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PRI NTABLE SEM CONDUCTOR STRUCTURES AND RELATED METHODS
OF MAKI NG AND ASSEMBLI NG CROSS REFERENCE TO RELATED
APPLI CATION 5 [001] This application is a
Continuation-in-Part of U S. Patent Application No.

11/ 145,574, filed June 2, 2005, which clains the

benefit under 35 U . S.C. 119(e) of U S. Provisiona

Pat ent Application Nos. 60/577,077, 60/601, 061,
FRINGAB 139 SEMICONIO 08 CIOR STRUCTORESOAND REEATED METHODS

4, 2004, August R MARING AN ASSEMBLINGO05, March 18,
2005, and May 4, 2005, respectively, the present

application 10 also clainms priority under 35 U S. C

119(e) t CROSS %EBERENQEIWQJBE&RTE&)MMAEFION

ol 20 Srirplistis TR ifiaERaRRa of 08 Sl MrfgaionNo.

11110453, 5734, dildcdedine @t 200%; iidHstiaints mettferieﬂtéuﬁﬁi@'dm 18.€. 119(e)

STATEI\/EI\IT REGARDI FEDERALLY S ORED
of [ EhRiisianal BB APRERROTNo DGRy AP L7 GRIBN BT, GRIE50.305,
607883239 Rhnd 80877161 70ES on‘(‘J‘uhB 4U'2t)b@dA&§l?§t CER 2904, February 4,

20governmental support awar ded nent’ of Energy

boMaray 5ht20Q08, andivE02- @DSEmt;vemdhe ieegoet @ppléication

alff AT LRGeS SR8 BfeSiie UsBLboBRlorfeh Pafkt Aphiidation

601789031 Omedtglgmhzs?gbaﬁw e r@?]e:rgbﬂﬁhﬁblbfﬂ\sbrg(léﬁ%yr reference

in {1 Antedlss 15iha gutent ng! igpens sBaLMt (he dseioBaie Thenbeen
directed at a potential new class of electronic

syst ensSTAKEM 'ﬁ@EGARD‘bNﬁ EEEEBM{%SBMQBEDC
devi ces on pI as E(‘SESMQ ?EVEL@?’VIWEIQ? F.

Haj | aoui , assar, rrvastava, P., ' sei ence,
[002]! . Taﬁﬁnv@gmn Was ﬂcﬁxﬂé at léﬁﬁﬁh paetc aithlUnitedBiatesnt i al

resear has been ed toward eveI opi
QOLSTUITER SUPBeR cumet R DAPRLIoT 6f LoBraY sy Grant No.

DEHGOR0Y ER35439 6nd HSTDeRIHESAR/ahiceH EMBRES AQ¥ncylumdek! e
pl astic el ectroni c devices. Progress |n t he ield of

Contréset B8E5Q04€1-7 10 dbe Unitee\Riates Goyrsnment hasiceriain rigpts in
| opment of new sol ution processable materials
tm%"ﬁ/eﬂﬁéﬁ by new devi ce conponent 30 geonetries,

efficient devic ocessin
met hods and hi g%@g&jﬁpme’ﬁwﬁ*' t echni qges
[ocE)P! Bkl tRe Fifst RleAfdristrafioly of & Prififed, bl pofynfarRRHsitor in 1994,

a great deal of interest has been directed at a potential new class of electronic

systems comprising flexible integrated electronic devices on plastic substrates.
[Garnier, F., Hajlaoui, R., Yassar, A. and Srivastava, P., Science, Vol. 265, pgs
1684 — 1686] Recently, substantial research has been directed toward
developing new solution processable materials for conductors, dielectrics and
semiconductors elements for flexible plastic electronic devices. Progress in the
field of flexible electronics, however, is not only driven by the development of
new solution processable materials but also by new device component
geometries, efficient device and device component processing methods and high

resolution patterning techniques applicable to plastic substrates. It is expected
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1 that such materials, device configurations and
fabrication nethods will play an essential role in
the rapidly energing new class of flexible integrated
el ectronic devices, systens and circuits. [004]
Interest in the field of flexible electronics arises
out of several inportant 5 advantages provided by
this technology. First, the nechani cal ruggedness of
th&l @&hi rﬁaﬁ%HQf%t b&lige @Bhﬁgfdrﬁﬂénéoéﬁﬁ’ PR atdF AictiRidsSwill play an
evi ces |l ess susceptib damage and/ or el ectronic
espential roterio éhaleapidiy amangmgmdaag oftibigiintegrated elestronic

Se flexibility of these substrate
dexg%%r%téﬂglahg%?cﬁﬁ to be integrated into many
hapes providing for_a | arge nunber of u devi c
[064] c oMeieshmthedinid ﬁf)ﬂe% Slegtonisarisgsio Pgsevefa' important

adv8 @5 Ip Ad dag#l 'trﬁ?'ibcb\"f\%% yeIFifst, [tR8 nfechdRitaf RiggebRéss of

exa I'exi bl € el ectroni ¢ devi ces are
plastlpa;bematedna@malﬁ rrovigles ieteationic dgviersieas susasptibleten

B e T e W

stress. Iq Syslcendnlthé mener}itlfﬂ exﬂ:ﬁlthtyl bf thdsed;wstrateapateualscbllows them
technol ogies. Finally, the i nation of  sol tion
to aed@tsgﬁgqi e SRR eﬁﬂ%\"éggtgf%ﬂ rge £ote” ohisdtidedce

cofifigiagidnd AdY b&é‘ﬁlé’ﬁntﬁ%ntﬂ"@@éﬁ@hﬂéﬁai SNicdh sHRe8 Glectronic
printing techni ques capabl e of generating el ectronic

dedlioes c EOr e¥amplea bgadablp diexibleclectaric slevicew ate sxpeqted &

engg@ fgg %x nacgq}ewgéwg%% sﬂep %ts Jlé(ﬁ?ﬁin% éaﬁ%f%%@ylé: computers

eéctroni c
anhda@e@reanﬂgrsmmlmlonwmaywﬁhailaye inbt easily adhidviedrvgtis .

esfabiiohed Sinen bered tashntlguie. digabs i eoThRRLE oL sution

préd&‘s@ﬁﬁl@tddﬂm&ﬁ@d hat®sdls Bhé%ﬂlééfm@b@frét@%%naﬁ@s f8MEcEYOR. by
traditional h quality inorgani c sem conduct or

coptimise hig, Spﬁ%‘h parting tegheiques gapapleof generating glestronic
deg%@%@b#@ﬁggégﬁwgg{.&% ot IBVEOkY Pi cal Iy processed by
grow n

nperatures (> 1000 degrees

[ t hat f d.t t
S?Fﬁs)sqetsf@wf’deﬁﬁbpéfﬁ &ﬁ%@zﬁ%ﬁc Bfict g et good
elédﬁ'onﬁ,dﬁérfdr%nﬁ%wé\%?r BrRRbAt & AlbRR 6ﬂ§‘!|gﬂfﬁ§aﬁtr c¢halehges.
intrinsically soluble in convenient solvents that

Firgb dinel well [dexeloped sertheds af making ganyestienal giligeg based
elé?:‘frloh}’ce&é@nces?r%c?ﬂ%)mgét T WAR B0 AR RERMSIsS Oﬁdr(‘&ﬁmple

or gani ¢ or ani c-1norgani c sem conduct or

tradltmnabhgbtqulalltq lmrghnlcrsanmmomcamtmompmqmﬂasaucb as single
?qﬁ es and can

crystalline SI icon or germanium semiconductors, are typically processed by
growing thin films at temperatures (> 1000 degrees Celsius) that significantly
exceed the melting or decomposition temperatures of most plastic substrates. In
addition, most inorganic semiconductors are not intrinsically soluble in
convenient solvents that would allow for solution based processing and delivery.
Second, although many amorphous silicon, organic or hybrid organic-inorganic
semiconductors are compatible with incorporation into plastic substrates and can

be processed at relatively low temperatures, these materials do not have
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30 be processed at relatively |ow tenperatures, these
materials do not have 2 0 electronic properties
capabl e of providing integrated el ectronic devices
capabl e of good el ectronic performnce. For exanple,
thin filmtransistors having sem conductor el enents
made of these materials exhibit field effect
nobilities approximately three orders of nagnitude

eléstfomid b@p_eﬁnma%bm & provid gl itegrated T edttonied&liddsc@dpable
based devi ces. aresult of these |imtations,

of gogdielgcdroniq RerfarBransed & examples thin dia irangistorainasiagt o

sePESiductorPEhbARihg of‘fﬂes%‘?ﬁé’tbﬁél@%xhl&rﬁek?foé&rrﬂi?ﬁlﬁifes
sSuc as use I n svmtcmgeemsnts for active nmatrix

appratimptetethreel osgsra pf magnitude fessithars complamentaryasioglen

' ' ' ,odes. [006] P .has.. |
onynidibe STkdn haged bRER PR erllPioRRE HBRHERT SRkt o
elecipniy devicesaref presémy/ Irhiest © SRICHiRHpplig&iorsatot @8quiring high

pl astic substrates to_ expand their applicability to a
pefiorEANGS: $YEN G Usedp sWilshing elpipentsdes asive makrix fiak aangle,

] ' ' [ o ; i gns have
FARITH Afitenilodve pble 4Rl ik Peridind idtes, 9n°
j bst r at teri al d hi.bi ignjficantl
todb1o5 Eréerdsy BeS Bedartly rern S e ianity tnS o BRkER 1
peffohmahdecwilties df MtbgiaitddelabPoiib elevicek longsiasticosudrtrates to
or hybrid organi c-i norgani c sem conductor el enents.

expard theysaprlicabilityiaa wider angerf slecanitscarnlisationsai kor

. : . . o oy
ox 81 S8ybr8 RERTo i KRG T eREnS g el
coampatibleiwith procassing leoplasticl substratehinaterialavand ewhibig significantly

. Gl of Lhle el e nj.c. .. devjc rovi des .
richef S raGitbans EhTRHIRTE e RETl YMEi6R naving
amldnplﬁ@ﬁi silti]écﬁ’t, ioﬁgianicuSe??ﬁric_ﬁ%}_glanIcﬁﬂd;da?a&gﬁerﬂi@?ﬁ@&dtﬁ?elements.

imts e ease_an exibility o abrication of suc
Ongepese! h'Q'Pr%r_rr&siprm%ﬂ%@s@mﬂyq%%\a%%@ kasedon
PO e S R AP o PIoBR3uLr feh e ebpleniBfiise laser
angedlingi aframgrpbews sitipdre thia files: aYvhiledhie dagsof flexible electronic

: C ) _
deIERE Bt ERes RIS AR bedorbineiRd s g ligaouse of
pulséd Ifsemnnefallirgg:llmm@'the eaxd e}iﬁctﬂ@&!bi&@lt?f@aﬂ)rmaﬁen iof €8ch

.007].,, Use o jscrete single crystalline nanow res or
deiGito K TREH S GRUISHUR O B9 SPRa, A OIS MAED e sassror
highEP BefbrREng FERIbRDLIBCPHRE EPRES iT8MiE&Sthal emPlARA4dIGtion

substrates that exhibit enhanced devi ce performnce
praskssable 8anas¢ale materials, such as nanowires, nanoribbons, nanoparticles
and carbon nanotubes, as active functional components in a number of

macroelectronic and microelectronic devices.

