbt results from a
GaAgE\Z[ggft-'[?ﬂ g\jw’(]h %ﬁa{nﬁg hlocgf%d ?lﬂcagaft@%gﬂf oﬂ:’(ﬁﬁm, sxmllar to the

AR tF drain and
one lshb@RaH|Ag. 42ms sFlgma'eMMn shows 1186 cHENrltaas d %tglgga

L OB RLAGT  watel r 08 @s2@fswiwi steps of 0.5 V.
SOUrGR tqlpqm)g?ﬁ Lounves at: %aw %i\’a\(;q%e & tveen

mecr

d/
The SIE@L Q,{%s %y:aracmmsmﬂ hnmg:mwa;'agyg&ﬁg%nygrg;p“gﬂonfei%aggi WETS‘:
thr-biP8. | 9 | ions o
builty@up- M’ch%‘ ]gyed'aaﬁllé%%d‘é%% Fechﬁiﬁuéé"@ QY sétura itp o9

nes the chan n
hight V6 BRG Wt @éurea@smm degreass ofvgaienv iiag@es tﬁ q@ggr rqgilon the

in Figure 41 ont ctlnqqa fl at

st 43 sﬁb@ﬁﬂh@ftransfer
chanrel p’@%"?@ﬂ?%@t BT | éﬁe) E’("I‘f’bl\/ts? tqo@t thgrehot or esj st

chaﬁaﬁ?érﬁﬁlc@és l[\ég' \Fse%é)odifrasGaAs AMESEET ofhalPseSssh vBaYqlumgasured

ydrophobi ¢ surfaces &R It 265 V.

at diffesensridsi Al of AR CURyE av%?%?'ocesstﬁgga@?ggpét??f) 29 he- )

TheF%rQH Iof /52 bt high @s}t‘ﬁé @aw:wmagfee isadilecte the fasikage Gwrrent frop gate to
t

ety R T e e

tran rClurvd HtSvild anafer pl@lttede% (lps)/8 etsv 8sst Iptearly show:ng a linear .

remlbéggxergg g?;lp%% %Bp?\glhgl?g\]' Zi‘gé B%:h %b&égggg bﬁ@irbﬁéboﬁduﬁgnce at
Ips ¥ t§ 8§ n‘n ﬁh&‘%s amnaked, agaaamtana RRE éﬂiﬂaeﬁ taspestivgly. These
|

n layer of liq ur et ble th
areemicios mencatefan oy gongor GBRAFH) Sh1RF sbEeibERspmbie he
berpawor%?%ﬁgl &akg® MESHETS fabricated on wafers by traditional approach.

Mechanical flexibility represents an important parameter of devices on plastic
substrates for many of the target applications that are belng considered. We tested the
transistors by bending the supporting PET sheet. Figures 44A and 44B show gate-
modulated current-voltage characteristics of a GaAs wire based MESFET on a flexible
PET substrate (A) before bending; (B) after bending to a bend radius of 8.4 mm. These

119



10

15

20

25

30

30 As shown in processing step iv in Figure 41, curing
the PU, peeling off the PDM5S stanp and renoving the
phot oresi st by 02 reactive ion etching (RIE, Uniaxis
790, 117 Pl asnma-Therm Reaction lon Etching Systen)

| eaves the ordered GaAs wires with exposed ohmc
stripes enbedded on the surface of the PU PET
substrate. In the transfer printing process, the

phot oresi st serves nqt only.a n_a ' I
figureslapmpassthe RarorBRIGeE afq-q_r}#sggsn&?gg @E‘peﬂ%ﬁ}éﬁ‘g u#?llréaet_g Lé%}s bent
toa r%&iﬁ? GrA% r‘Mna ¢85, envedpoRiling Garfaee simirf ofon2% (tewisigin this case) for

cont am nat ed.

As sh i ' t i i
tho 200 i tickisubsiaten TP pTHIE INGia06 SeRitTRg rBne R o Bt hoee
i ' Quifent/Ail) Vdsha D éoinoreeses by
high BES SSuE GRE G HARR LS duten a)ngdjd o 3Eortage
~20% oin ghise cabect r bigue (4AC (IS PA@aFQI.'_@B “ﬁ{??)_ ﬁ‘_ﬁe .
char{gﬁ%&%{iéépﬁg%réﬁdigﬁ ibggécﬁi%mamebmng ahe peritl seosivhte to Its

b f PU PET sheet . (thi :
e eSS A S RSO ELEER o
L85S : Lhaloh Mt iid Sraf? HeBirReE NhSaguirs the transistos henavars the
the_sér%ﬁ‘w.ég%ﬂgct-agn rew of the geomefry .af a i Le
eriduaans OEBFEDITGNsilep! HaWP AL SEMRDE VAPRIBRho: Sh) & ‘; Vda“d
s / LRs | iphaifferend slidadessttaing)wabending,
v SUEE T A\ A oot
indicating that thaset MESFERy survivenaullipleobgpding %¥°§?§’t 8 °%Lgﬁ ween

Lhe cur ' logs,, afitHo e siGaifisanti aheage of their
stral%gﬁ&e fj%‘gcéj}ér gé}gtbtghﬁeef% %Pdg?h ézﬁ/bsttr teS@?n.?hi S be related to
perf@amnes (520%nhdThe systematiqehangss iOng%{E‘g Wi S8y PSS

L eV OS] tdaMEad diGRABaMEST crystatline lattice of GaAs wires
the @PQX‘E?E‘?% ané%%%ﬁ%ﬁ)daﬁ%/erg@ont acts any polyneric
and trelradistabudiontdf energiisgyelshot oresi st.  The Ti/Au gate

el ectrode fornms a Schottky contact with the n-GAs
surface; the barrier 20 allows one to

apply a .. .
r ethis | sampleatpatihes eo| appjeagh that m&olwe%‘?%yg%“&fa“m of °h";"°
modu] at e t f srefsh iis produetienaf GaAs
contapts; y&,%?g%ééergi,ﬂrgsanpﬁaigﬁgﬁghvgﬁ{\i@gﬁ Ie_l\/guig]'. Ftiigi%e("i) g
micddRsshitviheas irdegrated ohai¢ ventasta §¥ aHISOFRRAICERATIGH Pig™ne: 'Z
based MESE . ' vittha sEstemnerir stayp, an
tranaf%r Pgﬂt“@aﬁéﬁé\? e(r)g'"srgé ? g@r@ggﬁghbggggﬂin%at o the nﬁt{)ﬁﬁggéwires
(iv) fdb@matticdit aigrigmyualite MESFETS lghbgv\ﬁef&’@fﬂgt g’gr&}é?ﬁ;lm gned
rientatio laSti® Bulistrafes. pats intrinsic
on %?Ww?%y'ﬁ@ g’f@dfieg(gﬂ%gagﬂr?\é\ml engt-r%.sorg 2%0 gnh;:[_%ﬂ%elct with short
proddiebNGaAs (eigpbih roebilities). A & ;l\asi i gte |
a rain, el ectr r is aheddESEEdes iAto complex
Qat@a'r‘?"ﬂ S5 ﬁl@ %ﬁlﬁ%ﬂ"d‘%@ %éfﬁsigo rﬁﬁwﬁgﬁé _ ep%si t eg ?Sﬁ Lhen otner
circhits poteraiplly Withroshest tensistera eilh using SiTRlaR aPBIRACEeHAY" V!

seng{;q?qidggelrs cLrodes, RLOhOEShitNIRy I fredusicy Qespontb efer advanced
communication, space and other systems. These advantages as well as the
remarkably good mechanical flexibility of these devices make GaAs wire MESFETs

interesting for flexible macroelectronic systems.
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connect to a |larger netal pad for probing. The

contrast difference between the netal on 30 the wires

and that on the plastic is |likely due to surface
roughness on the PU generated during RIE etching of

the photoresist. Figure 42C shows the inage of a 2 cm

X 2 cm 118 PET sheet with hundreds of transistors,
clearly denonstrating its flexibility. Miltiple

printing steps and/or e fa i

e A NP DS Oh GAE PAP IR SO L B4R, BRlachave been

prep Q%8 bl Bk awaRss By metmtaie.posmubstam qeattentingd, oigh temperature
paraneters, such as t

dt
anneg{u@g ggd oqmqqﬁ@pgogped@p% gpr\lx’rn%l 2@]8%% d\élggs ?ﬁﬁ'f’d%"gnne ud E/E;e of
mate%aggér%bl?%ﬁbﬁnﬁfo% ddljiaestiagt earsibeybuild meﬂlwowgsm@pgrange of

f d d ch
unusDel geviseSHERERB SN PRLY S SPESGR Y dREy i Fendeprning

erize
orga Mak Uaags bR @ldse vAteRC4triow abmperatures bato plasthoaaui:;ggaﬁes glield high

43A, 43B d 10
qualrsa%tgn%%@penewl-pﬁm?&a%ﬁ%f el$ %{:&ﬁ%ﬁﬂ%&% M@QFETSG) Electrical
lg?él‘.%ﬁc&lf cﬂa’?aéfénz%tlﬁh lofidetiges e mhgetiyiens terepﬁtl'glate@g@strates
and ure 43A shows the current- va (‘IREH e [ ShiBe for this
ihe leud parfsimaBcR M P8 Re SR a e | Bpsto st NUFERe

ite Vo
app EP{“% r;“ 3pb& 71dxiBle\CiMuité fort emrglxﬁg @npﬁllcationsrme cpmeymer and
0Ss C

terl stics are conparable to conventi onal
mllltam@ectwaWSWETS built with n-type GaAs |ayer and

standard techniques, i.e., IDS saturates in the

regions of 15 high VDS and !D
Exampl - Demiga Gerfigu ations »S..