[007] Use of discrete single crystalline nanowires or nanoribbons has been
evaluated as a possible means of providing printable electronic devices on
plastic substrates that exhibit enhanced device performance characteristics.
Duan et al. describe thin film transistor designs having a plurality of selectively
oriented single crystalline silicon nanowires or CdS nanoribbons as
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Duan et al. describe thin filmtransistor designs
having a plurality of selectively 30 oriented single
crystalline silicon nanowi res or CdS nanori bbons as 3
0 sem conducti ng channels [Duan, X., Nu, C., Sahl

V., Chen, J., Parce, J., Enpedocles, S. and Col dman,
J., Nature, Vol. 425, pgs, 274 -278]. The authors
report a fabrication process allegedly conpatible with

seffi¢atidueting tRadrRsis [Duar) X. PNRS 0. cShIbet, r@teﬁSJi Paﬂé‘é Qhn
single crystalline silicon nanowi res or
ErRgRiciasy 80 Faigatnd o Rlsgelol 623 R0 82 88 e apthors
repSifa AARREELRPRocsS alkbsay coffbaBle i sflliof pfitssing on
plastic stbsttiates i"gwimht singlelcoyiialtioe piliodu banowiees or CdS
i i . el t, of ,at thin f I t . An
e N By koS S i O telie 14, g PeREetiS e

dispeeded int salutior aﬁdidséahblledailﬂ@th%wfaﬁésofwmr@ﬁe asing flow-
yer of nanow res or nanori bbons 10 in

I
dirggiggtaiaﬂm&m metnrds todrodusethesanyrongistiog @@ae@qut thg film
traﬁQi@tHr i%m@apm%rsggr%pht&oﬂee% %hQQQ ?sﬂgu &liSthat the

hough t'he authors report atlve Intrinsic
dlSDlO@Bd fabricatlpn popcasstpreparesra mndolalyeluaﬂ nammmsmwampnbbons

B

to dlsout™aPQ0 namorabiery. Althowgitihesauthorsagport v@latn‘t‘émhlghrmtnnsm
fi el}i!}%{g‘,‘p& E}eg)bh@tegfgﬁln {dlélgl rqz[zrigv{n%st Orjj?@%?lglglglﬁt% = 1? 9 Em 2vitgh,
thd\b\eraly de@cgﬂfld &HRRE noblilty Ahg ?édentlﬁ beeh@e‘k@rﬁuné@ *oybé 28,

pgs his device field effect nobil
“appsgimalely e psdems ofrmpgnitude smaﬂef tham the lntzrlnm/fleié affect

mob'in;?[\é?alﬁ[a rE8drte gﬂuiahiet?%ll.ﬂi(ngtlﬁm"ﬁnkb%' L3 ri\ﬁuﬁ%y,ics.E.,

I e I norgani c Yansistors
Cobek &1 . \Afdale A. ,oNatuwt\i/da#Z&,fpysl 2o9893].nThikidgwicedield effect

Mo foctayBiEd et 66 arTARB I erHen das Agvich Belkafiasts
mobilities ©F t&fvertiB Al é]h@létchr’sﬂélllﬁé FOr@SaE thin filH %n§fstcﬂb and is
Use of nanocrystal solutions as precursors t

ey[hbdy]@ ﬁ%ta@tlcal@ailﬁmefalm alignisgntiensely eacking land eﬂmtn@ally
cornaétm'ﬂ éigcgﬁfﬁar?&ﬁlkég &Fn rﬁ)bBﬂ§ gl'smg%g‘?ﬁé{ﬁo{?g and device

proviYdi ng printabl e el ectronic devrces on
cors‘lgjmsatmise:hsdiMd ieDudr ét dli gher 25 devi ce performance

characteristics. Ridley et al. disclose a solution

[008] 0Clgss bnBandaMpstacsBIlittshs R Hreduidops &) ﬁbl?cr?@ﬂaHHeQHor anic

cadm um sel eni de nanocrysta havi ng ~ di ménsions o

sergisanducton i filmsehas also &e@a@@we@asm ressible ewanetatbl e
providing printable electronic devices on plastic substrates that exhibit higher
device performance characteristics. Ridley et al. disclose a solution processing
fabrication method wherein a solution cadmium selenide nanocrystals having
dimensions of about 2 nanometers is processed at plastic compatible
temperatures to provide a semiconductor element for a field effect transistor.
[Ridley, B.A., Nivi, B. and Jacobson, J.M., Science, Vo. 286, 746 — 749 (1999)]
The authors report a method wherein low temperature grain growth in a

nanocrystal solution of cadmium selenide provides single crystal areas
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tenperatures to provide a sem conductor elenment for a
field effect transistor. [Ridley, B.A, Nvi, B and
Jacobson, J.M, Science, Vo. 286, 746 - 749 (1999)] 30
The authors report a nmethod wherein | ow tenperature
grain growth in a nanocrystal solution of cadm um

sel enide provides single crystal areas 4 0
enconpassi ng hundreds of nanocrystals Al t hough Ri dl ey

en@bmplassihg PRhHrddEdtheRdcrystRs.t AltegHPRRIMGY étl £ SrepbHaipyéved
to conparabl e devices having organic sem conduct or

eleqticrl prepertiereraleiiiede cepmarablecievicesinaying gigankese
se AT et oo pbomi RENBIALpP1AREzeiniaues (- 1
cmfobi b1'} aresseyieral andenstdf onagnitside dgdwerthas tiad Heviee field effect

mcétﬁlﬁbe%t #@B%/?nt?q fisggtﬂr%gg% lbgrlEslwgaaoé:\;fl|@ef|lmn(ranSIstors Ellmlts
onqaembwéfeédt aisbiltied dohlyvied dyi the deVibtonfigafatiBhe laau f@ﬁncatuon
are |ikely to arise fromthe electrical con

m@b@%pﬁ Rickey et diedielyragiarisgfeam Haﬁ@lsamcabwgact éstablished
beﬁ?é%d lelv?ddaY nah8SartieRs 0Pl &ﬁéHS)P r‘?é‘gse%f)b‘rﬁ%ntcoend groups to

I ze nanocrystal solutions and preve
stabjlideorancatystal sotutionsaadgréverdsiggltmeration ngawmpede
rical nt act be n. adj acent nano
esfafiShib EBod At PRIt PRy CHdRa BB B es ety
neﬁ@ﬁdryfdrﬁfﬁovﬁlh@%gh\béﬁ@é@lbldlf%deﬁotﬂitmesand Ridl ey et
al . provide nethods for fabricating thin film

[odg(]an ﬁ'ltﬁ& ¥ DB&n %légg ﬁa:ngelﬁl‘:i féz/tr% %&jﬁ?\(ﬁa En&lRYSE for fabricating

nflgur 1 ons ansi stors
thin ditmp tiagisistprawohdasticeadubgtrates, theddeviceconfighivationssiesstbed

enifp oot SR Rrsits MESRIERNFEIA G elibBofithsitngs
elgetropes i depsicomdudisre\drdiroralieletirienl Settiones aqspstl substrate

erf or mi ng i.n flexed or distorted orientations.
tﬂ&ﬁé\sdénecimwl PERRSIHES Brayseide pleqionifdryiggscapable of

pe gllﬁ: fbx&d éla&h@to?fédt&%dté’c@n‘é' q-'l’cﬁ*/e\férgétﬂ:htrhéf@# Bl Spected
evi ¢ ica

onents Thi' s nechani straln may I nduce
to danergte mchaumjcah siigin on the ndpdduairigid transisteadeviee by

coffpRF&he® rfiefhaBs PRt AE M Gude Spdadf e ffiadicn: o
cothpbhéits 5ot examplelbyl dfackihg, ahotalsd mbhgdegradéusradigrup@elebtrical

di sc| ose a eldf brlcatlon pl at f orm usi ng
corat@p#g B’le@négr\‘ﬁc@ %I ements for making

el ectroni c devi ces, optoelectronlc devi ces and ot her
[01Q]nc i SrRatents I/ #45,66and 49464542 sboth filed entlune 2, 605,

dis%%%% aaﬂah r%e% f&Hrc8tibh HHHO% Js‘?r?dj&iir%gl%' semiconductor elements

for making electronic devices, optoelectronic devices and other functional

that

electronic assemblies by versatile, low cost and high area printing techniques.
The disclosed methods and compositions provide for the transfer, assembly
and/or and integration of microsized and/or nanosized semiconductor structures
using dry transfer contact printing and/or solution printing techniques providing
good placement accuracy, registration and pattern fidelity over large substrate

areas. The disclosed methods provide important processing advantages
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The di scl osed nmet hods and conpositions provide for the
transfer, assenbly and/or and integration of

m crosi zed and/ or nanosi zed sem conductor structures
using dry transfer contact printing and/or solution
printing techniques providing good placenent

accuracy, registration and pattern fidelity over |arge
substrate 30 areas. The discl osed net hods provi de

enbBRY ﬂ%ﬂﬁteﬁFé&@ﬁ%ﬁ&qéﬁ%ﬁ? beffconducli akdteMdls Falfticated using

Integratio u y sem conductor materials
cohwgntionat kigh dempgratarerpreeessongmetiiasts erdensubsiraies by printing

. g e
tedH R e IRE TuabBh oAb E R s Blalbhyibly o,
tergglla@mre)s ¥ abtmtt 4(%?6@@1_@?9 IGEdsi(s) (&imm?atib@(f&itld eg?egs of useful
si us) conpatj bl e a range. of useful . .
subsipale radteraa, BELaITG forRle PASHE SSketER e FidklB thin fim
trapRidrs Mtitatdd Gih§ bAntabidisdrhicBhdlétanaiasdrials ekrabit gead ed

using printable sem conductor materials exhibit good
elastrenta peifatmaace chatastaristibaravchas daviessfield @ﬁﬁCfa@Og'@W% e

' f4-C RET r e T -
ol B BTV o oM il o7 WhelfinJlexec
andmdnriexetilcoxfatmatiohor mat i ons. 10 [011] It will be

appreci ated fromthe foregoing that nethods of making

[omg hit vl Bl idp)ordiatal Hen® tHiefk EGUHY Bl imdth6de bt &aﬁi’nﬁ;ﬁigh

w cost, bulk starting materials wll enhance t

qualitsnpeintable semiqoaducioe alemends from low eapti ik stariing eatgrials

. ti I : (Al ' :
wipEITRE D sorieBl Blachiioss o860 eIt for
genél@aﬁhgﬂ)érgg%a%,dm;(m blmtrloniufmntﬂhmpiatoelacmgr?ip deviceﬁ _anﬁ device

ri nti ng- base asse me »
artlsy EuMBe. BgRIblT STVEPNEHEopRYBPESHoT AL AGrGhsbdsed
asSERblyFhetPbbis Bhablir)s hRjhddfret of tahtralbverf tHeephyaqiiuct or

~elements gél nted onto substrates will also enhance
dimensions ispatdidrientiations andJegistreten of senicondustoe alemants

priffe§afins P fedlss Wil ass Rhfance L ammicabiit e Fetyads for
fabyricating pdtrbsdhyariger oftfhectiomal dedicesn, transfer and
assenbly of high quality printable sem conductor

el ements having sel ected physical dinensions, shapes,
conpositions and spatial orientations. The

conposi tions and PUMYARGOR INVENTEIQN: invention
0fAC e AR ERgh BRoied EHR SEbARRAF A abrcgion
transfer and assembly of high quality printable semiconductor elements having
selected physical dimensions, shapes, compositions and spatial orientations.
The compositions and methods of the present invention provide high precision
registered transfer and integration of arrays of microsized and/or nanosized
semiconductor structures onto substrates, including large area substrates and/or
flexible substrates. In addition, the present invention provides methods of
making printable semiconductor elements from low cost bulk materials, such as
bulk silicon wafers, and smart-materials processing strategies that enable a

versatile and commercially attractive printing-based fabrication platform for
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sem conduct or structures onto substrates, including
| arge area substrates and/or flexible substrates. In
addition, the present invention provides nethods of
maki ng printabl e sem conductor elenments from | ow cost
bul k materials, such as bulk silicon wafers, and
smart-materials processing strategies that enable a 30
versatile and commercially attractive printing-based
maKaRY b%émr@eaafffeﬁeﬂd‘nar sémcaﬁhu&ar ae\he@@dm@aaa%eﬂf
uncti onal seém conductor devi ces. e present

segueonslucthr dalericatianr frangferand integratien p@ﬁ‘grm mrejdes agwmber of

f
ot Tits d52 PR TSI bt PR GEER el Pt
spaﬂélatriewmtioapﬁtd @riganization, alapiny lewels@nganatesinlsopyrity optheg
| e Is and terials purity of the 5 printable
prig %6?1’6‘!9@9 petor siiget HF [013] The present nethods
and conpositions enabl e fabrication of range of
[0t3npiTeg presery mtqu%ae@pomppsltlgns epablelfakricationof range of

co&]%lézfﬁfeeq%tﬁ Yécggor e oelec%hlﬂcqe@%eg%rr%v Eeé'?ra 3

nce macr el ectroni c ev C
inahxding 1drge aress ifleribie igh pérdoratdneei mamroelectrnpmrdﬁvioest 0

ingle crystallipe 10 sem conduct based devi S
Xl oRe T GaPH ST RSN P FATPHI AP [ RdATystaing
seRfiRRRio %aa@a kedises FARicRfRP@iIhg e6RRATohBPHIgh 3Ydperature

rel ated nmethods of assenblin posi ti oni ng

prasiegaingzneigiods Ihsmseseni gonpastionaiang ramﬁd)methods of

L R R R
priata;blstemizbndectooeteniesitmgnmm into suiustramnnay) bdused rto
net hods .are _particul arl.

FatlsRHR, BFUAGANY STt GG R Pab O M SRR SRUELSr elements.