resi stance at VGS =

Chblesra 16 pravfos seiapeit: 5?"‘%?%}{‘161"”5"%”6 s e’Eé"%'a'@BBe‘"ce
conﬁr@%ti & offihEpNeseMERvEtion fof laeP pypestniton gaterthind"ﬂm transsstor on a

red at dlffere f
plastic rsubstraie. tAve SBEWR: |rg Dgﬁdgs tyﬂ&ﬁoﬁé@ qg@e '&ﬁﬁ/ﬁlm tranmstor
ol & 168 Py o oot et e
indidavtisl opide ﬁ’ft@mg}g 9 ﬁl@c@n{%%pkeipo& ﬁifeqc@‘?#[ﬁ?%émgo:\g;ce and drain
elec,F QQH% J‘ﬁ%(bl é‘t!&%btisfziﬁt\e/a 315 rae/;gt?ﬁ(emylame\/termmtm):(l:’aﬁ sheet. Also
prowétimhtn Dadns 49 ae M@QET ¥8‘t5fg(?r°t‘§rw§%§é?§ gﬂ %ilf ﬁgjﬁé H@\ﬁées for a

Svéfﬁ%ésr ansconduct ance at = 0.19 m _and VDS

randé)h*@ ,, = 2.65 V and gno = 168 S, respectively.
These characteristics indicate that the transistors
fabrl cat ed on PET substrates resenble the 25 behavi or

LCab ﬁ@ﬁiﬂeﬁ%ﬁ&nﬁﬂbrmamm ibystrating ran |gyemplary device

t ra i onal i (asti
COthinli@é%rﬂfsthSn&gﬁﬂgr ‘P‘é‘?ﬂ%ﬂ% ? érrn[)fgﬁ?ﬂ orllgaw lbdfc gate on & pasti
sutf%'tréﬁt | &s shERALA «’H@ﬁe fagr theacomplémehiary mgg:egate compnses a P-type

thin film tlrgnastis!tgrnalsndtab ﬁ-typé £iLEL N e A58 PRbviNEprifasiE deff@nductor
elements and provided on a poly(ethylene terephthalate) (PET) sheet.

Figure 47 provides a schematic diagram illustrating an exemplary device
configuration of the present invention for a top gate thin film fransistor on a plastic
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transi stors by bending the supporting PET sheet.

Fi gures 44A and 44B show gate 30 nodul at ed
current-voltage characteristics of a GaAs wire based
MESFET on a flexible PET substrate (A) before

bendi ng; (B) after bending to a bend radius of 8 4 nm
These 119 figures conpare the perfornmance of a

transi stor before and after the substrate was bent to

f f St Al Mt
subs&éid@é‘:’r{qﬁ’;@hg, ffigure 4# ﬁlpest Coéetsg G@R Gl tﬂaglsgg% c%ﬁﬁ)n%sa!a TSilicon
pnnt§b‘l’@§érﬁﬁbﬁducﬁ?€élérﬁ§m|vtufh dldpédmntact tegionsha Sﬂ@aﬂ@i%ﬁ"'@ﬂayer and

can w t hstand th Wi fallur e
gate,f setrcet gad sdiAlt o @atr ?r en?héaﬁ@a‘c &g%tel %J'c rééa@ésgbig’)gien
terepPt1afASH CET) SheotaRing FGy epoxyayaritofaclitais transier and aés‘;emb‘y

nodul at ed curyent-vo e a ¢ are
of thedhis iy ETRRRS NESPRTPHITES TP AGCUR Bt
curreé%lb%rtazq’e%rkeadtéﬁsncé hypical ofithese devicasdor wmﬁméga@dﬁltwes
nd Fig. 44A indicates that after rel easing

the strain, i.e., such that the substrate becones fl at

again, the transistor recovers the per formance of

its original state. Figure 44D shows the variati on of

IDs at Vos = 4 Vand 10 VG =0 Vin 3 cycles in terns

of bending (wth different surface strains)/unbendi ng,

i ndicating that these MESFETs survive nultiple bending

cycles that cause the tensile strain at the device to

vary between 0% and 1.2% w thout significant change

of their performance (<20% . The systematic changes

observed with strain may be related to the fact that

mechani cal strain causes displacenment of crystalline
lattice of GaAs wires 15 and their distribution of
energy |levels. This exanpl e descri bes an approach that

i nvolves (i) generation of ohmc contacts by high

tenperature annealing on GaAs wafers, (ii) production

of GaAs mcowres with these integrated ohm c

contacts by anisotropic chem cal etching, (iii) dry 20

transfer printing of these wires onto plastic

substrates with an elastoneric stanp, and (ivV)

fabrication of high quality MESFETs by | ow tenperature

processing of these wires on plastics, to yield the
flexi ble GaAs MESFETs on plastic substrates. The
intrinsic properties of GaAs (e.g. high nobilities),
the ability to make the MESFETs wth short gate

| engths and the straightforward paths for integrating

these devices into conplex 25 circuits (potentially

with other transistors built using simlar approaches

but with other sem conductors) indicate a use for

achi eving high frequency response for advanced

comuni cation, space and other systens. These

advant ages as well as the
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remar kably good nechanical flexibility of these

devi ces make GaAs wire MESFETs interesting for

fl exi bl e macroel ectronic systens. 30 120 In sunmary,

M cro/ nanowi res of GaAs with integrated ohm c contacts
have been prepared from bul k wafers by netal
Vvﬁéﬁﬂﬂitlon and patterning, high tenperature annealing -
and ani sotropi c chem cal etching. These wires provide

a unique type of material for high performance

device h n [ directly on a wi de range of
"5 u&%s?c}sﬁ“ﬁébﬁ?%"é"ggﬁgﬁf' {ng such as plastic or paper.
I n parti auiret elettredsf er pri nti ng organi zed arrays of
these wires at |ow tenperatures onto plastic
substrates yield high quality, bendabl e

nmet al - senq effect transistors
(NESFETS?%BEQSJ}]?%%CJ nmechani cal characteri zation
of devices on poI y(et hyI ene ter epht hal ate) illustrates

the | evel perfaormance .tha e achi eved. These .
resul ts PndtdR eprsﬁFH'%%n 0"t rﬁ%mfﬂp Mt‘e ﬁledqiincal
speed f| %ashgic? With G4id Srrgpranerrsé&ﬁaﬂ e?ét&.lddé%t s drfhtable

consuner an |tary el ectronic syst ens. Exa
Devi ce Ceemuglncmctccrnsel&mrg Pcompabing Sani unmaltyct morganlc

El enent s _Fi ure 4 pro S o2 sch rmthc di agra,@n intabl
i |lustraftf npl Wlffgw GG VRIS gu?% [ rPrE'Ila €
the pr eS@@Fnld:dH(ﬁI&tdrOélefr%nt ProvitEse lﬂﬂtfh@tm gﬁt\ﬁeéﬂﬂls@id first

filmtransistor on a plastic substrate. shown in
Fi gur e 48ndisesopd plgsirasiesiasaaigatian of muallt%abpuh%%s or

conprises a silicon printable sem conductor el enent
wi th doped contact regions, an indiumtin oxide

. bot Then gJatieical devicodd, claim dpwhyreih ehitl printableagemicomductor
source and drain e]ectrodes. The pl astl Cc substrate is
a p@i%@?trﬂfpeﬂést%?'ﬁg?ﬁtﬁé giwgen paitfirshaad segprg elgstrodes
pr oy -1 rent - voltage
chapft\%étigﬂ%tn dr%é{ﬁg)foggﬁsﬁf%ese devices for a range

of gate voltages. Figure 46 provides a schematic

diagramillustrating an exenplary device
- conPHRIPSTIFRRARCE RIMBHSBGN( i nvent i on for a
conpl enegtipépelbO@bde:9at e on a plastic 25 substrate.

As shown in Figure 46, the conplenentary | ogic gate
conprises a P-type thin filmtransistor and a N-type

thin filmtr [ e havi ng printable
sem cond?cﬁegsﬂaeq?‘%ﬁédﬁesggﬂd provi ded on a
pol y(ethyl ene terephthal ate) (PET) sheet. Figure 47

provi des a schematic diagramillustrating an exenplary
devi ce @ printable semiconductor element positioned in electrical

contact with said first and second electrodes, said printable
semiconductor element comprising a unitary inorganic
semiconductor structure having at least one cross sectional

dimension greater than or equal to about 500 nanometers.

The electrical device of claim 3 wherein said unitary inorganic
semiconductor structure has thickness greater than or equal to about
10 nanometers, a width greater than or equal to about 100 nanometers

and a length greater than or equal to about 1 micron.
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30 configuration of the present invention for a top

gate thin filmtransistor on a plastic 121 substrate.

As shown in Figure 45, the top gate thin film

transi stor conprises a silicon printable

sem conductor elenent with doped contact regions, a

Si 02 dielectric | ayer and gate, source and drain

eIe ti t rat y I ;
5. Cer anit 1riest® R o SERRL o Ny, SR LAY kfoanic

to fs@mmmrtcatcmoﬁ stnctliay hasda athmknbi;sy seletted font hha réhgenof

transi stors and conponents ereof . Al so provide
Fi gm%@um b pemomsiprecin sbouial 4 QCgicrons: acweth SeleEd from the

typi @@ée . Az e1 Gt?ﬂa%&efté’fs fb 2BBUE 10milifeter” ahd acgfféngth

122 claim 1 An ectrical device conprising:

fi r selestedt froodibhe range obatioet tmicroep abodt 4 rptfllmetabl e
sem conduct or el enent positioned in electrical
contact with said first and second el ectrodes, said

6. Pri mblGectieM GRVECIH cRIMMBNIWIRGERT | SdithJuditahy| wrgamc
i norganic sem conductor structure and wherein said

pri weantenduséon sloraiuiet bas al ralierafl lpnathi i9ewidth Equpl to or less

246l BERLES, S o B BB SEARS B GEBr ey e

devigbeubb.1cl aim 1 wherein said printable sem conductor
el enent provides a fill factor between said first and
second el ectrodes greater than or equal to about 50%

7.3 o edi oldéi&t:tﬁbﬁlald d C&F CQgmph! 9 Qg 3 dwhbfeit said printable

a Ssecond el ectrode; a printable
seadeorchucthrct or eldreesint goraptisesiedai n ralomtruod:med printable
contact with sajd first nd se ond, el ectr odes aiei
SepHEQRAAY e'%’é'ﬁf’{:%é‘d&'lﬂs RUCBIEA PRI ?ﬁ?!“r‘@%’”&?ﬂ"t gypent
i norgani c sem conductor structure having at | east one
cross sectional dinmension greater than or equal to
8. aboUthes0dlectsinainedavice of claim 1 or 3 wherein said printable

semiconductor element has a shape selected from the group consisting
of

a ribbon;

a platelet;

a column;

a cylinder;

a disc; and

a block.

9. An electrical device comprising:

a first electrode;
a second electrode; and

a printable semiconductor element positioned in electrical
contact with said first and second electrodes, said printable
semiconductor element comprising a unitary inorganic

124 °



1

4. The electrical device of claim3 wherein said
unitary inorganic sem conductor structure has

t hi ckness greater than or equal to about 10
nanoneters, a width greater than or equal to about 100

nanonet ers and a Iesg_th greater than or equal to
about 1 rfefmigpnducter shucttie, aherein the cgagerisatign of dheavy

3 wherei i
St ruet oy angl bl ih SeRPIBRRGIc BATLGRAIHST ucture s less
about 10 thamometaaktotopaithpet niilibnmatemens, a w dth

sel ected fromthe range of about 100 nanoneters to
about 1 mllimeter and a length selected fromthe

an b k|
1O,EQ TP S, dosR ORI 2°BHerh e Ry e

_\

i norpaiai crnptsmm&mhslaudtmrggmmsemmnldustoa stralcttweos less than

| engt h | han about 10, |
to. o aob@Lt 1001 o8BEBer biigh aof, i "o G Vess thon

about O. 1. 7. The electrical device of claim1l or 3
wherein said printable sem conductor el enent )
conprieselection dewiserafcilaine \ﬁheliﬂlw@ﬁ@ inoEgANi® seTHeQductor
el enkufb, BoMARest T4 ClHER R NAL! LoRRBhGAAY hferial, a
el efent. e erectri evice o alrm 1 or

wherpailyergstaliingr | séraicbadaetor c engliesibbr oel ereropbds erystalline
shape sel ected fromthe group consisting of a ribbon;

a pisgfe@rducter mateliah;  a cylinder; a disc; and a

bl ock. 9. An electrical device conpri sing: a first

el ectrode; a second el ectrode; and a printable

1Zs eniThendlectrival dericentt @nyi ofi daisas in 3ebredtfuitbat comprising at

least one additional printable semiconductor element, wherein
additional printable semiconductor elements are in electrical contact

with said first and second electrodes.

13.  An electrical device comprising:

a first electrode;

a second electrode; and

a printable semiconductor element positioned in electrical
contact with said first and second electrodes, wherein the
position of said printable semiconductor element relative to said
first electrode, said second electrode or both is selected to

within about 50 microns.

14. The electrical device of claim 13 wherein the position of said printable

semiconductor element relative to said first electrode, said second
electrode or both is selected to within about 20 microns or within about

5 microns.
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contact with said first and second el ectrodes, said

printable sem conductor elenent conprising a unitary

inorganic 124 sem conductor structure, wherein the

concentration of heavy netal inpurities in said

I norgani ¢ sem conductor structure is less than or
15equdihet egledtripak deyies ofricldimot3 whersin said printabée semiganguctor

devi f. cl.aim9 in. ' f

ot e SxEhal ) WIBET Wit ey EARERE.AE frsh A agthtends,
stryHadsia baidl GRst BR&NOf @aide@riatable déMiiceatiustopesiement is
billion atons. 11. The electrical device of claim9

whePeBifoBed avithiorg aniceonsest saiklfitst alectsade, cang wherein said
o "BEPORT B P coeBlc LR YR, Bhsones

cry siithin iSmicremsrot said weicond midotrodel . 12, The

el ectrical device of any of clains 1, 3 or 9 further
conprising at |east one additional printable

16§e”ﬁ%%n%%|@éale{j§ﬁ§@t of ISHEI 13 vidksield Q’lﬁcﬁ fitst BritP! tcond
Sem conductor elements are in electrical contact wth
sai elddtnosies and sepamatdd dlye distaless thed is greateethan 2o of the

devi ce . .copprising:, , a first electrode, a second
el eéf%'}%'aQ?E%'H&fﬁ%?'ﬁrﬁem‘énwﬁ?fc‘%lﬁﬁm-or el enent
positioned in electrical contact with said first and

second el ectrodes, wherein the position of said
17pr i Thebeleckial cdener t&fr claimndat furthes: pompiisingapl least one

fir ] r [ ec or I S

sel 20pBanEh" Biftanhs SeRTHrc bkl e, WiRisin' Sadditonal
el eglintabid séeidoreluefordiementsaretie etdotricdl coptit Withnsaid first
said printable sem conductor elenent relative to said
fi r 8hdsesend GRCrOg8Sd second el ectrode or both is
selected to within about 20 mcrons or within about 5

m crons. 125
18. The electrical device of claim 13 comprising a device selected from the

group consisting of:
a transistor;
a solar cell;
a photodiode;
a light emitting diode;
a microelectromechanical device;
a nanoelectromechanical device;
a laser;
a P — N junction,
a sensor;
a memory device; and

a complementary logic circuit.

19.  An array of electrical devices comprising:

a first electrode;

a second electrode; and
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15. The electrical device of claim13 wherein said
printabl e sem conductor elenent extends a | ength
which termnates at first and second ends, wherein
said first end of said printable sem conductor el enent
is positioned within 5 mcrons of said first

el ectrode, and wherein said second end of said

pri nt abl Il : j b it R
B cr ond AFFIGPECHEERIARIROhYSOP BEMERS SAnottin Bath of
devi ce obaid ginntaBlenwhsamicondadtdr f eleswerdtad asec @aditioned in

el ectrode re,separated by i Stance_ that isS _greater..
t han 50%9%‘3%{% COB%?SM =pé’:g 3?% ?,rpc? SESRD Slectrdadh e hlein
seni condegéRr ofe seRE PFintable S-E;\tfﬁclgh@l%tbf EmeRY %_@n‘ﬁfrilses a

claim 13 further conprising east one additiona _
pri nt abl gniéalyi nsrgaricosemicondctorwslsueiLre, agad t wbeegin  said

Cont act AT0ROE SHE Buckl oIS aFalle d B dab6] petween
The el ectsidcfirst dadiseeonl aléetradeb3graingr ihanngr équks \to sbout
sel ected fromthe group consisting of: a transistor;

a solar €8%.; a phot odi ode; a light emtting diode; a
m croel ectromechani cal device; a
nanoel ectronechani cal device; a laser; a P - N

20j undini armgy ofeeleetnsal deviceaecamprisingl ce; and a
conpl ementary logi¢c circuit. 19. An array of
el ectri cﬁlf"'%ee/ﬁ)? Conprising: a first electrode; a
second el ectrode; and 126

a second electrode; and

a plurality of printable semiconductor elements, wherein each of
said printable semiconductor elements are positioned in
electrical contact with said first and second electrodes, wherein
each of said printable semiconductor elements comprises a
unitary inorganic semiconductor structure having at least one
cross sectional dimension greater than or equal to about 500

nanometers.

21.  An array of electrical devices comprising:
a first electrode;

a second electrode; and

a plurality of printable semiconductor elements, wherein each of
said printable semiconductor elements are positioned in
electrical contact with said first and second electrodes, wherein
each of said printable semiconductor elements comprises a
unitary inorganic semiconductor sfructure, and wherein the

concentration of heavy metal impurities in each of said inorganic
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23.

24,

25.