Th@é@%étﬁ&usCar@rpam&mshyegsémnIh@wéeér Cf@ﬁfa@hcéimg eEmplekays,
such as arrays of diodes, light emttin I odes,

integyiaied eleriranic ok @ptacigrtionicieviges ¢f devien wrays giich as arrays of
n

il 8 g T 9 ook SRR o ] o

(TEDsipo=italisensicamblictar fa!ldadffaﬁtttam:stta'séNES‘thE'[SeFEW andr ‘
.2 jng systens |e nt e ted gl ectrical

DI TP PreShh SaEPRENORs APARBIAC LGP ot v 8 ypeful for

MK RASNE devel Irdedrated éledirital cittuits eduthris ROAPAR] NAND logic
sem conductor elenments are print ed onto a substrate

galas ansl sorpRieMeatary fedic sircyts, éﬁ‘@é&'f‘ PR5tabiRysemiconductor
elelin’?érﬂé 1LY Eﬁﬁﬂe@%rﬁ fs%'f)giré‘teqﬁ%éll%fﬁba %ghflalftg%ngé’uork%

n one aSpect present invention prov
intercoopsated do fartrha desmsd gigcuit design.
[014] In one aspect, the present invention provides processing methods using
bulk silicon wafer starting materials that may be repeatedly processed to provide
high yields of printable semiconductor elements having physical dimensions,
shapes and spatial orientations selected with great accuracy. Inone
embodiment of this aspect of the present invention a silicon wafer having a (111)
orientation and having an external surface is provided. In a commercially
attractive embodiment, the wafer is a low cost, bulk (111) silicon wafer. A
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25 bulk silicon wafer starting materials that may be

repeatedly processed to provide high yields of

printabl e sem conductor el enents havi ng physica

di mensi ons, shapes and spatial orientations sel ected

wi th great accuracy. In one enbodinent of this aspect

of the present invention a silicon wafer having a

(111) orientation and having an external surface is
pIUPAIRY of Rsbesb8d fotERBS §bAblaYeddn Bid &@a6kraY SuRaROsH thB 11 1 1_/)
_the"wafer is a low coSt, bulk (111) silicon wafer. A
silippm mafer; wherein eaek obthef regesgaskieptirge aematises apottam surface

r e idd e ein

anf Ho Gtk o B5Be e S fedt Aflesbf QBoHUfor gl
sugacdsaofthe asckssied deaturdsaareanadkeelx dn dleel camtextafithisadescription

At | east a portion_of the sjde surfaces of the
the expreesion foBPked 38iera ¢ ADKRINS 7 ASknaERpL scB s Aeeh

reSiQt8 A1 MBSk AatSid NGappld 86Sre0entinEpSKiAHibitingfRESINg @r capable of
providing a mask material, such as an etch resistant

deongaringdhe ratglof etelipgpemesken swéanasn Regionshetwaendge
3 e ORI luor 85 SERPHOIR AhE 1o bbb o
thef @dtiysitisormnefer tHeeebysfabricatirg ored ahimoge puctable sdroicgnductor
g e
usSTUEERBbéPerft OfERIdnS! Btdwae R atifacahily F@éiti@ﬁ&d feRbY¥satRafFus are
silicon structure(s). In a useful enbodinent, regions

ungencublyetedinacainng 7 1pe3 idireetirns ofdoe silisen aberu thasely
oeHBAEEg e bR AAcah AN Sendl. Sopiaiy el iion,
shamavand spatial oriestatios of (adessex feaiuris|iy selebteddodotm atignment

maleBanele§Pl. RaR s sk STanRespanaIS WA °
seMitondastob bichisht &b eenhferconnecting the printable
sem conductor elenent to the wafer. [015] In one

o i t I : j
Iof3]0 7 ST eoBtRfér, 2 BortRi: piar P, of o AP plaRe of the
recgssed fedturgs rans keaskad dhenebw gleadrating ghaskedafnd tremaskes

sur f s. . The unmasked regi ons, of. the.side surf.aces
redigfls SR8 ikt Ae IR i EASHER ragibs ot Bif SeB BLHARG are
etchiel hof 8xambiecVia adfsotropid dtching testhods, vitgciofesuitgiions  of

the (111) silicon wafer positioned between recessed

undersbiing Of regionspstherdfld i) sHiean waler Resijpaee REWeRRLRCPSIEd
[ f.eat
foaifE5, MRS EttbRaRReF e beoRERIEAR SRHIY Bas BRveon
the recessed features along <110> directions of the silicon wafer, thereby
fabricating printable semiconductor element(s) comprising a partially or entirely

undercut silicon structure.

[016] In another embodiment, the side surfaces of the recessed features are
completely masked and regions between the recessed features are etched such
that etching occurs along <110> directions of the silicon wafer, for example by
etching the material under the masked regions which results in undercutting of
regions of the (111) silicon wafer positioned between recessed features. This
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fabricating printable sem conductor el enment(s)
conprising a partially or entirely 25 undercut
silicon structure. [016] In another enbodi nent, the
side surfaces of the recessed features are conpletely
masked and regi ons between the recessed features are
etched such that etching occurs along <110>
directions of the silicon wafer, for exanple by

pr&ié%@ld@@fabﬁ@at@@bﬂhta%ie é@?ﬁ%n&%oﬂ@l&ﬁ%t(%?%rﬂﬁﬁsmg iaChbrtially

resul t's in undercutting of 30 regions o
or gntifehbrndereel siliges strustigasbén ewa anekasiments @rﬂaisunder the
b
ﬂoZ{‘bﬁthﬁ g %s%&?é?ﬂug&n%argﬁio%{j er%r gférﬂ@% bﬁ ﬁ%}r%%dé{c?ﬁnﬂé
methods.c @ptonhlly, dhe floorsadfithe secelsses cﬁsaiumﬁmcbamadlysmasked

thTERG isfineH et g gt syherRin b g ReArereiog ot A P doors
of k3Ues98dfdaturesh & abkiestich fetidiR wissreRsade fs@ﬂécbéseofﬁthé
partially masked, 5 thereby leaving inlets fo

reqassnd featurgseareicommietelynaskedialiow thei th|cbn@%set§mftth@ printable
e|ém§§lé§% bgifd hﬁ&?% §<efe i’%dlﬁ]%?e pledel efg‘h? "Rdfhods

de Surraces t he rece ures are
empboyihg peattial mmskmg dlthesidelserrfbbes.knesses of t he
printable elenents to be defined and sel ected nore

[omecmﬁbﬁaw% pﬂéséﬁff@letfﬁidmﬁé f@m@k @Miﬂggs@ﬂﬁé st@b of r%flnlng

maski ng of 't he side surfaces. tionally,

thq)g@y@ﬁftry,rmyﬁ@akdlwaqmm m@mhs)dq@/eo tthe regessedfféatures,
pnérlgf;opfﬁgf?%agtgyhgﬁ ttﬁﬁ gﬂﬁfarb}’e s@rﬂ?&? ?&to%l@ﬁﬂﬂt@ nge@gﬂg in this

recesse ures
colntekt fefersitomaiérialremopvahprabessisg of swfa;hestaﬁ therenessed .
Refining in,thi cqnt ext fers.to mateci val
fodfigosdihef e il pliRateRind flasiodt bhetged Tedlinsisc Retting,
moﬂﬁidshﬂoéésimgiwsﬁﬂmgﬁn 8hfbotNeTESe R dTOSIRRS S AR AHdP6r.
Refi ning 15 1 ncl udes er[Erocessl ng resultin fgr' n snpot her

pracessing sgsyliing inyrecessachieaturgn Aaving fﬁ?rédtf% rﬁgDhV@@@l ting
d.@%ﬁ%ﬁﬁ%ﬁg&ﬁ s@?fﬁholi@irmthol oglrggsultf er eE%S resul ting
semmopduamablemerﬁs hamog@mnahhereﬁwfwas anudeatugessmrﬂohbwmg

mab#UBRGET oRPiied| EERESERG 3f MorBioBite. TR shbckient, the
ge6imbag) pﬁfﬁﬁsical tjhﬁer%hﬁﬁéﬁﬁibf Morm’m]@gyﬂ@reiﬂhéﬁeﬂalaﬁﬁﬁbtroplc
and/ or hoIo is refined via anjsotropic

etcf‘tﬂShtﬁPﬁ’ﬂ}G% i e’@fﬁﬁﬁleécré% Hsing hed K@ ﬁ@'l“t'R@}-lMethOdS of the
pres@htiinveftiorMaLRAfY gv #e'% S%tg?fﬂ%l'vfh hhi?ig th? ?;bfiﬁifeﬂ?,

processi ng steps i I ning the ge
physical dimensions and morphology of the recessed features are useful for
fabrication pathways for making microelectromechanical systems (MEMS) and

nanoelectromechanical systems (NEMS).

[018] Patterning of the external surface of the (111) wafer with a plurality of
recessed features having selected physical dimensions, positions and relative
spatial orientations is useful in this aspect of the present methods for
simultaneously fabricating arrays of a large number of (e.g., about 1 x 10%to
about 1.0 x 10'°) printable semiconductor elements provided in positions and
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physi cal di mensi ons and nor phol ogy of the recessed
features are useful for fabrication pathways for
maki ng m croel ectromechani cal systens (MEMS) and 25
nanoel ectronechani cal systens (NEMS). [018] Patterning
of the external surface of the (111) wafer with a
plurality of recessed features having sel ected

physi cal dinensions, positions and relative spatial

sp@ﬁél%“r%iétﬁ)‘i‘l% §e§edlz§d3f/vﬁh h'igfh &b radpaatiliRte tHef SVepRRINt
hods for sinultaneously fabricating arrays of a

assalm@é/ anshiptegration intgdevigg systemsx Methods oBthedprgsentingention

e n
ord G300 808 SR B HE B PLGFEAIEEAR AR
cohieghording taaa yarge postior (el@if abduited5% eabout@8%) eftherdxtgrnal
d iﬂ egratl on%g nto device systens. Methods of the
S”%E%%Q he SiNRANWRE™ are capabl e of generating arrays of
[ofrl nt abl e sem conductor elenents corresponding to a

9r gd hpdresest invengon inghedas methodsamrieingdehing mlange<110>
dlr%ﬁc% (?H thé \gfﬂ)fsﬂ&%n%?fgpéro%ble@% WC%@EIOH bgt&? %acent

resen ion 1 nc erein
re@ésseg fedtlifys, thdireley entiredy wfddrmettl(]gﬂie regldnsomfrthwa‘f‘et) silicon

roceeds to co ti t
Wl NERn FSoseal JoaieS Draro ki B Ryntatas Saavemauglor
e|érh@nt(s1)1 RitePhdtiveRN the'\Brie8EnbIRTERRIN inEILIBES AbhERS WhefRin

t hereby making the printabl e sem conductor 10

et@lm\wwﬂ 1 Om ciir@phms ofethg silicee wafeskefiveen\asiaqeshrecessed
oIS RGP ML o pae| B8 AR o rocons o
the €rlds sitidon inafenbetwedo escassed deattiescamyp thais genetatiegeby
ool et BBl Ao EEC PR E] ol G Heass wherei

thé) phstaBle stnidondidtdr dlbmentiRdgteely ubtieriuRBY his etching
sem conductor el enent(s). In sone_nethods wherein 15

pragessingi sierthe seatial esisatatioprand risisel dinensionsfyecessed
feéiﬂr%%rdﬁ“l{hetéktérhglssﬁw‘ | d¥9he Wa@é}ea?é's%féc?éoeﬁ:cﬁ st ﬁ‘fé%rhﬁ‘éble

orientation an si cal di mensi ons recess
sefmicnduekor elemdmﬁ(ss) ialmraaadﬁd mmaiacenoécted eoptan‘naily mtegrally

sel ected ,such t hat th nt abl e onduct pr
coffesieip 45 Fllgo Baferat g e sranadie BRRBRL | y
sehidop@usior ¥lerténtn g6 66mhe drabddimenitd, ite® Brlmbfé"se?hlc@ﬁ@dtér

nore ends of the &gl nt abl e 20 sem conductor el enen

olamme i BrRsHESTREEIEE) (o the ShEom WRREASLloRTcRIbeRment the
pri ﬁ{a%fgeﬂémicﬁ nguchFélleVne‘?ﬁ HESHRAtd ol thE shitcbh Wffefth Bhedrd

more alignment malnterﬁgenrg:te elements, such as bridge elements.

[020] Use of a silicon wafer having a (111) orientation in combination with
etching systems of the present invention provides an intrinsic etch stop useful for
at least partially or completely undercutting printable semiconductor elements
and optionally alignment maintenance elements such as bridge elements. In
some embodiments, for example, an anisotropic etching system is selected that
provides for preferential etching along the <110> directions of the silicon wafer.