26.

a plurality of printable sem conductor el enents,
wherein each of said printable sem conductor elenents
are positioned in electrical contact with said first
and second el ectrodes, wherein each of said printable
sem conduct or el epments conprjses a unitary inorganic
seni cond&erongiuetart strecturgsqiswiesp dhanseli §aua) ionfl apars per
sem condp@ﬁeﬁ gipEents provide a fill factor between
said firs second el ectrodes greater than or equal
to about 20% 20. An array of electrical devices
% qn)?: a fi rﬁéﬁe ectrode;. a second el ectrode;
22400 AR I A slegtrisal devicRSEIOPEEIRFonduct or el enent s,
wher ei n a3k Qbctr§dd:d printabl e sem conductor el ements
are positioned in electrical contact with said first
and second el ectrodes, wherein each of said printable

sem conduct or rises a wunitary inorganic
sem condﬂ&egpngte?‘%ﬁ'queeaﬂ ving at | east one cross
sectional dinension greater than or equal to about 500

nanoneters. 21. An array of electrical devices
conpri si Aglurality of printab %@@ndﬁctgé@tﬁme@ﬁewhemeach of

and a pl I| p
wher ei n gé@h O?’ntgf)le déé}bi?'gb gp]s%%ﬁg%ﬁ ucatr g?@'@ﬁ in
are posi talemtr&xialmontattemﬁthl gaid firstt aved sucbhdseiedtrtbdesit and

and second el ectrodes, wherei ach of . s nt a

Seni condWPERrnenBRsioR AfpFR S e cpririabie; SemeARLctor
sem Condélétn‘i’én@;rétﬁﬁ{ré‘ k& salﬁrfﬁst@@&ﬁ'btﬁb tifid second electrode or
concentration of heavy netal inpurities in each of

sai d i nobgtmissele?qd tewithinoand thOrmirenst ures is | ess
than or equal to 1 parts per mnillion atons.

The array of electrical devices of claim 22 wherein said printable
semiconductor elements are substantially longitudinally oriented with

respect to a selected alignment axis.

The array of electrical devices of claim 23 wherein said selected
alignment axis extends along an axis which connects the closest points
of said first and second electrical contacts.

The array of electrical devices of claim 22 wherein the positions of
each of said printable semiconductor elements relative to said first
electrode, said second electrode or both are selected to within about 5

microns.

The array of electrical devices of claim 22 wherein each of said
printable semiconductor elements extends a length which terminates in
first and second ends, wherein each of said first ends of said printable
semiconductor elements are positioned within 5 microns of said first

electrode, and wherein each of said second ends of said printable
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22. An array of electrical devices conprising: a

first electrode; a second electrode; and a plurality

of printable sem conductor el enents, wherein each of
said printable sem conductor elenents are positioned

in electrjcal contact with said first. and second

el eSerieRducigrelementsane F?Q?é“%’l%ﬁ Vithi omicrges opsaid gegond
pri Rigilggesem conductor el enments relative to said

flrst electrode sai d second el ectrode or both is
selected to within about 50 microns. 23. The array of

27§ lefri 'néﬁley & Vélce [ Qeglpgs Stgfz cla erfda{\}yt}s;}arélgl pOSIP ons of

| onghkbH ¢ sald fz!nr‘ithb%“éeﬁﬁlc%abctof %%Pﬁ@r‘itstrélaﬁvé% _abR Sther is
al i gnment axi s. . The array of electrical devices of

cl aiselezfediocwighin aﬂmwSmtcmnSed al i gnment axi s extends
al ong an axi s which connects the closest points of
said first and second el ectrical contacts. 25. The

28ar r gy mdthed efor r asstimislilg @eprinfabld demiéendiitsrcieenidit on a

positions of each of said printable sem conductor

el efiesriyng sudare of asubatrate; ispist methasb¢erppEsing dheysteps of:
second el ectrode or both are selected to w thin about

5 mcrons. 26. The array of electrical devices of

cl ai m 22 prdwddiagnsaidc primtbbkaisdmigonduckd eleswamtcoomiprising a
el enents e)%tendsal_enth ich termnates in first

and secoNAIRYJBOraRN SFTRICOREHCIOF SEUPWIE r st ends of

said printable sem conductor elenents are positioned
wthin 5 mcrons of said first electrode, and wherein
each of sahtacﬁegor%icénaﬂntablesaisenmc}ndta:Mre eleaent with a

sem conductor e nts. ar 0sj ti.oned WI

of 'sard SabbmabE Bansish eV haBE R chhlalt Yurathy hBAfein
devi ces ebnchi Betvkathesid NcbhRicPOSUFacSafd  s&idc priptable
said printable sem conductor elenents relative to each

ot her i sserégassiuetort elemeni rbiag®usaid priotaple . semiconductor
element to said contact surface, thereby forming said contact

surface having said printable semiconductor element disposed
thereon;

contacting said printable semiconductor element disposed on
said contact surface with said receiving surface of said
substrate; and

separating said contact surface of said conformable transfer
device and said printable semiconductor element, wherein said
printable semiconductor element is fransferred onto said
receiving surface, thereby assembling said printable
semiconductor element on said receiving surface of said
substrate.
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28. A nethod for assenbling a printable sem conductor
el ement on a receiving surface of a substrate, said
nmet hod conprising the steps of: providing said

printable sem conductor el ement conprising a unitary

i nor ni c sem conductor s ructure; co tactin
29| ﬁ]@mﬂé@ thad eloRRiA: 4 Wheraintcanfemnal ceRias ﬂmt%bhshed

tranghpé ﬁi?Hé ©®n Cf”tﬂfa@ecd?”éa?&tco%%rme tMeFk dbvice and

cont act etvveen sal d contact surface and sail

pri @nadotternat suifaendiisaid priatabie semicordkickriadepentt abl e
senm conductor elenent to said contact surface,
thereby form ng said contact surface having said

300 | MRbIth6d SOBRIIAL 98 Rhersmt catifePRsiedonthbEe i€ Mitablished
contacting said printable sem conductor el enent

di spebeeenrsaid stantagihsudace having: ssid nprintadler semicanggctor

coneRte ko HeBE A e BRchFRY Sl o vnsrate

and said printable sem conductor el enent, wherein said
printabl e sem conductor el enent is transf erred onto

31sai d hersgthog oficlaim R Mereinesaid semcengiGtoiyelement disposed

print.a I [ VAP ;
oL PIESAR, oBE SUAHG! 56 SHRTSRY O ST LHLERREI0 o o
cl arecslgingtmrizice witinfooplasbmenhtagcuracy grebbdyl thahedt equal to
bet ween e .contact surface of said conforppble 2
©r o EPU 2 BUFRBS e BdRCaYG SHTaCE, PR g] ekt 5 om”.
printable sem conductor elenent. 30 The nethod of
claim 28 wherein conformal contact is established
32pet iklermstiiad efotlaiie 28 suhgratrean adhegivedayerjsiniowded on said

ST Sl WPl RSSO SN gen '

cl alct’fhfé%té/d?wm @aﬁialadhéﬁma CIQVdrU@iUﬂhgeﬂr@rﬁ@Qt ofli i gRithtable
on said contact surface is contacted with a selected

r egsemieANdisiar elerment (o srid sepaivibg swrfese £f spiscehstrate.
accuracy greater than or equal to

33. The method of claim 28 wherein said receiving surface of said
substrate is a curved surface having a radius of curvature selected

over the range of about 10 microns to about 10 meters.

34. The method of claim 28 wherein said conformable transfer device

comprises an elastomeric stamp.

35. The method of claim 28 wherein said steps of. contacting said printable
semiconductor element with a conformable transfer device, contacting
said printable semiconductor element disposed on said contact surface
with said receiving surface of said substrate; and separating said
contact surface of said conformable transfer device and said printable
semiconductor element comprise dry transfer printing said printable

semiconductor element onto said receiving surface.
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about 25 microns over a receiving surface area equa
to about 5 cnR. 32. The nethod of claim 28 wherein an
adhesive layer is provided on said receiving surface,
wherein said printable sem conductor elenent is
cont.act ed mnth sai d adhesive | ayer durlng transfer of

365ai d her Methosl of claim 28 whrrelr saif siepiof IOWding said printable
r eC&ig @g&vﬁ}&éﬁcéleﬂferﬁa'cenﬂﬂ@éér ?E?\flacé O#Q?(gafégﬁ{%o%tor

cl ai erein sald recerving
substieraert insa asednu’te@abnenta‘tmeoma\nmmeat subgirate, afherein said

Cur Y SRR % SR e Hhrd e TR

sai @Lﬁﬁ@f&fﬁlﬁ@ With rs%“k?“c%hteﬁ:@‘éhﬁﬁce Ct?,ﬂﬁﬁ'él BPndht malntalmng
el astoneric stanp. 35. The net hod claim 28 wherein

sai ¢lemepis which copuples i sajds madheyr iswbalsete and said printable
sem uc ne with a conformable transfer
devﬁ%ﬁﬂg@ﬁ’r{%%éﬁ@e%ai d printabl e sem conduct or

el enment di sposed on said contact surface wth said
recei ving surface of said substrate; and separating

37sai d hecmgthad okolaimcis whersin @atdoﬁhe@r@fa@ﬂ@a@h%gmérprlntable
dev's‘éﬁwlé&gjr rdel%|r tamsﬁo§§(? Bef %Qgi" %ﬂf&{c&f' m'é with said

conprise rans sal rin
semre@r‘.lmaiugtshl.rrfaieemeealdosutmtmm demeeedmténgagaaﬂ é?deahghaﬂant
36. The, net ho rein sai st of .,

> oaInisIag, e fienk Bisrety seps ey saaoprispBRs gemiconductor
Con@iérﬁgﬁtf%rﬁ\ga% RibtR& slbsggteonductor  element in a

sel ected orientation on a nother substrate, wherein
said seI ected orientation of sai d sem conduct or

38 ontHEMETIRR S 20 Ul T e TeS RPRGT ol emront

whi ch coupl es said not her substrate and said printable

sem conductor_el enent. 37. The nmethod of claim 36
wher ei n Psddisgepd@tionainpriablegsemicendurion alements each of

i thoai dictiednBRERb £1iaREs R 3Rl air SidET

di sengages said alignment naintaining el enent,

t hereby rel easing said printable sem conductor
el enent FPBiACHRYd SR herintablsst sefpiconductor ~ elements  with a

conformable transfer device having a contact surface, wherein
contact between said contact surface and said printable
semiconductor element binds said printable semiconductor
elements to said contact surface and generates said contact
surface having said printable semiconductor elements disposed
thereon in relative orientations comprising a selected pattern of

said printable semiconductor elements;

contacting said printable semiconductor elements disposed on
said contact surface with said receiving surface of said
substrate; and

separating said contact surface of said conformable transfer

device and said printable semiconductor elements, wherein said
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38. The nethod of claim 28 further conprising the
steps of: providing additional printable sem conductor
el enents each of which conprising a unitary inorganic
sem conductor structure; cont acti ng said printable

senm conduct el enments w or ma I e fer

Gov! co Al SomaaRdelatt & sl%n oA Aransifrretonto said
bet ween f‘réb@ivﬁlgnél%écé%f véaéﬁbrﬁ%qldﬁsa%ﬁpnsmg said
sem conduct or €&l enent bin sa printa

sen condgelanted phdent s to said contact surface and

generates said contact surface having said printable
sem conductor el enents di sposed thereon in relative

30" | THeMaNed WINFIAING | 3B) viheF8ine SdigdpAftabRY BelficorRidictbrs are

printabl e sem conductor el enents; contacting said

pri mrayded sang ewnihae substeateip e wlateserderiationseemprising
cont e S [ S

cupsEi, SECAE obin, hE W RALCIELRT Sledfidng pre
confppesabéd during sfaprsferde \sattbreaetvirgps gifacd. nt abl e

sem conduct or elenents, wherein said 131 printable

sem conductor elenents are transferred onto said

40, €CENE AGhtRYS fFCBIal §8"\ghér‘i‘e||r?téa‘i’c? c?g‘ftﬁ%ﬁlé qr’%nsfer device

41.

conprising sai sel ect attern
cl aiestBdishber etbmfosm'abl cpnntamtameéwsem trendearitacts sarface and

[ bst t [ d [ . .
b elered RuPebie, Pelycnticht enBolThik i Aot Seig printable
Vmers@hﬁc&ﬂhﬁtdﬁ'e@éméﬁtsoriréi’éw 'g&hiaréﬂ' iy i @S&Bl’y‘tﬁ@t surface
during transfer to said receiVvi ngm;rface

met Hiv@asrlngf sajd irintade wesmisonduioye rﬁrdmsedtﬂwgmrem said

deV| n .t
contSetvE PSS o B Ty SRR e paRb AR ety i
el englatige rfentatiord! brofpraseedr duvimplt@ansfarntcs gall eéediving
el enents, thereby generating said contact surface
havﬁHHag%:l d printable sem conductor el enent di sposed
thereon in said relative orientations conprising said
sel ected pattern, and wherein said

The method of claim 38 wherein a pattern of adhesive material is

provided on the contact surface of said conformable transfer device,
wherein said pattern of adhesive material at least partially corresponds
to said selected pattern of printable semiconductor elements.

42. The method of claim 38 wherein said selected pattern of

semiconductor elements is generated on said receiving surface of said
substrate with good fidelity.

43. The method of claim 38 wherein said conformable transfer device has

44,

a plurality of contact surfaces having relative positions corresponding
to said selected pattern.

A method for assembling a printable semiconductor element on a
receiving surface of a substrate, said method comprising the steps of:
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relative orientations are preserved during transfer to
said receiving surface. 41. The nethod of claim 38
wherein a pattern of adhesive nmaterial is provided on
the contact surface of said conformable transfer

device, wherein said pattern of adhesive nmaterial at

| east parpt“i’\éHj'I“Q 8 Bﬁ’a@ﬁ’& semjcenquriar elerpent patEphg a
of print T=Yag : . i had

ol af'm 35 CanGROERty sEhRorPUER e e, wiskITEAR HHrRAble
sem condsetricoreluetemteleimenyehas aatdlcast sanel crssi \sestional
surface of sai.d substrate with good fj ity. 43. The
ot hod. o TERRTAN SBREE HEonequrI 08 APai & BatomRtrs:
device has a plurality of contact surfaces having

relative positions corresponding to said selected
pat t er n. dispergingesaiddseémiconduelop| elagent pni atsaivent, thereby

sem conduct or_.el engnt . receiyjr urface .

subst  at SENE Gt HoeE noyeBshgPhS FtbRdnd; s5Rf opBmihgguctor
provi di nglesraekt inrsaid edlvenisartdconduct or el enent
conprising a wunitary inorganic sem conductor

structure, wherein said printable sem conductor

el enent . j I j '

arcator (piyctind SR, 4HieChA3oE SRR o CLPSAbeRate by
di sper si sglutiendpsing cail ctiepersioneontoi said ssmleivimg ,surface

t her eby eneratin .suspensi on.conprising said .
sem cond I8Py @PRRRING oA 3ORUIANEIEIoT RIPTRETY (B9 ngaid
said senhggqugggﬁa@gpnent to said substrate by

solution printtng sald suspension onto said receivVving

surface thereby assenbling said sem conductor el enent

4534 JEr anetnel @ pBinG R Torel e slFP Bk opetd

46.

47.

48.

el egerficdriustird chirhGritr 8 esdY Slstitdi® by rdoitioro printidlg said
suspension onto said receiving surface uses a printing
t ec/SHBRERSIOR cPriet 8AIdf FerAiYing §YDBRAGE UHeS &t PAPLiRG : technique
selected from the group consisting of:

ink jet printing;

thermal transfer printing;

capillary action printing; and

screen printing.

The method of claim 44 further comprising the step of directing said
semiconductor element onto a selected region of said receiving surface

and in a selected orientation.

The method of claim 46 wherein said semiconductor element is
directed onto said selected region of said receiving surface and in a
selected orientation using electrostatic forces, magnetostatic forces or

acoustic waves.

The method of claim 44 further comprising the steps of:
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50

51.

52.

ink jet printing; thermal transfer printing;
capillary action printing; and screen printing. 46.
The nethod of claim44 further conprising the step of
directing said semniconductor elenment onto a selected

regi on of sald receiving surface and in a selected
ori ent at iRsAYiding. adwiongk printable semicendectan @lemantsawherein

sem condygtar, J%mealtfoﬁan iS5l oRbAdBEY cfith&iikihs at

region of 'said recervin I'n a

ori ent at |Iemstusm@g;re$$csecwi&ltdime‘:mcn'egreatag mleamsiraequal to
forces or a?g@étl C wa es._ 48. The nethod of claim44
further r’i‘é’nf’m@ §Feps of . 133 providing

addi ti onal printabl e sem conductor el enents, wherein
each of said additional printable sem conductor

el ement s digperaing daid semicoandaicty elementoimasaidiisobvept, dhereby
greater tha r equal to about 500.nanonet

di sper si MEHUNG ot HSHEEPER PURRHTIAY; pald,; §emiconductor

sol vent, dideptayin sarNesl@éht@nd suspensi on conpri sing
sai d sem' conductor elenents in said solvent; and

delivering said serri conductor elenments to said

substrat e v, . Lé#d %nﬁ’i&éu’?&u&gr %‘T’érﬂeﬁfés Re r&%’loo r%a:%@ rdte by

said recelving ace here assé

sem condgotutione prnting Saimtsasmslon rcﬁﬁelsa[@greeaivfn@ceurface
49. The rreth d of Clﬁllm44 &urther co rising
steps of theJEBYi assmaling mai gsefrwpaﬁu rs%'ﬁﬂ‘er”é%é?ﬂﬁpnﬁa'd

surface trg@éwgg@q,ﬁabg_ said sem conductor el enment, and
bi ndi ng sal m conductor elenent to said binding

region of said receiving surface. 50 The nethod of

Cl al'Ime me%ﬁh oeflclaus’aI tgf hnecll*lcn pns% e'sstegxdmphl e or
providing a binding region of said receiving surface that binds to
said semiconductor element, and

binding said semiconductor element to said binding region of

said receiving surface.

The method of claim 49 wherein said binding region is hydrophilic or
hydrophobic.

The method of claim 28 or 44 wherein said substrate is a plastic
substrate.