In these embodiments, etching proceeds at a faster rate along the <110>
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printabl e sem conductor elenent is connected to the
silicon wafer via one or nore alignnment maintenance
el enents, such as bridge elenments. [020] Use of a
silicon wafer having a (111) orientation in

conmbi nation with 25 etching systens of the present

i nvention provides an intrinsic etch stop useful for
at least partially or conpletely undercutting

dn@bﬂéﬁ@@ﬂ e SRIEoA WHHEERAN <e||1qgﬁﬂrte‘étloﬁ§‘3f t‘hB@llR:Bﬁ'Wéfer and
i gnment mai nt enance el ements such rid

PT%ﬂeéﬁ?ftiﬁi!lE fonseme gpplicatinng ew@mgsprop@ed%afaamableaaw 00 times
faﬁlglir Fag(% g&girge E%%%u@éﬁéﬁé‘{)ﬂ tﬁe%ﬂ{g‘éﬁ%ﬁé}slt i?@h <1Hr19"dufé%§?ns

ial "etching a rections
of theesiicon wafer\aatidn soB@ émbbmmtsaelmbmgqﬁnt:sedseatdn atjeast

t f ast I th 11
of s fodted o 41AR0 Bie £ 21 GfiBns (e Wefas thar, k1 1>
dirabtiditeofthé isfiedn \wadfer. . Undst soﬂﬁ@bﬁfc@@&h?'cbﬁd'h@hs 8AHisotropic
applications etchi n%@proceeds at an at |east 100 tines

etghing systempis used sych thatetaing dpes pet bstantially eragaedaieng
the%f‘@ﬁ #4> Hiragy o?%]oﬁhc? bﬂ&?ﬁ hféﬂ:ﬁ IRthd tékﬂt oftAis c{@?ﬁ;‘its&ﬂg

n sone e procee an a
expdsiontfetchirsdess nettsmbatamﬁglly hmocetd@org thect itdadifkctions”

refer touaih et S EhintAe 5 ess el bRt R aPtocbhfr atypical
prifHbi® &M Rlofdustof Biehterit Yatrioatibh precdss Wakfilladhieg e{tems for
does not substantially proceed along the <111>

thigiupgetauiing Ripcesring siepaaneriziedrintabie spmicasdueter elgments
hagilﬂgsa SR86i h: ph&é’:%u{ B@tt i oHﬁé?'fBPg %@'& dél‘ &’e?ﬁét lSkSi

ubstanti a rocee 1 ons
surfed&@wﬁhta:swrfaoexoeglnneﬁs Ies&thanmgortdmlal tas0. Bmomaiersabout

A RSP o st Bl 63be obiaeht afody REEEICHE A not

limited to,twaétschentleslcaithing simgas Basic @@mbﬁpsm IRO®1, alkali
printabl e sem conductor el enments having moot h,

hygioislecsaiutinns: ERPs@thvere d\emm@iaamh@te&heﬁdw&m bot t om
(tegaﬁ{emﬁamdﬁuﬁnwgf%&fego”gg@%té ftid 456, &hafdlkifin d, 0

5 nanonet ers et chant systens use
pytazineh sugactashaquasuscaddutiond,| ardehydraziner at noom temiperatee or at

t ng using a basic solution, such
atérgfpﬁ a&%ghr%mg%& de solutions, EDP (ethyl ene
am ne pyr ochat echol TIVAH tetramath | ammoni um

[Omdr H;gp@;épet@gﬁq@r gs H\Qes"é% gHUMacesLe r&CGWJﬁaU&% inslude
an@stAS o e SEOSlioR aF iRsg (RaeHar Sl a8 masE b, "
combination @K metals, chemical vapor deposition, thermal oxidation, and solution
deposition of mask materials. Exemplary methods include two metal angled
electron beam deposition of Ti/Au providing partial coverage of the side surface
of the recessed features. The “shadows” cast during angle evaporations, in this
embodiment, at least in part define the thickness of the printable semiconductor
elements. The present methods include processing steps that completely mask
the side surfaces of the recessed features and, alternatively processing steps

that only partially mask the side surfaces of the recessed features, for example
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[021] Useful nethods for masking side surfaces of
recessed features include angled electron beam
deposition of nmask material, such as a nmetal or

conbi nation of netals, chem cal vapor deposition,
thermal oxidation, and solution deposition of mask
materi als. Exenplary nethods include two netal angl ed
25 el ectron beam deposition of Ti/Au providing partia

Précusersiglss tiat Hé%k%e?&téd%éﬁ@ﬁs r@bldrﬁeafe%%%‘i%gths of the side
features. The "shadows" cast dufing angle

sudaegrations, in this enbodinment, at least in part
define the thickness of the pri nt abl e seni conduct or
[022]e mémbRe eﬂi’rhmdpnensteoﬂthmasbedlsof ithe lprekznp irveation, rgpatterp of

reqeseed SSAIEaNna SaRated VRI RIS s BEREIS 2 ps

posloh§ & pr@ﬁlwédﬁértﬁé ékﬂeYnéT%%K‘a&é‘e IPihieeMBbHRGERT, RtesdR
recessed features, for exanple 11 process steps t hat

feataras aeihecaxderngbsurfaneshavearfiysingl dimmensions (i.ge fengihewidths

anglsz%ggrisqg?heﬁég 8§§ons{ Qatteld eoﬂ?at%mﬁ%#tgﬁéﬁs %Ileétgﬁ Yo at

resent inven
least pediatiy defiae treeshysicdl dgnersiens, eﬁaph&sms&lon&anﬂrspaﬂats

origlleBPhapt B Rnabi3 seRsand iy e Rente. Snd oblatal bridge

eldneaiitsr TheQBlatibe p@%ﬂl@h@?é gSsfid Q@éﬁésr&ncswaa\ial orientations
di mensions (i.e., lengths, w dt and depths),

of gdjapent regessad featiramare sﬁla@ted do gsﬁne the mar:@nmthaﬁéength of
thesﬁrllrﬂﬁf)l%dsetn‘ﬁcéﬁduét&aéém%ﬁ (& a#éﬁ’e%?ﬁsénaem%%%aemsde‘méen

i Mensi ons, shapes, p03| I'ons an
ad mceehrte@tessndsfeatureh elepnesntmmneltha euﬂlengﬂrdmfdhe of Hecpnintable

se%g%n?iﬁg ?eén%ptb“ v éé)ptﬁlai ntge%gﬁaecggaﬁl:lr?p n\{ay be selected

to, @it |13t phitiRN§, dérmiflbake MickrRee of &tk pedthbleasensiténductor
sel ected to define the shape, width or length of the

ologqTH; 4bFaMeamResments, FoRssRE featdfes ayNGQRnAr BIoe he
subRARtA, RROHR e, AhEEARU I TREIa! fletidfons die!diéfmed so
as e genenata ptimabbl mmondlmiolr elbmedl@hamng onber ngyesefdrm

f eat,uy. | t.ed t
phie iRnSBle NP e iy ickBess Wit iefahb . Besbosest

feamreaenéy bé fatsRateEbPafy sHns knoean e aftembufdﬂﬁg gtvriong
nmore substantially uniform ( ., W thin about

"mﬁ%’ t%?ﬁ@@&'?@i?%‘ﬁﬂ%%@é%%’ﬁ?@of ield phage shjft
PhOBIHFSBLDIR: bR RPOBITIT BRQUah IrEOE FRIhSSI ) hoRal,
etchirioc plassia etghitigh wet cheinglahstchR@; gyeremachining, electron beam
writing, and reactive ion etching. In one useful embodiment capable of providing
patterns of recessed features having selected physical dimensions and relative
spatial orientations, the step of generating one or more recessed features on the
external surface of the silicon wafer comprises the steps of: (i) masking one or
more regions of the external surface by applying a mask, thereby generating
masked regions and unmasked regions of the external surface; and (ii) etching,
for example anisotropic dry etching or isotropic dry etching techniques, at least a

portion of the unmasked regions of the external surface of the wafer.
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20 features may be fabricated by any nmeans known in
the art, including but not Ilimted to,

phot ol i t hogr aphi ¢ processing such as near-field phase
shift photolithography, soft Iithographic processing,
lift-off nethods, dry chem cal etching, plasma
etching, wet chem cal etching, mcromachining,

el ectron beam witing, and reactive ion etching. In

[023}¢ ‘l‘ﬁSﬁé”enﬂim%ﬁi%ftthfé%@b?oﬂﬁeI‘b?é’éérﬁ“irﬂ/@znﬁén RRbe&HRS

of” recessed features having sel ected physi cal
featurasnenraprisesraiplucalily pf/ehannsig indhe extesnglauriess of theewafer

b oot G R Ak M BRGORE, SRifbrlsaGRPRRHESRbES efatons.

ace i Ton War er conp
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ea@Kbﬁ‘ié}wTh%‘%téé“é?etcﬂn@ tiveeRtrebddiad féftufey mQHQ'H?h!?odlment
ani sotropic dry etching or isotropic dry etchin
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smcgn wﬁéms:ﬁmﬁ&ﬁ@eeﬁ adjamee!sclmmmls s@8as fao fatuicate pryntalble
chann t t f havi

seGURRIE SgLPRtD. arhentodA briage sfemenls, Bleen st are

seEHd tRAnMld ﬁaﬁﬂhquﬂ) sn'Fwn \ﬁé@?‘ph'ﬁis ﬂr@é@é‘sﬁ@ éeathidses
conmprising first and 'second channel s

be
priptable: seaicopduetor plementiss 6aMRsIsg %B@'ﬁlaﬂlﬁat eptirely yndarcut
sﬂi@{)ﬁ sﬂt]éfﬁt&?b&%ﬁ&f’ﬁé@e%ﬁ tbé?x?ét a‘?@%cg[wﬁ %ﬁanﬁgﬂ@ i Gé’efgf
et ching be ea is e

wWeen recessed ures 1n odi nen
enfrotiraenlts for makingearf amray ot pramtable semnitbredwtarceiemehtsn aepattern

along the <110> dir [ of. the,s C
cofneRe,A R AUTPET AESIA et afving BN HeBReSPobRa’S gt or
dirRénsibss issddriceatad \wal the ex@srhil sUMdehs the sillcatlivafe Nthereby
channels so as to fabricate printable 10 sem conduct or

enabline-simuiipneayifabpicaiétme! & larag ausbenohpantapla sgraigonductor
elém§ﬁ§ iﬁ@%_insgﬁépgaggggiﬁgfgaﬂsio%of romthe (111) silicon

generates a printable

OB GRS ShpBOSEB B SEEBS,E44y BE04 Bkl urtece o

thd@ b eife 1diRyithdinally aﬂdnt&amachlmbmgllyapadaneuaﬂmghrat.on In

enbadi nents for n array of printable
thig emhoditasct He @ee&éﬁtcg\mgab@tmqe@rthe 18cessRp feallrgy generates a
{
ool BHIRR) yMlr B ALl b dngnanhben

tha)ﬁrst bed setmrurbchamfela Ptdﬁerabbyfor somkel émigpdiments, dreeposition
and @Eygc & Ocluﬁ{éggfon% of firstBn s%%gﬁd %Laﬁ’rrrélg ta‘%’ !sglected such that the
printable semiconductor ribbon remains integrally connected to the silicon wafer,
until further processing such as processing steps involving contact with a transfer
device, including but not limited to, an elastomeric stamp. In one embodiment,
for example, the first channel terminates at a first end and the second channel
terminates at a second end, and the printable semiconductor ribbon remains
connected, directly or via an alignment maintenance element such as a bridge
element, to the silicon wafer at a region between the first end of the first channel
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elements in a single processing protocol. [024] In one
enbodi nent, first and second channels on the externa
surface of 20 the wafer are longitudinally oriented
in a substantially parallel configuration. In this
enbodi nent, the step of etching between the recessed
features generates a partially or entirely undercut
printabl e sem conductor ribbon positioned between the
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cl eanin ocessi.n r exanpl e surface

co Qmaé'ﬂf‘%é t'ﬁ?%%ﬁp@%@@"?ﬁ?'”&ﬁ{?@ﬁness of the external
surface; materi al dOpI processin transfer,

[038]:  Ehemejhod.sbaking Riible SeMIcIKRiciasPleepis aftam Peesent

er . '
QH0LARSBIAE, SR i 430 YLD B SBnit Rt
elelnmrﬂ(rs) mesthevmlicﬂn wafef atretheefanteﬁluif thgs déserigtioanatlieasey
the surface of r? BII
refers to a process wherem the prlnta e semiconductor element is separated
from the silicon wafer. Release processing in the present invention may involve
breaking one or more alignment maintaining elements, such as bridge elements,
that connects one or more ends of the printable semiconductor element to a
mother substrate. Release of the printable semiconductor element(s) from the
silicon wafer may be carried out by contacting the printable semiconductor
element with a transfer device, such as an elastomeric stamp useful for contact

printing transfer processing, such as dry transfer contact printing. In some
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sem conductor el enents for exanple by making

hydr ophi li ¢ or hydrophobic groups; nmaterial renoval
for exanple by etching; growh and/or renoval of a
thermal oxide |layers on the printable sem conductor
el ement and any conbi nation of these optiona
processing steps. 20 [026] The nethod of maki ng
printabl e sem conductor el enents of the present

enBbameh@) afxtdrHal difface HTird %%ﬁdﬁétﬁpe@cmérﬁ ||§@(§r\t§&ed
the printable sem conductor elenent(s) from:t

op§ippalyegerfigmeslly qontadied, wditt 2 zentert Slllffaﬁed@fsa:ifamfelbdewce such
asd &l)rﬁ@ﬁﬁ% ef:;s"?(f)@ﬁécg tst'?alnﬁg QUEh ?h?tmﬁé §FH1:&J?}%H§{ ez?t%rﬁ binds

Sent Conauzt or e separ a icon
to ‘ﬂm eontatiedueface. D pdivashy, iige methdmts MtaprwhathlmmMy

iR Ko RS AR5 R G TRttt Eansler S priiang st uctor

eléMerfites) o rtebnshér déweor®Fﬁ&{a||9 ﬁ@tﬁdﬂ%@@ﬁnk@spé&tmﬁ% pfdent
a nother substrate ease of the printab

invealipR fyithes irplude une At Kisptisallyeontielled separationdtes tarapilitate
re@@te?@d frh et prjﬂ?faﬁlg%ﬂﬁ& c{?eelé% Hltsal 16 elastomenﬁ stamp.

ewncon uct or enent MA rans evi ce, SucC

107 eP A i ol 3 R Presis n&@c&d@r?&w@?w peblablk. "

seilidomdub@r eldn&ftERs fhat it eTBAsHLIE Bt EeInQ%aﬁi@&éﬁt@ho@{hﬁﬁ%ce
of the sem conductor elenment is contacted optionally

usingrt givam(111)sdiconcyaler starting rmatesiat, seich agra gl (bﬂ )asilicon
t.