The method of claim 28 or 44 comprising a method for fabricating an
electrical device selected from the group consisting of:

a transistor;

a solar cell;

a photodiode;

a light emitting diode;

a microelectromechanical device;
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hydr ophobi c. 51. The nmethod of claim 28 or 44 wherein
said substrate is a plastic substrate. 52. The nethod
of claim28 or 44 conprising a nmethod for fabricating
an electrical device selected fromthe group
consisting of a transistor; a solar cell; a

phot odi o@ananpglegrmmeshanica gleyicsie; a

m cr oel ecdtlégglechani cal device; 134 a

nanoel ectronechani cal device; a laser; a P- N

juncti ona BrdNgundiiopt endntary |l ogic circuit. 53. The
nmet hod of claim44 V\,h%rej n.sajd printable

seni cond FcEYPPIEMSHEAY 10gIGGiRUE. corpri ses a handl e

el ement, said nmethod further conprising directing
sai d sem conductor element onto a sel ected region of
53sai dhermethiod obclgim dceharein saidaprirdhblet samiconductat element

usi sai d handl e lenent, 54. A nethod r -

{ 2R fRPRRSRT @ BAREIe Sl e o meaeha iher, gorgerising

et ipdchifgaid iseeitdiRiuctaPeleficnt By 4lisedled\@é§ibn of said

havi ng an external surface, said wafer conprisi ng an
e

i noreeRiviog s swifaeshdnst on astelectar; ofierieiing usivgl saidebandle
regie‘l’é}n&qt said external surface by applying a nmask;
etchihg 'sai d external surface of said wafer, thereby
generating a relief structure and at | east one

exposed surface of said wafer, wherein said relief .
54s_t r Acte °Fla§3'afﬁ%ﬁgsﬁdﬁﬂﬁﬁé'%ﬁ@rwo'h%ﬂféor lﬁiﬁﬂ%t@dsa'd
Si d&Sathod comprising the steps of:
providing a wafer having an external surface, said wafer

comprising an inorganic semiconductor material;

masking a selected region of said external surface by applying a

mask;

etching said external surface of said wafer, thereby generating a
relief structure and at least one exposed surface of said wafer,
wherein said relief structure has a masked side and one or more

unmasked sides;

applying a mask to at least a portion of said unmasked sides of

said relief structure; and

at least partially etching said exposed surfaces of said wafer,

thereby fabricating said printable semiconductor element.

55. The method of claim 54 wherein said printable semiconductor element

is connected to said wafer via an alignment maintaining element.
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applying a mask to at least a portion of said unmasked
sides of said relief structure; and at | east
partially etching said exposed surfaces of said wafer,
t her eby fabri cating said printable sem conductor

el enent . The et hod of claim54 wherein said
56pri Ehaun@tf@élnpi: sladmcd 4 fiuehengspmprising: Bien staneaf dgpesiting a

vaf gio) %@cd%@]gf‘lo:nal ik ig 4e)¥f§ LIRS \ﬁhgﬁé‘ﬁpg?ﬁ?%ﬁplggﬁgyctor

The e eér conpri sing

depekimantgcampudsed @t narganiyesemicbndeetod stsuctureain contact

surfﬂﬁ MF {eln sai d sem conductor elenent conprises

an YWHBAHRIES i conduct or structure in contact with

a dielectric. 57. The method of claimb54 further

conprising the steps of: depositing a dielectric |ayer
57.o0n $he dnathod of alair i fadber ebmpdsing tbaisteps eft ectri c

| ayer hag an.inter I. posite, an. external side, .
whor ei - Seetit & ARedid G SR et Bt Flfas, aphéiein
in contagll dildetranidleP iy Bl inErhalRSRIeObpp@die ¥af&temal
and depositing a conducting |ayer onto sald externa

si de of sidpdwhereineseidi exteayalr sidanek spid diglectric layer is in
sem cond GifEe ﬁﬁﬁggﬂteﬁgméfé fRed o L86IHE and

sem condUc Structure ctric an
el ectrode, wherein said dielectric is positioned

bet ween said crystalline seg conduct or, struclal de ?
sai d el eB@RYINT Bg condyglingo RYER ONte F1aid Axtergay side of said
printabl gea Ee%'ﬂ’ic?!%?g pctor element connected to a nother
waf er via one nore al i gnment mai ntaining el enents,
said method conprising the steps of : providing said

m)th r waf er .havin tern surface, said wafe

Ry il siaAnaddhr! temetl o &ofinrisiss) a"“inbhganic
msgérﬂ&oﬁdﬁ&b?“s‘h@@tdr@ﬁ'aoﬂldéctﬁé"zﬁdeéheélééﬂroéé”\ﬁvﬁéﬁénbysatd
app yl ng a etchi ng said external surface of

sai dietegfréy | ist hms;w;neg:bngeMQerg gaid crystalline semiconductor
structure and said electrode.

58. A method for fabricating a printable semiconductor element connected
to a mother wafer via one or more alignment maintaining elements,
said method comprising the steps of:

providing said mother wafer having an external surface, said

wafer comprising an inorganic semiconductor material;

masking a selected region of said external surface by applying a

mask;

etching said external surface of said wafer, thereby generating a
relief structure and at least one exposed surface of said wafer,
wherein said relief structure has a masked side and one or more

unmasked sides;

etching said exposed surfaces of said wafer; and
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relief structure and at | east one exposed surface of
said wafer, wherein said relief structure has a
masked side and one or nore unnasked sides; etching
sai d exposed surfaces of said wafer; and 136
stoppi ng etching of said exposed surfaces so that
conplete release of said relief structure is

prevent egtc%pgﬂ%{?%?éhlﬁ 5 Said ﬁg;ao%gd gu%l:ﬁéaéd ‘fh?t complete

seni cond I eman connecte
one or nesleasd |ogr$aﬂhte[mﬁlsmmtme ng pebmrﬂedi,stheﬁ@by Tettmcatmg
i nta

t hod of cl wh
Lo cond g8l prigiabli S nFR GEa SO GoaneRed tg 3 jmether
end and @\ra?@rcﬁﬁ@n‘é'& mIREAIRIInGRIAainglihifg Bdthents.

mai ntai ni ng el emrents connect said first and second
ends of sa| d printable sem conductor elenent to sai d

th d of, cl 58 wh
591 | A hETE O AT CE N EPERERE PHIA SEmigonLian efent
Wi thad 4 Pééhutemapfmw.tﬁ 8 TRanehEafld AREESHd ehall dvherem said
al i gnment mai ntai ning el ements connect said first and

secahm@ﬁubmntawsu elementasoansehsaid fusicand seremngends of

L N A

conprising the steps of: provi d| ng a waf er having an
external surface,, said wafer rising an inor '

605 o166 BEMOG of SHaiEk DA QUASTERL 50 ATBHAGIRSesTICapHOr Slement
ext E{’["e rlﬁHﬁﬁ%‘fﬁlp?ywﬁ‘lﬁ’(% ﬂs@%c[ﬁlm?d ras'seﬁgr?cggnﬁt WHetGin said

sai erna ace
genaliginegt mainghinireg eleynerits reeinhett said dwsMam second ends of

annealjin i d waf er her eb ner t|n nnealed
xt SALpTEElprsatdoonagto HemarL & sad g eA Nl sai d
anneal ed external surface by applying a second mask;

and 137
61. A method for fabricating a printable semiconductor element, said

method comprising the steps of:

providing a wafer having an external surface, said wafer

comprising an inorganic semiconductor;

masking selected regions of said external surface by applying a

first mask;

etching said external surface of said wafer, thereby generating a

plurality of relief structures;

annealing said wafer, thereby generating an annealed external

surface;

masking selected regions of said annealed external surface by

applying a second mask; and
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62

63

64.

65.

66.

67.

etchi ng said anneal ed external surface, thereby
generating said printable sem conductor el enent. 62.
The nethod of claim61 wherein said printable

sem conductor elenent s connected to said wafer via

an alignnent maintaining element. 63. A nethod for, .
fabri cat BHyINg saidnnaaled @ﬁi%@%aﬁw’%&e: @P%ﬁéﬁ@?nggtwg said
met hod cgﬁﬁﬁjbﬁ' Q&nﬁd’éﬁdﬁ&ﬁ?%l entr oviding an ultra

r

thi n waf aving an external surface, said wafer
conprising an inorgani c sem conductor and having a

ot SPRANetOaTam RS S R SeaRtotfuctd Jement
ext &y HneTtEd RESaI0 WABP ¥ aMbalynnidrthaifitdimihg ®IsmAbst.
external surface of said wafer, wherein said wafer is

et ched t hroughout said thickness along said axis

ortho t i e[ nal f . y .
ey SE0RGaL B PR AN 4 PruAble, e RlsRa glgment, said
A phigihed cempritingahd sty ofel ement conprising: a

unitary crystalline inorganic¢c sem conductor structure; .
and at | PEBMdigacamaiiea &hib) watal: having ant edtaraalsayréace, said

crystall| [ ' em c : r :

The- pri niaEye SRR 2 T gRAks kpinicirddElad fnd Faving a
wher ei n seledteththitiness| alongt ansaxiespiimsjonal tto said external
magnetic _field, an electric field or both. 66. The

pri nt abl 8Y48%f:conduct or el enent of clai m 64 wherein

said handle elenment conprises a ferromagnetic

material. 67. The printable sem conductor el enent of

cl ai m 64masking se¢lagtedwegionsraf| said estesnalssurfege Beapmiwing a
printabl e sem conductor el enent of claim 64 wherein

sai d uni * crystalline inorganic sem conduct or
structure is a ribbon extending along a central axis

and term nating along said central axis at a first )
etching said external surface of said wafer, wherein said wafer is

etched throughout said thickness along said axis orthogonal to
said external surface, thereby generating said printable

semiconductor element.