waldrt iefepBBth EEessitd Bandbiid K BloRBH RSO BRL ol

becasecibmakes psambmcmultlma liepatifidns, oftthe predemb dretbcﬁddst Ihlslﬁg a
. f t t furth | ude the

SingREg (G et pBITS! Tnereth ¥ ahing hrodUatios o MR IR o

huﬂdjreﬂgm' cGlaredest s pMBdIRe semidorRiuctaricldmahts YronBhE eggare

i s _aspect of the present invention further

foqt ﬁf: PH'H@"I%@ vmfewtﬁamgdaﬁtey'ab ohfitqns erahodisipgitdhesrethade s
furlrer Eéﬁ’l‘g Cf‘sé iﬂ@steF)e réﬁrﬁérﬁﬁ’g tHPBRER al %eréé ot lﬂB's‘ﬁlcoP d&a;fr

sem conductor elenents to an el astoneric
afteqrelahseranddeansfen dfdéhe pastabte semicodddictor élamerrt(at) i hrgthe

ool ORI GiesBustil. B EHERS 0l RERENTeLfheslon Wb geters t
pr@éﬁﬁng Glebb)thai derepate@ilgl; aftl aptiondlyethesthabxtefitt Budscalof
silicon wafer. The r epeat processi ng

thecsa'gfga. e E» ok exaraplgakies e ralsasscand/ar tramsden @fiane or more
prlrﬁi?glgelége?m%éértl 5 ulgtl‘ﬁﬁgtsg | F?%flmri%rflhé) t%)@ér‘rlbb Qﬁu‘f bffany e
tecgblgge tknewntin éheeargt ivaladingn Qubmtaidmrmted)hm pbllshmrgs ezbchueg/,en
grinding, micromachining, chemical-mechanical polishing; anisotropic wet
etching. In a useful embodiment, the processing steps of (i) generating a
plurality of recessed features on the external surface of the silicon wafer, (ii)
masking at least a portion of the side surfaces, and optionally the entirety of the
side, of the recessed features, and (iii) etching between the side surfaces,
thereby generating additional printable semiconductor elements, are repeated

after refinishing the external surface. Methods of the present invention including
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15 hundreds of square feet of printable sem conductor
el ements fromone square foot of bulk silicon wafer
starting material. In one enbodi nent, the mnethods
further conprise the step of refinishing the externa
surface of the silicon wafer after release and
transfer of the printable sem conductor elenent(s). In
the context of this description, the expression

relda8bidhdsBfiMighing Hrecddsisteps flay H@ﬂfe?fe‘étécﬂy é&tried out iallarge

processing steps that generate flat, and optionally
nuEARRITaY times: LsiRGR single § éora;wafeerrséa@ngurmiﬁnalaf er, for
exanple after the rel ease and/or transfer of one or

[028) e In pnotiteabspectethnequraderttioverdioameovides Reftableshi ng

seLPRRICT Coitostins g ks irgS SpaPiTi AR Pretitiah egidlereo

trefisferdiciister8idCdsaeRbl Shdyer ré@j‘ﬁ&iééﬂhté@ﬁthﬂ%ﬁé'a receiving
pol i shi n ani SOtI‘OEI c wet etching. In a useful

Sl@ﬁtﬁ@t@l H’égﬁ‘e comiexipfd @scisqSﬁgpmreélae expresyiops egisterag teansfer”,

OB Skl TR 1500 Wi R Lot 36

thatfmaintais thkeredativiesspadial amhtaimn mnsjeWMeM¢Metwefﬁably to

w5 iy 37 BER80 RE A0 et s Bt

0. adﬂcrbhgnﬂegmer@tje;bb@eé‘s@m& ehulpEsent iRVEREIH hay A refer to the
repeated 30 after refinishing the external surface.

ab%x abmethedstad éhey peasent invantian todranshen, agsergbleanddor integrate
privELiE SEmRBAALE) Bl IO P bOGSRCtfbr HRereEBN i subsirate
preselécigdl éo withiScroicrowrs and pteiertalbhgfonaomeleihbocm@a} td with 500
anot her ec the present. inventi rovi des .
nafPPictsin: TBEEiRet SERIET bl Gor oSNNS AR ST ures ebthis
aspeetfithg phisght veaiic enhdrke the ®rédisioh, Adauradyednd
i stered assenbly and/or registered integration onto

reFHOSE%'Ei"W ?fgtr%r%%rtnrmtleg asgemplY uhintsgratign tewhglques thereby
pr&ﬁ&ﬁ? laobO& aﬁd“@o&ﬁfﬂ)%ﬂ'&iﬁggaﬁcabﬁ@@ﬁkgﬁ Ita[‘faﬂﬁ ff@rr ‘making

regfstered asse stere e rat
higheperformance ebantromit meelesh'e@ptlcaiadevmsnt Beglstetled processmg

i i on .of .transf. el nts
in ilsbe, 5P EHioR e, bE BatecElsing & Vafgh S frafsfeTaRiiRes
inahUche rkalt |nxbt firplted @yStanping tRinstr devicestsiich aglastodrie ahd
m Crons. ?I stered processes of the present invention

noprglasiprogric sfaspps ysefHor gemtact V"Bmgﬁ@r}mgorepeqqm such as
drPr&SSEE cdri& PririRgt © transfer, assenble and/or

I nt egr ate print agl e sem conductor el ements to
1039 I e SRR Ml i BSBeta BR EES Bl o aHER ™
prihfablé $émizBAductor structure comprising a printable semiconductor element;
and one or more bridge elements that are connected, optionally integrally
connected, to the printable semiconductor structure and to a mother wafer. The
physical dimensions, composition, shape and geometries of the printable
semiconductor element, and bridge element(s) are selected so that contacting

the printable semiconductor with a transfer device, such as an elastomeric
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nanoneters. The printable sem conductor conpositions
and structures of this 15 aspect of the present

i nventi on enhance the precision, accuracy and
reproduci bility of transfer printing assenbly and

i ntegration techni ques, thereby providing a robust
and commercial practicable fabrication platformfor
maki ng hi gh performance el ectronic and

st&hpCisicapable cﬁa}acﬂﬁmgcmé bridg8 ictdrRe Rtk )PiHepEHBidMhsingthehe

present I nventi on may be carried out using a varlety

priptakle saeicandyeler skyctpe fram theimethepweafaidm ajgopireke manner.
stanpi ng transfer devices such as el astoneric and

[03@]- éh ane @mhddu‘mentamsbmmgé elbnfemut(sg; dhe puhtabte’ sgrnicgnductor
transfe r]prOC SUC sfer .contact

eI Rn AL e DGR WaTes AL dleBin it R Ss 1 3BuibT e .

uﬁﬁéﬁﬁﬁfﬂctur’@V qn&héeorﬁésatvcbﬂﬁé p?eséhl des@ptiense MG YFt&ure”
structure conprising a printable sem conduct or

referetaea compgsitigh avhaieindhe pintaemwalggoridioermiement(slancar e
prﬁ%ﬂ?f%%ﬁ?conﬂﬂbﬂo%@n‘] nt' hf&{se'é éﬁoﬁBﬂﬁ%‘éﬁ%tur&o I Hﬁ
prin

em con ucture an
emizddimentT ifiar exanyde @Unmrmstmcmne pomnpesatsmghe (mlmapeous

and opetries of the printable ondu
seiearEREtoT Sy e Bins it fuore frifoBiSRety 25 integrally
cofifBdtad b ek mbnﬁarwafeﬁ and ® $eprineasle sbMicotdubtor element. The
transfer device, such as an el astoneric 16 st angpél S s

presgsi BIVentien plsednelkdag havwevsr. Rijtakle spaticqnsictar s
wtﬁéﬁﬁ@% Eﬂdéé‘% enl?édtﬁé[) aﬁ’r‘urﬂa Eﬁﬁ@ﬁ%ﬁ%ﬁéﬁw%gﬁ&ﬁo‘im

er ma a con
waterhdael notecampridesa bmtaigestrﬂchnemt(tsyatherh argpecontegtddeto each
em. conductor .el enmen
otiet Vi PATIG6 MerkBoRle. sythas chvalhl, boiaing &ngfvis, andor
mtétrﬁcbl@t:luléﬁford:é‘s e, vmﬁexwe@is foh€es) hgaigendmerigh dipgons —
unltary structure" refers to a conp05|t|on wher ei n

d'ﬂ%'W@ﬁ%‘P”%Péﬁon gisrggoRfARes: (s) and printable

sem conduct or el enent conprise a nonolithic structure.
[0311 aPRrintabbmsémizondudtor smwatumseqf thismaspeatrqf tbe poesamt énvention

r.ses a.s nu us conduc .
meip g Tiece bl SRt R ele el aMMe R oppepaty
mteg}faﬁg tahnhectdd, 6 e Qﬂhfa%lé Qemi&@na@étbleélewm‘m enamwb hrthdre
print abl e sem conduct or el enent. The

Wﬁf%/ Bridaselamepts efdhe peasent fuentien 'rkﬁ"idrﬁ %tmcéures that connect
SuRBONUFHALER b BB SRR O Rt
emkmﬂémeratoonépr owre bridge @Iamemtarcganeecctube ends abdtor bottom of the
pnnf%‘bf1 $emiEoRaG&or” gl%'fne%t tto thear%other wafer. In an embodiment, bridge
elements connect one or both ends terminating the length of a printable
semiconductor ribbon to the mother wafer. In some embodiments, the printable
semiconductor element and the bridge element(s) are at least partially undercut
from the mother wafer. In an embodiment enabling high precision registered
transfer, the printable semiconductor element and the bridge element are entirely
undercut from the mother wafer. The present invention also includes, however,

bridge elements that are not undercut structures that connect the printable
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ot her via bondi ng nechani snms, such as coval ent

bondi ng, adhesives, and/or 15 internol ecul ar forces
(e.g., van der Waal s forces, hydrogen bondi ng, dipole
- dipole interactions, London dispersion forces).

[031] Printable sem conductor structures of this
aspect of the present invention may conprise a single
or plurality of bridge elenments connected, optionally

saniEGEIdtdrEl SABAEL! tAE mdtRet Wafdp! AR B@INI6 oL GENS WohQUndercut
el ement and the nother 20 wafer. Bridge el enents of

configuratien isa bridge slarsentithal canaestsrand/err anchorthedtiost of a
prﬁﬁ’:gqgégsmﬁndh@@r%rénﬁ‘érﬂ%%@S{He?%ﬁ’éwtOf el ement to the

n one I'ment, one or nore bridge
105 e RS G HOB S e S HORO R Bt P Ggg plgmens

cohneétrbteéﬁmkwa@iﬁere.btrérfd&%r RIREBS b a PARRANS seRRoABuEE h
ends term natln% the length of a printable 25
2

elerpanicterimethsr wa %O'ﬁr'@t@bwm@m@ct%&cturﬁﬁ hawirg a plurality
of %ﬁHQg lelBidnts ot d s Lg& gpéﬁ%ﬁﬁﬁg&l{é@nﬁ% %ﬁg?r%e%”ﬁg;% ﬁ'@?lsmn

ridge el enen ['y un
refistared transfet hecawsef taey pmvvldm gmaberobtalmhty of hia Bligrgnéntgspatial

recision registered fer rJntab
orBpfileB AT Ion Sroeimc o e G e Apd transfer to
th& Bbhtael surfacedsrLivansiécdevidean®bha reddiing subseater esent

i nvention al so includes, however, 30 bridge el enents

[o3apt B?{gge%fé}ngﬁ}@%% aghéif{%f‘fﬁ rets@ﬁf mQQ{?t;tg'F%mrﬁﬂféPment

pri nta sem con nrent to
maiataiming Alremae«ﬂsrwmcmo‘,orlnechaad/no anchatdhe ptintable semiconductor

eIGRHP S rlseh shBafatdr S0 5 p SPRarclBlnr SA o dyd¥ Slofents

ar& uss®iNor infaiBtaiimd) SélevRidesrient&tidik ahdforjosiRint of mﬁﬁfﬁbl en
i ncl udes enbodi nents wherein bridge el enents

segugriElictoselqragrte quipg dianstarcAssesRI% apel/og Lﬁtf’%aégn Hrogessing
S o SRR S i ooff] RFFRINGIMIT, R pfhl s ang
oriehtationsl gba platieemorsaraaeofisarhicbnduntoragpments dunng transfer

ash ey Ao SRERRARH e Atkit) §E08, MmdRISAihERressnt, e

m@nt:@ﬁﬂﬁtﬁg.e slemiehtt) presériverthaipositions dnﬂ@paﬁalcmleﬂfatlons of
sen conduct or el enents duri ng?cont act and trgnsfer to

priptable, gerpigandustos glements during fenfack bpndiag; transiataRd a
inté r%%bH'p?(?ce%BQﬁr{v%i\ﬁn 5 3RlacBslifes & a?ﬂ“ﬁﬂé’r%r Séwbé” Suchas a

ect resen invention are ali gnmen
comrmaalerﬂla@tomeelnmranMecebywa%og regiglened tiansfer fromea

m&hbM AR fo BRTGRIGHERe.

[034] Bridge elements in this aspect of the present invention are capable of
disengaging from the printable semiconductor elements without significantly
changing the positions and orientations of the printable semiconductor elements
upon contact and/or movement of the transfer device. Disengagement may be
achieved by fracture and/or disconnection of the bridge elements during contact
and/or movement of the transfer device, for example during dry transfer contact
printing. Fracture driven disengagement may be enhance by used of
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el ement to a nother substrate, such as a sem conduct or
waf er. Bridge elenents are useful for maintaining

sel ected orientations and/or positions of printable 15
sem conductor el enents during transfer, assenbly
and/or integration processing steps. Bridge elenents
are also useful for maintaining relative positions and
orientations of a pattern or array of sem conductor

coffRblcStratsibN@evitad) Sheh as e?és‘f@rﬂ'@hé’ SRIMBO %nﬂfﬂrﬁﬁ{e%bélﬁn
processing steps. I N net hods of the ﬁresen

contolied separation taies éasheciitatedransiente theeopigst surtace ofied
[ rientations of 20 printable sem conductor
tra?#ﬁérneo%ltvg%du“ ng contact, bonding, transfer and

L ntegration processes. | nvol vj a contact s e of .
(035197 Bhe SBURCET Bt s Begett g Ing PRETANG MveRLob s spatial

h&@h t SRhs fof
G R R S e

elementsiare selectem o piopidethigt preeision @g@ieradrtmﬁsferoﬁn e
coﬁ?e%g* s&%u{}h Stﬂ@%@(%(\%?,h QL?\QI %}%c d the?red transferg

sem con F T PEr eeRt 3 | can
reﬂei‘stqmtuelttansfa ofpeintahile sérmicondactof eleheents wﬁhaiblbages in their

m co ctor el enment on cont act_ and/ .
relgfve ReAl e afatians o8 el Ve RGSHRRE At sy 00T TG cHih
prébisﬁh 6distePedftdhster Hisd Gefenefd iransfef oft ) priftabA&emiconductor

el ements during contact and/or novenent of the

elerpentdtam aduoihes subsirate ta apranstrirdavisedand/en rgaeiving substrate

wifh edHo"i‘ﬁ;Sla@&n ht éHdugé’caff ﬁ-igﬁtpﬁ‘éé? %'r¥@?te‘?§c§ﬁ§ﬂ§’f@?§%€tref@?§’ to

ance y use COAT O MB rans
tradefer oé a,pattechofbyri rmalaletsmacmrudmﬁmqtsmeats;dbcatransfer device
tically rates that

t
ané ne@??"ﬂf’@ SHPa‘iﬁn*P %oqq’: tir ﬁtf]gg Ysurface of a

transfer device. @&035 In one enbodi nent of this
[036]p e Bridge elataents ©f i pieseahinvention may spanrige padially or
th [
o IRGLELN s REAES! Dhgb RS MBI S erion moy
hale gfurﬂfoemivmdtbmrraagystema&cbllyr\mnmbmwmtm sulch ascowidiix thabf

tagpelh o S FRER peiCinal FHSifaBE Fa8oss vin rthuRe 78 53
enﬂiddnhémsetr@%ndg@r&émbﬂfs ndv%rmnbﬁemgé Wvigihasgssted froft@ler
relative sgatl ally orientations relative positions

range ofeaahout A QA napentetargde appyh!0d) micensashavesage thickaess

so GERALEH ) RIS ¢, HEBREHES BLORL IO fieps ano
averagedérgthcelacted fronl the rargeof/amayt l@Pstananesters to about 1000
microns. In some embodiments the physical dimensions and shape of the bridge
element are defined relative to the physical dimensions of the printable
semiconductor element it connects to the mother wafer. Registered transfer may
be achieved, for example, using of a bridge element having an average width
that is at least 2 times smaller, and preferably for some applications 10 times
smaller, than the average width of the printable semiconductor element and/or an
average thickness that is 1.5 times smaller than the average thickness of the

printable semiconductor element. Bridge elements may also be provided with
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wi th good pl acenent accuracy. High precision
registered transfer also refers to transfer of a
pattern of printable sem conductor elenents to a
transfer device and/or receiving substrate with good
pattern fidelity. 15 [036] Bridge elenents of the
present invention nmay conprise partially or entirely
undercut structures. Bridge el enents useful in the

SHaFE fsitlirels Y %ﬁt% tﬁ@hf fra%ﬁ}fs a%dl{ﬁé Féﬁlgfe}‘édjiré‘né?ér @r the

systematically variab wi dth, such as a wd

prirdqile §em@du§tqr@&¢m@@tmm dhe Mmatheriwafeeto hhéltmter\ﬂewce
arﬁo?@rcrtegélein\glgbbgf}g?e enbodi ments, the bridge el enents

n average wdth selected fromthe 20 range of
an aver

out 100 n 0 about 100Q crons, age
cHABBE enaRndiDeBloThEASPREL a8, a@n@ai%mlpoaductor eléthent
coﬂ%ﬁ%@ﬁ%téﬂe%@%&oﬂ&%@brrﬂ%ﬁr&t&%@ﬁ Ie%ﬁ%ﬁﬂ% a principle

l'ength selected fromthe range of about nanoms ers
longjtugiingl exisdeaninating tma first end and asersdidrenst. sA first bridge

oI cﬁ'!nﬁg{ ”'tﬁ@?fr ﬁ%éﬁﬂﬂ@?& sérﬂf%oﬁ&h&gﬁnbﬁérﬂéetﬂ[ehe

ar e rela Y physica I'rensi ons of

methentvafdreanasa sennnddvrtﬁget elemehtommiectd thecsurent £ntl of thee
be achij eved,

mot he fer. |steredtranse
sefgrorustfsirBbondp e BIOtETHATRG <OBliRRAINe tRRAHEDEN
sefMEsRARIMribbldn, fifd@bridge ékd&ﬂ%ﬁd%abh%%rlég@ble@ﬁent%ﬁ‘é‘
preferably for some applications 10 tinmes snalle

entiredy undercat strugjuresi do ﬁn&mbcpcbm@nt fibefirsé beidee @lﬁmm %ﬁcond
brf38 Bdhe it BiiftarRserfitBhA% ol R GRd ot el combhidl
unitary semidonductorestarature. IBranchBb@dlmmntfssﬂmw svécxaod Hmendge
ided with 19, . sharp f tg facgiljtate t
oSG Hetras widtBe il areabeythic hod Porinads Bt Martine
avéﬁﬁ@ec\ﬂiﬂﬁ\léi Pe Rintama seflicRdubr MbOR! IMah embdllirh8st, the first
transfer device and/or receiving substrate.

03
angriecent birae ﬁtermntﬁ are eash @@mneqt%tq)heismtw ¢ t abm]lt 100 % of

th%éﬁs&%ﬁgfd@i or r| ﬁlae’ﬁ,:t |ng a eng%saf%%&é"e'y’ of the
priptabihe s@ieontocigr rlbtjmmaﬂ'hapressdnda inventomn rrg:hidesaerﬁbcvcﬁments
end and a second.end. A first brid nt connect s
wiEldn st haCERe e sfemplidineut srasial st eI to
or tiital toebbRotvef er and a second bridge el ement connects
t he second end of the sen conductor ri bbon to the

095, "5 B FHARER 16 oA SFaP YRR lfrant semicgpuctr
eldméntg @ndlcerbeidge alement may be functlonalized to enhance reglstered
transfer to a transfer device, such as an elastomeric stamp. Functionalization
schemes useful for registered transfer include adding hydrophilic and/or
hydrophobic groups to the surface of the printable semiconductor element to
enhance bonding to the contact surface of a transfer device. An alternate
chemistry strategy is to coat one or more of the contacting surfaces (the surfaces
on the printable elements and/or on the receiving surface) with metals, including
but not limited to gold. These metals may be treated with self assembled

monolayers that may chemically bridge the receiving surface to the printable
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entirely undercut structures. In an enbodi nent, the
first bridge elenent, second bridge el enent,
printabl e sem conductor ribbon and not her wafer
conprise a unitary sem conductor structure. In an
enbodi nent, first and second bridge elenment have
average widths that are about 1 to about 20 tines |ess
than the 15 average width of the printable

eléﬁﬁh%oﬂﬁ%ﬂbnrm@%mhﬂy BaregHI® dUBSEs mbl forhd & Phetafifd
second bridge elenents are each connected to | ess than

welded bapd wpon gontachfe.gt N edldyveldieg) i onal areas of the
first end and second ends, respectively, of the

[0p9] ntPaivitable smmmrdiumtoyrelembhtemf tAdn praseatienention/ealy iben

nb ts . wh first and
TallGA O B M0 e o7 o B Rle: ekl ERoT B TR for 3
fa@rrcéiingtpitintéme gafticatdaetor eié?ﬁ&lts Inﬁu@d@sé}hﬁféﬂahctm wafer

invention, the external surfaces of printabl
souiEseise ieishing bulk sesneenduciar wa ﬁrsoﬁ"LiQﬂ\ﬁs @nﬁlmvstﬁiape iticon

we%flal gvpg&ﬂjgltéﬁﬁje élﬁccﬁpﬂ@as : ag#]e(?giag 9\glferrslr Glrt}%ftﬁfn to a

evi ce, Suc ormeric
semicariduciar| wafets such abiénadhinusiedonl wéfers degedtsenmbnductor

t f | ud d
wafb i Sishas Py 8ol Brodd haPdrs an A With Relegteg spatial
dléiﬁmjﬁb?fs(i}f‘ifo?bn%' (88RidoridActor BRAASAateP WHfEr8 suehtassilicon on

ur

contact s ace of a transfer device. An alternate

ingUitar 68-9ySisPiQu Bifge) and seatirandystor on substratsy waliges such as
snfgp Q{db‘%ﬂa 5%9§§P§i1tsnﬁoﬁ WhiiA&RStor © uhh§ Bhp%tb?&' e

S an of on the recelving surface tals
semicdngdictay elebmentscm‘ thé prasedt invegtidrdmaytesfabriestat! §rormmycrape

be treated w sel f assenbl ed 30 noI er.s .t hat
or e BloRp A RS R ko NPRRRALEAS i Sre it over
frop b&infldnguétor d@bl@ﬁ?fé@sslr@ bomreritmﬁamaimabl ¥Yn Badi€ion,
gol d surfaces ma orm a_rmet al wel ded bond upon

prlem%é?m(@nguctov reherwta om%wrﬁgsent[lo\s@}thﬂrmﬁy Qslfébﬂcated
t b

o PRIy o Sy B Pl AP AR PAR T e

pomces@nalhm antsingleatrystad semldoalchtoamaign@s (@gapolycrystalline
inel d f .

silgil, SRR s AP Rt Gr AT R PRIGPhRLs SRAF) tetis

depositHEorn byssibafidialnayé dri sﬁmatratw(feﬁj SlNRﬂ'SﬁQW@cﬂéu hseguently

silicon wafers, gernmani um wafe ultra thin
angealed ot etheF bw&wr/%takm H}?'%&"Q;I W 8ot i'ﬁﬂlﬂe% f9.igEaphite, MoSe,
anf@tiersra O\%ﬂ ﬁQIBQ%@&&%s é’kfélfﬁfr@ ?lhurﬁ% PpEY BEdE’
N-type s an ers ect e patl a

[040] An exemplary transfer device of the present invention comprises a dry
transfer stamp, such as an elastomeric transfer stamp, a composite transfer
stamp, a conformable transfer device such as a conformable elastomeric stamp,
and multi-layer transfer devices such as a multilayer elastomeric stamp. Transfer
devices, such as an elastomeric stamp, are useful for contact printing

processing, such as dry transfer contact printing. Transfer devices of the present

invention are optionally conformable. Transfer devices useful for the present
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10 distributions of dopants (sem conductor on

i nsul ator wafers such as silicon on insulator (e.g.
Si-Si 02, SiGe); and sem conductor on substrate wafers
such as silicon on substrate wafers and silicon on
insulator. Further, printable sem conductor elenents
of the present invention nay be fabricated from scrape
or unused high quality or reprocessed semn conductor

m@h@h'n@élﬁdé frahsfer Beligés c@MQﬁsﬁa? o ﬁl@fﬁhﬁﬁéﬂ Wﬁéﬁfa?érs as

devi ce praocessi ng usi ng conven i onal ret hod

desadhed wr)-S. FatentAnrlication SevalNe. 011/131%&54.,@@@ femposite
Pa{?{eﬂ%ﬁgbév@é‘é%i saﬁ”ﬂxﬂa%gﬁgbff.;gm@? hefu Fﬁaté,(ﬁtre%qrﬁt y of

nonwaf €r sour ces, suc anorp ous,
TrademarkyQfficklamipri Ay, 2065 whnchyshaﬂebsemarpmmm by reference in