A printable semiconductor element comprising:
a unitary crystalline inorganic semiconductor structure; and
at least one handle element connected to said crystalline

inorganic semiconductor structure.

The printable semiconductor element of claim 64 wherein said handle
element is responsive to a magnetic field, an electric field or both.

The printable semiconductor element of claim 64 wherein said handle

element comprises a ferromagnetic material.

The printable semiconductor element of claim 64 comprising two

handle elements.
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end and a second end, wherein said handl es el enents
are provided at said first and second ends of said
ri bbon. 69. A nethod for assenbling a printable

sem conductor elenent on a receiving surface of a
substrate, said nmethod conprising the steps of:
providing said sem conductor element conprising a

68”” t'ﬂf{%gn@t{aﬁﬁé %hﬁ&%dhﬁ r%@&hénﬁﬁﬁb@ﬂﬂ%%brég%ﬂ Hhiary

ement ISpeI‘SI ng sald sem conduct or
eI ercgystalline aineogaréat sernicendbstor genetwrei isy aa ribbepeexdending

duct | nt
S orea Hef vl e 00 Bl Rtioa RIfBe il Ceninl axis 2t drst

subsdrideaifd BYsecahd I@fds WHersinl shid WaRaRs! él@m@ﬁfsoar%ﬁb@wd ed at
receiving surface; aligning said sem conductor el enent

on mldjﬂmaed\aeﬁgn@@nda@ésawrmu ding a magnetic
field, electric field or both, wherein said nagnetic
field, electric field or both interacts with said

edan{ Emeﬂ?ioaﬁﬁﬂt asstehﬁbliﬁ@’ 0 phgtatlé ngericbattctoMbighent on a
noves sajd sem conductor elenment into a se| ected

posiresMingriyrgcea Betubsiyate.is9id mpihed semprising thaisteps of:

sem conductor el enent onto said receiving surface.
70. A printable P-N junction conprising a unitary
cryst al | iprevidimgr gaid csemieonductduclement ra:mnplrimn@aai agitary

at | east on ross sect.ion dinension reater th
Sl £ o RANG o BORGAY e PeSOrRIEioE: STUGRES and 8 Rhndle

crystal | ighgmehfior gani ¢ sem conductor structure
conprises a P-doped region in electrical contact with
a N-doped region. 139 71 A transi stor supported by a

pl astic substrate c urce.el ectrqde i

o oot ri cAISREHINECEA PrMEoBRiAPL FIEMet in g reRliey thereby
el enent, qeAkehiMg néatﬁL%péﬁQbﬁO%rﬁp@émQ' &Nt semiconductor
conprising a uni tar crystal line inorganic

sem cond@groent istsait selvent;

delivering said semiconductor element to said substrate by
dispersing said suspension onto said receiving surface;

aligning said semiconductor element on said receiving surface
by providing a magnetic field, electric field or both, wherein said
magnetic field, electric field or both interacts with said handle
element, thereby generating a force which moves said
semiconductor element into a selected position and orientation,
thereby assembling said semiconductor element onto said

receiving surface.

70. A printable P-N junction comprising a unitary crystalline inorganic
semiconductor structure having at least one cross section dimension
greater than or equal to about 500 nanometers, wherein said crystalline
inorganic semiconductor structure comprises a P-doped region in

electrical contact with a N—doped region.
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a drain electrode in electrical contact with said

printable sem conductor elenent; and a gate el ectrode

separated from said source and drain el ectrodes,
wherei n applying an electric potential to said gate

el ectrode affects the flow of el ectrons between source
and drain electrodes t hrough said printable

; h
715EM £ RaAL |e i f)SHEH:%bI E&ﬁé@uéﬁfﬁe%gﬂﬁ r has a

devi ce

ect Ity equa gréeater than
100 cn?2 V-1 S-1. 72. A stretchabl e sem conduct or

Cuppor i A SRHreac Blediaer 1o Rleciiilc FBaGH i printable

havi ng as‘é%&@ﬁ’dudiéle@lb?ﬁerﬁursfaﬂﬁ%ﬂntéﬁi@rs@nﬂc@ﬁducﬁ@isblel“nent

portion of said curved internal surface is bonded

sai d sup@emprsnNg ueaf ageitary staystaﬂinexulbbagammuseml@nductor
73. The s&re chabl e sem conductor elenent of claim?72

wherein &

MG % mi conduct or structure is in a bent

conformation. 74. The stretchabl e sem conduct or
el ement of claim 72 wherein said crystalline

i nor gani @ séRincovleeiEeds i aleqtied rablact cwithegaid printable

ext er nal d curved i nternal
sur f ace. Sfﬁﬂéé'?@ :@Eéeigﬁﬁqgt abl e sen conduct or
el ement of claim 72 wherein sal d sem conductor
structure having, said, curved ternal surface is unde

strain. Po OatRe QleGtiaden Sanaraled; JeAySA SRR ands drain
ol ai m 72 hisickied, Sidteinbgihg Bh HBBHCBUILAS BASaid! gate

| east one convex reglon | east one  concave

r egi on. Ff’ectfﬂd@ affects thaafibw of @kdcdonsueetmees| souses aod drain
claim?72 a| d, curved |nter nal surface has, a
cont our - Gt At S BEAYE SeMRandlElcR Sermett

an aperiodic vvave 78. The stretchabl e sem conduct or
elenent of claim 72 wherein said sem conductor

st r whanele saidpirarsiston hashpoieviee diekk gffesloAiabifity aqueh to or

72.

73.

74.

greater than 100 cm? V' s,

A stretchable semiconductor element comprising:

a flexible substrate having a supporting surface; and

a semiconductor structure having a curved internal surface,
wherein at least a portion of said curved internal surface is
bonded to said supporting surface of said flexible substrate.

The stretchable semiconductor element of claim 72 wherein said

semiconductor structure is in a bent conformation.
The stretchable semiconductor element of claim 72 wherein said

crystalline inorganic semiconductor structure has a curved external

surface opposite said curved internal surface.
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havi ng a contour profile characterized by a periodic
wave extending the length of said ribbon. 79. The
stretchabl e sem conductor el enent of claim 78 wherein
said bent ribbon has a width selected over the range

of alﬁ%gt 5 mcrons to about 50 mcrons and_a ) )
7-hic stretchable serpigenduster r@ﬁ@‘@”bff’faﬁlﬁ‘m %@ wherein said
nanQuRtiesRdidor? X i
o ceAnEb o SRk yns RGP SR el dntefhdl syrgos. i under
sai é¢trairur ved i nternal surface is bonded to said
supporting surface at substantially all points al ong
said curved internal surface or at selected points
762! OMtheS AteHAbYE dmicBhaddtoF WikRfePt tlclalfi®72 wherein said
stretchabl e sem conductor el enment of claim 72 wherein
sai ¢urvedcintennal suhace hae aideqsti ywsconvex region or at least one
pol i .Si | oxane). 82. The stretchable
sem%%’gﬁ%ﬁ%[']#gél enment of claim 72 wherein said
flexible substrate has a thickness equal to about 1
mllLimeter. 141 83. The stretchabl e sem conduct or

77el eriyr shetchiabien seigaadustar lement «fi elgimuéRowherein said
SU QO£ ihlts%r 50588 WSS %%&ﬁggu%'i‘gﬁl?nﬁﬁgfa'c’?érizeﬁ by a
singl'e crystalTine inhorganic Sem conductor material,
or (enpdicsesvesongh apefiogistvedve.ne silicon. 84. A nethod
for making a stretchabl e sem conductor el enent, said
met hod conprising the steps of: providing a printable

78senieRNAuetPabis rdemhilbSdiRayE r&ﬂe%ntr&fe&%ﬁh_ 78U{herSn said

providing a prestrained elastic substrate in an

ex p&aticorstunter, struttareicomprisesehadhban dnles beat eonfigusation
external surface: and , bondin t least a portion qf

on eVt HaRREE pr cprrcindrchy 2 Bafbal i< sfoding the
st r Ysiigth of baidsdibrext ernal surface of said

prestrai ned elastic substrate in an expanded st at e;

and allowing said elastic substrate to at | east
par ti.al : te, [ . .
7P T8, {06838 dohuPand RAK B @ 8 Wherei said ben
ribbon has a width selected over the range of about 5 microns to about
50 microns and a thickness selected over the range of about 50

nanometers to about 500 nanometers.

80. The stretchable semiconductor element of claim 72 wherein said
curved internal surface is bonded to said supporting surface at
substantially all points along said curved internal surface or at selected

points along said curved internal surface.

81. The stretchable semiconductor element of claim 72 wherein said

flexible substrate comprises poly(dimethylsiloxane).