. I tall ho

s n MBS A eriRe Bexe s Bhisf e BT rat

pre@nmw@aﬂ@ﬁ cbRBHrieds a mﬁeﬁlayemaduﬁganowwow sivMad@us,
(e.g. SiNor Si02) and subse)ﬂuently anneal e and

susla ﬁéra pRly(irethylsilpxana) (RPHER Hayer pfeferably forseae anplications

redf el SERe S i AR gl o pbout 103,
migronex dtgel afraylow modtiles pdgymerdayér is thenpficialdvacause drprovides
sf.er st

a8 BoFi a0 R TRpRBLoFgRihone r more

pristadieserdicondiictorelinterits, a}jbﬁf@flaﬂgemnmabre@maén@ctor elements
conformabl e el astoneri c and multi-]|ayer
haying canegd, dengh, dat, @naqptwnafqmomq%% eXRosesk %smcre@, and

caﬁétﬂ@%‘f e-srfa%ﬂ§lfnﬁ§ ngﬁ\ébﬁFb?ma?H&ﬁlaéﬁNm sGharite 'gﬁffée%s having a

tanp, are use or contact printing process
wmmang@saf@uyface angrpbologiest auch a3 cunviedgroughafiatf emooth and/or

e esent 30 invention are optionally
Co@@ﬁ Cf%étbﬁ '@w%ﬁ%%efser devi ces useful for the pr esent
21 0 |nvent|on i ncl ude transfer devices conprising
[041ur &he pyessint jyeplien ajsgyiaslydas mejaeds {rasiermnongIuding high
pr@cﬁ’éﬁﬁ‘?eg‘fﬁ@ traAsfeP bf pRihtadie SOmicbhtdéter %%erﬁ % tagr%ﬁusfer

ite Patteéerni ng Devices for Soft L|t ogr
dememm ashan a@stsnr@en@stamﬂ andor methddsaf ass:efnnblw ami/or

b Pl B, DGR el g
asstﬁnblyand&&abﬂegratmnt br avecbnity ibstrate. AN adeaitage of the
o S Ch S b T i ok s o
pr|&t%@l@erﬁ@Mﬁﬂuct@r’seéléfn@méfmég rbest%f@rpéﬂ éﬁc@bé%ﬁbieﬁ L RY

hi ckness selected fromthe rang of about m cron
subsiraie surtfagexin svinanoaspresseving S@lecwd spatial erientationsenf

serln?c\é%u&t& Qf‘e'ﬂr‘?édtg mllchbc?éfﬁlést e'ptatt%w VJFH% aspect of the present

invention is particularly beneficial for applications wherein a plurality of printable
semiconductor elements are fabricated in well defined positions and relative
spatial orientations which directly correspond to a selected device configuration
or array of device configurations. Transfer printing methods of the present
invention are capable of transferring, positioning and assembling printable
semiconductor elements and/or printable functional devices including, but not
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10 transfer devices capable of establishing good
conformal contact with one or nore printable

sem conductor el enents, particularly printable

sem conductor elenents having curved, rough, flat,
snoot h and/ or contoured exposed surfaces, and capable
of establishing good conformal contact with substrate
surfaces having a w de range of surface norphol ogi es,

linfitéeito aFarnsisty Ry opti€al Waveglrfes, fiittBEIRCROfYeBhaniddl systems,
contoured substrate surfaces. [041] The present

napaelestromecharieal $Y§tqmi%éa$ﬂ§tdiﬂﬂﬁ§ ©oF BAlyffeimedgircuits.
i ncluding high precision register transfer, of
[042]i nfT: ablpeemﬁmm&bsﬁtgane&iodmnﬂscdrmasmmf@pl|cable to bulk
device, such as an.elastoneric,s and/ or
soBT-SSLmBlerils B Auor P rreBUP IR HE TR G FOT exampl, the

présuifit GRRGES, @onfoB AL Bindisheictite Meaybe ls&d @fthTaBsbnaceous
regi stered 20 assenbly and/or integration, on a

matgaalsysyeh as@raphiie and grapfirnen eagd otiher layered phatatialgguch as
?ﬁthods and conpositions of the present invention is
at patterns of printable sen1conductors el enent s
nd_asse subst

e tran rre nbl ec{
043 ; FEaté Bbotihsile o BS8m e ioB ReDyigRS STapRbf of
traﬁéfeﬁfﬁgﬁé 'pﬂﬂiiabpé semRithaaaeH éle@rlierﬂ k& ﬁﬂfgrf%fm&tbewm;ﬂ%lng

the pattern. This aspect of the present 25 invention
the stepa of i (Duarayidipgrepéntablegemisendigton HeictyrLommEistiag a

priﬁ{%f@\lsé@égﬂ&u&& ?I}eﬁ?er?;i arcE S 1695BH BYid d&%ﬁ;? F@ﬁer?ected to

rica 'n we ned positions
thesprittable semieondudtemstrusture landi coriectieddora mefimndvafer, avherein

sel.ected devic onf.i qur ti or array o evi ¢
e iR s atucie et 3 The HindheRiedlsf 5t A east

pafiafi§ @Rtlercubient themether W@fb’#b (iig C@ﬁtabflﬁ%&f@[ﬁﬂ' int88le
positioning and assenbling printable 30 seniconduct or

SoBYGOEHEET SIRMER Wi #TABFIET RHEE NGNS Aleamtagksurtace, wherein
coht%{ H&Wé@n tﬁé‘Eo@@tgt &4rfdte a8 fhe%brira IErs@Hﬁﬁ’:&fleE:ﬁJr element

opt I cal wavegul m Cr oe ectromsc anl cal systens,
blndartbe beotabeserhiwondadtos gletreand fo theseontadtauietaceoand (llll)l ngoving

the e ot I mandet ostalin 3R Bogfig Hcidtl, BBhents)

thdmlby?fraﬁéférrln@ tadqbnhtame bemicoMdaciof strtibtuge fratnetheah@therrafer
exanple the 5 present nethods, conpositions and

to g‘@rttﬁﬁstﬁ"é’qw be used with carbonaceous naterials,
such as graphite and graphene, and other | ayered
[044]t ein enesembodinaent, Mmmes¢m4m]eminnmnevida$)edhetbnd fort he

as@erﬁslln%ta anta?) eI S congu&or eleme on a roecelvmg surface of a
substrate comprising the steps of: (i) providing a printable semiconductor
element; and at least one bridge element connected to said printable
semiconductor structure and connected to a mother wafer, wherein said printable
semiconductor element and said bridge element(s) are at least partially undercut
from said mother wafer; (i) contacting said printable semiconductor element with
a transfer device having a contact surface, wherein contact between said contact
surface and said printable semiconductor element binds said printable

semiconductor element to said contact surface; (iii) moving said transfer device
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transferring a printable sem conductor elenent to a
transfer device conprising 10 the steps of: (i)
providing a printable sem conductor structure
conprising a printable sem conductor elenent; and at
| east one bridge el enment connected to the printable
sem conductor structure and connected to a nother
waf er, wherein the printable sem conductor el ement

in Qﬁ%ﬁr@? rSUITHIFINGhE IRIRrE s aR ridiJe éIBfRRht(SP MdreBl Itrlémsferrmg

undercut fromthe nother wafer;” (11) contacting
sajg privtalp e sendcansivictas isuctuse fromesaje mathenwafer ta ﬁarﬂéransfer
e
cef, BErd g SR b3The S8 PG Byl Biconcuctor
elempentciispbset dnereban@vitcontactidg staitﬁpmtablb&ddnaconductor element

ISPEPY SRV RHH U ALY A (1B, Sl s icsaid Substrate

anH ‘E\?)Uéédaﬁﬂldgnsél@ BohtatEsu el dTesal Eolg8rrRAINERinGfer device and
hereby transferring the printable sem conductor
sal@ltnru&mJe semienndutor eiament, whpeain said printatrie seniepsTdyictor
on
eleg:féér{\;ﬁgggh%rﬁrhg oft d&gﬁd?@@%Q%ﬂﬁgé,&ﬁgﬁbﬁ%&@bﬂﬁ&Elafd
pristablecsamdicohductet eement on said receivingnsurfacefafsaicbsutmstrate.
substrate conprising the steps of: (i) providing a
Pri i adlee SRPOSIRTRAUCHRE pRISBAE Nhverftidh q;trohaé§ta0ﬁ%thod for
bri dge el enent connected to said printable
fabsisating Rl uyindablst semiognduetntl elemeat taomprising ﬁb@h@ﬁps of: (1)
| | d engn
o 2 AERA e finlhy (1 774, oRBBGR; Hid Hafig B bxternal
sunfianste I(Z)Jgeneﬁ'atmg a@lm‘ahtptolﬁ excesaba feat(mes)omsmd axtdrmy sufiade of
t abl e, sen conduct or el ement wi t a tran
saflcoR WS g herath rektrof S Beesshdpatines. Bfifatipes a bottom
sur‘?ﬁé/\&ﬁﬂsﬁéls@rfé@éé aﬁbxp@sé@fﬂmnmﬂesqeﬂn@skmgaéih@ast a portion
sem conduct or el enent binds said printab

of saifi Pdafurirees of saichreqassedifgaltires and &ir $t§b@9 Q?tWIan said
rec'éggét?‘féa?&'egh%%@rﬁ Glc bE@urs?% k'i‘1(?> rren tn(s cgf said silicon

resu rac e sal
wafdxre’themb)t fabricdtingr said printaibte spemlmbadtu(ﬁos elmntem duct or

structure fromsaid nother wafer to said transfer

devi ce, thereby form ng said contact surface having

sai d print aBRAEF DESOCRIRTION OFEt REDRAWINGS: ed

t hereon; (iv) contacting said printable sem conduct.or

[045] o nEig: 14 RTP¥'66§ SFH8 : icFresnsaecdionyigw disgramditusirating

r
ox SRR B e psehiloRITI 3y A somppactor
eletments éempuging cibbansl of siagl qystaliiakisdices fiorwadwtk siticon wafer
ha\ﬁ}lge g‘?% 1) c\)weenrta loh. 5Ié‘i'g(.JI 1 Brp')rg\t/i gls G it emdll::a(gjgpadrhJ céteﬁlng forth
processing steps in the present methods for generating printable semiconductor

elements from bulk silicon wafers.

[046] Figure 1C provides a cross sectional view schematic processing
diagram illustrating fabrication methods wherein the side surfaces of recessed

features are partially, but not completely, masked. Figure 1D provides a cross
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elenment is transferred onto said receiving surface,

t hereby assenbling said printable sem conductor

el enent on said receiving surface of said substrate.
10 I n one enbodi nent, the present invention provides a
met hod for fabricating a printable sem conduct or

el ement conprising the steps of: (1) providing a
silicon wafer having a (111) orientation and having an

seBHdRl Dty s%nﬁétﬁ?pro(:é’ésu%ﬂ%b?érh "lﬁJsﬁfaﬁllu_?‘ fa%richﬁor?f‘netraods

recessed features on said external surface of sali
wheir¢indbe sigiefssirfaces of egoessed feattires #ire complaielydanaskedur es
conprises a bottom 15 surface and side surfaces of

[oezgposag:umi 1E'£ povidssf &t imdgd) oﬂraeéssismgl fetituresidt Sig(1p0) having a
of sai de surfaces of sag recessed features; and

trepgh cap rﬁb“b@%\‘fé@??ds‘éﬂﬂép“ errglipinge d hefresssed
feéihfé%' dHOWRGR Lﬁ@ur@' 1B Ghofe dhed Eyﬁﬁﬁééﬁ%lﬁfph%ihﬂwo@'réﬂﬁp thetal

fer, thereby fabricating sai'd pri
hftﬁfmmbmghveanoneetemegx angsu tmqﬂsnmsmapqri ostabetchHRask.