82. The stretchable semiconductor element of claim 72 wherein said
flexible substrate has a thickness equal to about 1 millimeter.
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83 ur Vid® isHelinble siamige

the internal surface of said printable sem conductor

structure, thereby generating said stretchable

sem conductor el enent having a curved internal

surface. 85. The nethod of claim84 further conprising

the step of transferyi ng said sem conductor _having a
Rdygiop slament i Qfg claips ¥ 2awberginggaid

IS f.eﬁﬁb&jlcﬁfct&&str-&eﬁlrémi%hgﬂ ﬁfor@é@b%é‘ﬁic@ﬂ@fj@tbp aterial, a

bonding at least a portion of sai Internal surface

of single prystallihd arganic sedthiconductor matariad, arocaaprises single

external .surface of said prestrained elastic substrate

i s ﬁl’@?’f’lﬁ%ﬁswﬁontoval ent bondi ng bet ween said

printabl e sem conductor structure and said external

surface of said prestrained elastic substrate, van der

84vnaals mathedaden anakingt aestictchableprsemiapnductor element, said

85.

86.

semn ct tu sai d external surface of
sai ﬁ%ﬂggtcpﬁh{%h{gtﬁ’&%tgeggﬂbst_rate or an _142

adhesi ve previ@ihgle bYiaRible abfiduridiicidt frirtifedenang bArinternal
structure and said external surface of said

prestrai SHHaBastic substrate. 87. The method of claim
84 wherein said external surface of said prestrained

el astic substrate has a plurality of hydroxyl groups

to provipoevidiagda paedtedined elssticdsytrstratalih @n expanded state,

sem conduct or, structure apd said external suyrface of

Sai d_pr e NI sl subsaErhAT.AN galemal HBCEram o

el ectrical circuit conprising: a flexible substrate
havi ng a supporting surface; and an electrical circuit
havi ng aboodingd at nieesihal pouitidracef, saideiirternalt surfacss tof asaid
portion of. said curved.,internal surface.js bonded t.0

o ' CouBpoiti Setipsauucth et el sBicl 2fRBeT Suitdee of
89. The %b{d?r@%ﬁbin@d@él@ﬁid $uitdtraié e ah exphndéd s nd
wherein said electrical circuit conprises a plurality

of integrated device conponents. 90. The stretchable

el ectric I rcuj [ rej id.
devi ce c%!lr%@lrr]]gn# éﬁaggsgé%@si%twgm&{ Ebea%gr%lm&‘ye%tgke@ a
consi sti ngaréd stateewhepsiduelaxatiohafehe;elastic substrate bends
the internal surface of said printable semiconductor structure,
thereby generating said stretchable semiconductor element

having a curved internal surface.

The method of claim 84 further comprising the step of transferring said
semiconductor having a curved internal surface to a receiving substrate
that is flexible.

The method of claim 84 wherein bonding at least a portion of said
internal surface of said printable semiconductor structure o said
external surface of said prestrained elastic substrate is provided by
covalent bonding between said printable semiconductor structure and
said external surface of said prestrained elastic substrate, van der
Waals interactions between said printable semiconductor structure and

said external surface of said prestrained elastic substrate or an
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87wav &heomethodeohatlainr84rawhatein sél

88

a dielectric elenent; an el ectrode; a conductor

el emrent; and a doped sem conductor elenent. 91. The

stretchabl e electrical circuit of claim88 wherein

said electrical <circuit is in a bent conformation.

92. The stretchable electrical circuit of claim88

V\headheslsaiielyen @etwdaemlsaictipr'trlhalnlehwhi@gndattor cirugtire and

i nter sur st.rain 43 93, The

L Sl ffecs ot ordtidingd elible Ribs e oi «

said curved internal surface has a contour profile

characterized by a periodic wave an aperiodic
ﬁieﬁecézmale stfager ptogaid

or ofteatiaidl s HsEREE b3 oSt udioxyl groves to
i nt provade mhﬁmgebetvm@vBdidngrlatabteﬁsbrrﬂttdmiﬂlc&jrasttucnure and
substrate in an expanded state, wherein said elastic

sub§eiddennas sufacsoksaid prasirained elastia subsiiieng at

| east a portion of said internal surface of said
printable electrical circuit to said external surface

of Aastrbtchpabds elexitriead cafbaﬂ;t:bmmilsb@:rate in an expanded

st at e; an allowa& el astic substr eto relax at

| east paPiiexihlg sy ?temvﬁigeﬂsé’f’a?'gn AEFPHAN

rel axation of the elastic substrate bends the

internal surface of said printable electrical circuit
whi ch geneelamtésalamirdwidmvim@ eurved inlernglisgriageewharein at
surface

circuit. Ie@os r: ?%b%t'ﬂﬁtqli '&V%g?h{eghgﬁ %eellss alr@eﬁaﬂo said

el ectrical mmuﬁglstma@msaiaSﬂmblalsuba{rattey of
i nt egr at ed devi ce conponents. 96 The nmethod of claim

94 wherein said integrated device conponents are

89.2 FL@%E&&EH%I@S!&%&P SRR S bR O8s viheBiH GaRf Ui @fical

90.

91.

92,

circuit comprises a plurality of integrated device components.

The stretchable electrical circuit of claim 88 wherein said integrated
device components are selected from the group consisting of:

a semiconductor element;

a dielectric element;

an electrode;

a conductor element; and

a doped semiconductor element.

The stretchable electrical circuit of claim 88 wherein said electrical

circuit is in a bent conformation.

The stretchable electrical circuit of claim 88 wherein said electrical

~ circuit having said curved internal surface is under strain.
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a dielectric elenent; an el ectrode; a conductor

el emrent; and a doped sem conductor elenent. 97. The

nmet hod of claim84 or 94 wherein said prestrained

eI astic substrate is expanded along a first axis. 144
The nethod of claim 97 wherein said prestrained

93e| aéﬁhec sygishebla eledricalx piiekibPlarlaify 88 SWEBHRIN axdid curved

ort gﬁ’[g@%‘? WHHQCé Had 4 laéﬁ‘lrouia kofile %ﬁar -@P&'ié%t G)ggbﬁ’%rio%@w\/e

erern sail res raine rate
|n an b areapkeibdid waeei s fornmed by bend| ng said elastic
substrate or rolling said elastic substrate. 100. The
net hod of claim 94 further conprising the step of

o4l 1 apSirRéthbAYfotal 'd“ts%@t&waqil@célébﬁlébl GireaH! salf thétod

95.

96

97.

a curved I nterna s rface to a receiving substrate
that:omnslr@dhblsskepaoﬂ. The net hod of claim 94 wherein
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surface of said prestrained elastic substrate is
provided by coval ent bondi ng between said printable
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printable electrical circuit and said external
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array of elecfrical devices conprising: a first

el ect r odeelaxed state, wherein relaxation of the elastic substrate bends
the internal surface of said printable electrical circuit which
generates at least one curve of said internal surface, thereby

making said stretchable electrical circuit.

The method of claim 94 wherein said electrical circuit comprises a

plurality of integrated device components.

The method of claim 94 wherein said integrated device components
are selected from the group consisting of:

a semiconductor element;

a dielectric element;

an electrode;

a conductor element; and

a doped semiconductor element.

The method of claim 84 or 94 wherein said prestrained elastic

substrate is expanded along a first axis.
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a second el ectrode; and a plurality of printable
sem conductor el enents, wherein each of said
printabl e sem conductor elenents are positioned in
145 electrical contact wwth said first and second
el ectrodes, wherein at |east one physical dinension
of said printable sem conductor elenents varies by

08! €S§HhNAR H?J%lon ctla% 9719v41erg ﬂ%ﬂ&ﬁﬂ%sﬁ’ém@ﬁ eﬁééﬁ& ﬁﬁbst;ate is

deV|ces o € 'aver age

sai eéxpanddédbloag saemcmmmm orthegemmbsambfnmt b)jnsl ess
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of claim 103 wherein the average widths of said
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100. The method of claim 94 further comprising the step of transferring said

printable electrical circuit having a curved internal surface to a

receiving substrate that is flexible.

101. The method of claim 94 wherein bonding at least a portion of said
internal surface of said printable electrical circuit to said external
surface of said prestrained elastic substrate is provided by covalent
bonding between said printable electrical circuit and said external
surface of said prestrained elastic substrate, van der Waals
interactions between said printable electrical circuit and said external
surface of said prestrained elastic substrate or an adhesive layer
between said printable electrical circuit and said external surface of

said prestrained elastic substrate.

102. The method of claim 94 wherein said external surface of said
prestrained elastic substrate has a plurality of hydroxyl groups to
provide bonding between said printable electrical circuit and said

external surface of said prestrained elastic substrate.

103. An array of electrical devices comprising:

a first electrode;
a second electrode; and

a plurality of printable semiconductor elements, wherein each of

said printable semiconductor elements are positioned in
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104.

108.
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electrical contact with said first and second electrodes, wherein
at least one physical dimension of said printable semiconductor

elements varies by less than about 10%.

The array of electrical devices of claim 103 wherein the average
lengths of said printable semiconductor elements vary by less than
about 10%.

The array of electrical devices of claim 103 wherein the average widths

of said printable semiconductor elements vary by less than about 10%.
The array of electrical devices of claim 103 wherein the average
thicknesses of said printable semiconductor elements vary by less than

about 10%.

The array of electrical devices of claim 103 comprising more than 20 or

more than 50 printable semiconductor elements.
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