. 5 At i .
FIGE ORI e O e PhE B AR ST AP R g
conﬂiguriat%orpgersaated wmstdlecsmrﬁaoe refiihgng printabl e

sem conductor el enments conprising ribbons of single

[Oﬁ]{SF d. 12ACarkd hBC&vidb%érrﬁHb ko bl'ah%WW?d‘g%ms'@bhﬂ&ble

orientation. Fig. B provides a flow di agram
segugandngtor siruetups efrtbe ﬁ@ﬁﬂﬂ}) lrmeepgn pnmpnemgraasmtable

t S ey
selFRet eSO b Y ke MR o
pognonedll distak te easisothee in tbreaétructww shohvermtFigurpr2s; andibnidge
diagramil | ting fabrication t hods ,wherein
olegyéits 3 paxtidnef broaltoada poCh olet i B b oty i Higire
ognot conpletely, masked. Figure ID provides a cross 24
0 sectional view schematic processing di agram

I ) '
roddy,  Eldito5 26 AR 0GAHL B TRLBC IPordBE LEerkd Baticdfgg o
priftaslg sdrmigondudiér ¢glement sa arothermgafeof recessed features
in Si (111) having a trench configuration generated

[osugt hpig. 35 Lﬂ%&i&ﬁaﬁféﬂlnﬁs&fdtuahwthe%%cé@@ﬁfr?rﬁ&uc’%ﬁw@@ﬁdﬁ%ﬁs%ors
own 1 n ure E were defined E)Ease3|

dlogﬁata@ml@m@grr@wtsyon plastic usingftansfer painted Gadsiwiees letegrated
wi obRiE SyipRS o BPAREH AR a SRERU - BlingRiaHs Raf, (BSEM
imddeldf) arharray gf GaAsavirds (witbartfhrgmrﬁi pes) withrtheiaeads wohiecting
to tﬂednelot?\léF \fN% eer feI pnarP gl'wire indicated by the arrow lies underneath the
arrayed wires, indicating that the GaAs wires are separated from the bulk wafer.
The inset presents a free-standing individual wire, clearly showing its triangular
cross section. (¢) SEM image of an individual MESFET with channel length of 50
pum and gate length of 5 um, formed with the GaAs wire array shown in (b)
transfer printed on a PET substrate. (d) Optical micrograph of a Ti/n-GaAs
Schottky diode on a PET sheet. The insets show that one electrode pad
connects the ohmic stripes on one end of the wires while the other electrode (150
nm Ti/150 nm Au) pad directly connects to the GaAs wires for forming Schottky

contacts. (e, f) Optical images of PET substrates with various logic gates and
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[048] Figs. 2A and 2B provide schematic top plan view
di agrans of printable 10 sem conductor structures of
the present invention conprising a printable

sem conductor el enent and two bridge el enments. Bridge
el enents are positioned distal to each other in the
structure shown in Figure 2A, and bridge elenents are
positioned proximl to each other in the structure

inditigwal MESEETE ourtBd ohta fiAAlrfatk Q&) &5d &-tiREurdBY shaft of a

provi de i mages of bridge el enents connecting a
whitei meeksr é)seni conduct or el enent to a nmother wafer.
[050] Fig. 3. (a) Schematic illustration of the
[0Ptloc &dg. 4. cﬁhafrad:tehzattdm@‘ GaAnsiiret MESFETdivdthes gatedehgihi af 5

urf B sirtered e BfRl igfatrs: BF ) B0 Shalleh 265 GRPLPET®S
substRates:- @!ﬁ!rﬂslnlti\)?oﬂagéﬁse WRE @BrsusV,sPENVES of fROBadisten

arr ay GaAs wires (Wth ohmic stripes) with their

shewagn Fighniccat difierenbgateeraiaga éVesaf eqm tophie tpfatqm dheMese
deb%s@étﬁ%ﬂ] 8% N8, Oa? g?[ th%{?ﬁf (‘3’%5‘*? V&Bfeﬁéhstf&ecur@é B%Q%ame

I'ndi'catin es are separ
trahststnrtlh éwéasdltkrammreglon'mé/os 4V 'ﬁmemeet shaaws the derivative of

th%c{r Sbeg(gllen @n%&e&? Vﬁ”d%ﬁ?eg et 338 u %nci:et g’n the
gatedolidgel ed) SdiﬁE&Era/m bhrr@hﬁétrtﬁffeﬂeﬂﬂ %Qfd?fa fé&ﬁ&opmtﬁnd
atelength of ormred with the GaAs wire arra

chaneglriengih oh25 . aL?r@fretor)ptp.thtem dhe Hosgecreapes fram0.5(tay5.0
\Y %&%ﬁ&;pﬁ%gﬁﬂ? cﬂéra@ -Hsﬁ aatﬁé asSI%P REAtEY AdIrPdgaRE 2

i nsets S one el ectrode pa

Schotikyediodes fshowting gosd reqjléyangmammhtasd of the wires
while the other electrode (150 nm Ti/150 nm Au) pad

[Osﬁ]reﬂi)s coing gCdiagtamn { eo%umag@ﬁa)f ahd bgfﬁﬂ.?t%ut
Schot t 30 cont acts tical imges
charagtarisite 0T e invarias Al MFQ%E:E have argat%ngtmef @uau&he

{ d th
AT iR LT, (9 32 L

tog3lng Bfe- & ' SR afants. cPUFY ifebirsAnt OWéh'Eknﬁg%iaiactﬁsisﬁcs
of 5‘@9?9“%@10 QéﬁeSZé D7SPNCIGHEST (8, 6, PBND gate. () MESFETS

Current-vol t age | Ds ver sus a curves of the

haye g/gate fepoth Qg%W’F Jﬂpe;scgle barsdeprgsent %t‘”‘g ér{deak)@ﬁdéﬁe
the@é@‘ﬁ FWASB \F gj STh 89555d &t °
%lcga Vat aQQ epe%}%gﬂgﬂn\c/f@?\tl’ ?Tr aeﬂggigr gcﬁrc\i/e oﬁb&)[
SIgs;aim)f the NOR and NAND gates were driven by -5 and 2 V, respectively.
The logic “0” and “1” outputs of the NOR gate are 1.58-1.67 Vand 4.1V,
respectively. The logic “0” and “1” outputs of the NAND gate are 2.90 V and

4.83-4.98 V, respectively.

[054] FIG. 7: (a) SEM image of an individual GaAs-wire MESFET with channel
length of 50 um and gate length of 2 um on PU/PET substrate, showing each
transistor is formed with ten aligned GaAs wires. (b) Current—voltage (i.e., Ips
versus Vpg) curves of a transistor shown in (a). From top to bottom, the Vs
decreases from 0.5 to -3.0 V at a step of 0.5 V. The inset shows the transfer

curve of this transistor in the saturation region of Vps =4 V.
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transistor in the saturation region of VDS = 4V. The

i nset shows the derivative of the transfer curve,
reveal i ng the dependence of the transconductance on
the 10 gate voltage. (c) Source-drain current at
different VGs for a transistor wwth channel |ength of
25 pm Fromtop to bottom the VGs decreases fromO0.5
to -5.0 V at a step of 0.5 V. (d) |-V characteristics
[095] t IFRGa8- (a2 B) EX Meméi (Bloépd sirritbd kied lrésmg,of RF

show ng g?'oodrec capabilities. [052] Fig
resmrzﬁ@ismf a&@-wwed\éﬁ FE s with| differeggate)engthser 2 um (a) and 5 ym

(b&bﬁ%gﬁﬁ}%h iu?seéﬂa%aé %l‘u‘é égﬁ\gftﬂﬁﬁr@?%g 85nf@pﬁédb¥f§égﬁ7n in the

indetad ¢a). (c) ESepéndenselsf &rcuugmie(l@tm Tlhé)aﬁﬂererﬂtg;ynﬁmls represent
Crcuit

mwa@@eﬁw?@ rerw% o eths%%ﬁ%%#ee gaffesonds 9 3hyiation.

é NAND gat e. MESFETs have a
[0%6k %nengt h@ﬁctﬁf'ﬁﬁiIOWﬁ@@daﬁ@%‘éﬁ% fiewpiibseligh spegdhcaAs-

w%é‘rj@ ll}*ﬂ@ﬁ#g%& ﬁquFﬁQ |§r@%ﬁ' 6 5 &%)&nrgﬁbgﬁlzfgﬁaéré(eé’ gsg@nc?l

image oNdR setdp FANDe g\@ém_rem??m"sd'ﬂ'he effe?t;s of Suefade atraip (positive

angdistve Valés soggSaonghiaensle 474 c%pré’sé@%ﬁ%%ir%rés“p%elv)

onl (99 th‘e séiurawdJI cuﬂrentqldv@tﬁréugﬁ sélree WA\Rig at V,aee\2afd Vs =
98 V, respectively. 25 [054] FIG 7: (a)

V; sem (p)rﬁ@eoblfoﬁlﬁ Chiraniiagodn the:satuiation regioPiof Yus (1 V
channel Ilength of 50 pmand gate |length of 2 pmon

[05X) PEIGstls8chematic bmmeeg floaadi swtglemaissal ailicos ribboned

raflcalion Ty Bl G lgo st 4 (LN SrbsRec ppermal

oxid&tléﬁhnd %’r\gl@d %ﬁo@athﬁi éfOIleALI lb?el’é%ssﬂ@t‘é #rSSge buddes. (c)

a step of The i nset shows the
F"ia"a{na fh@F K@(b"/kﬁﬁ/lﬁeocﬁo"ttmnélﬂqeéﬂﬂﬁ theysi fikpanse (@)a‘t?r@ﬁaﬁeswnal
0
Egperge Bf paf %ﬁ: tzrgptg)lr{r?u éjé%eeogfleé(iglseuﬁt%bsongf RF

Ga VESF wi.th di t

0381, FG- ef‘ b %m Aioraﬁamgmaﬁwy By MicrRs B inolisherated
b %@ﬁwm@pﬁﬂwé@ étbh @habroﬂng (6PAFIVDR&ight iiagehsbboRs bhea PDMS
i nset _of (a) Dependence of fT on gate |ength. The

stap.fdithethe Lm%%ﬂ@ eP‘E‘b?QQs &ibbensyargstitadeeiGsnmihick, as

e 8 B SUEE S S LSO AEM o o o
undersidenofcab50 hexihicK rikbonofevealiiy saremsdaleaasghness introduced by
the KOH/IPA/H20 undercut.

[059] FIG. 12: Schematic process flow for transferring microstructured silicon
from a “donor” wafer to a plastic substrate. (a) A PDMS stamp laminates against
a chip with undercut ribbons that are anchored to the wafer. (b) Ribbons bond to
the stamp and can be removed from the wafer by peeling away the stamp. (c)
Ribbons are then printed from the stamp to a plastic substrate. (d) SEM image of
near-completely-undercut ribbons anchored to the donor wafer. (e) Optical
micrograph of ribbons removed from the donor and adhered to the stamp. (f)
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wire MESFETs (with gate length of 2 pm on PU PET
substrates. (a) Optical inmage of the setup for the
nmeasurenents. The effects of surface strain (positive
and negative values correspond to tensile and
conpressive strains, respectively) 10 on (b) the
saturat ed current flow through source to drain at VDS
=4V and VGS = 0 V, and (c) the ONVOFF current ratio
Phdﬁoérﬁph DRbUTexible® plaste FeHip ahaMiSusesdTPfs na8e From fransfeired
Schematic process flow of single-crystal silicon
silicopstponsabri cation. (a) An SF6 pl asma etches trenches
ina (111) Si surface. (b) Thermal oxidation and
[Oam]gl ddGe 43 Eiaxtiiicah chératidricatibmpta sinptes-siystalling $ikcan bitom-

ool lraRS5Re obr PETITENnst 2t 12 Tbo Sk WERDG T, PReadiqypBiity
360naeR/ & '; Baturatidn rYxobmge‘I@DJém?Vb@b@ traneler BabeRSGbtics
flexible ribbons FIG 11: Atomic force

(VRFOrb¥ e siwing ~|ﬁ099<5§wf}; Eatiorwith set toprvig of aavice. (R)
Cuﬁ%hg%;{ \)/)%BFEC@& diadercut. (a) AFM height image of
a

ons “on arrp, wi th the undersi de exposed.
Ri bbons are 115 to 130 nmthick, as 20 neasured at
t heir edges, and bow downwar d in the mddle. (b) AFM

[06TRIFi@14: [BehehntieriRistation of () Hetarastritare GlaNbﬁéfer for

reveal 1 ng nanoscal e _roughness i ntroduced by th

falpigating Rigpeleairera maklity fresg}stom (ENMT s, malmnswr}ﬂ stestyen
oeb 20T BTSRRI RISINERG R RS, [ AR RB Ry
onl ththAEtratﬁai(a)sme Ws—@N epignithat is dep@md by b in@rrow

that, are. an d.to the e b) .Ri bb d
orife® of 1 B8R 47 WEraHR gt iRt RS E R e g P faletiongs
usaday nidke frdextahding Ws-Babbsiementss then printed fromthe

stanp to a plastic substrate. (d) SEerrage of

[Oﬁfgr‘fé’.[ﬁ. eééﬂéf’né{ RO SHtioh! JHy H}'fi’kﬁﬁloﬁ Bf W}FGQWI-‘PEMTS

m crogr ap bons renoved from
ontdwplad%smbsilraﬂeadhered to the st arrp (f) 27 0
Phot ograph of a flexible plastic "chip" that houses

[063]Ts Fgpcis: (a)OGaeraa”féf Befors TVRH M@Détchidyl@mmdehQﬁ@]Sl (b)
FIG 13: Electrical characterization

Fragstgnding GaN Hpbemaftes TMé\bhetSBWoh'PtQj&PecoﬂfPfﬂﬁ@f%e? bghveen

I
SO NI e LT S By

intermec(iat)eyste[anﬁfMA_ht haisatropiciedehing of underlying S’) (ehf&lvvﬁ@/l

im ng PB'M§ {abriﬁ)ﬁéoo with Lg-égﬁ %tbjetc?g B)\/ EWnOJer%véja?é/ forée. (F) An
£

SEM image of us-GaN transferred to PU coated PET. The metal and polymer

areas are artificially colorized for ease of viewing.

[064] Fig. 17: High performance HEMTs formed from the Ws-GaN on plastic
substrate. (a-b) Optical micrographs of actual flexible Ws-GaN devices.
Schematic illustration of cross section device geometry is shown in Fig. 14B:. (c)
I-V curves of Ws-GaN based HEMTs at a range of gate voltage (Vg=-4 Vto 1V).
The channel length, the channel width and gate width of the device were 20 Wm,
170 Wm, and 5 Wm respectively. (d) The transfer characteristics, measured at a
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current-voltage (1-V) characteristics. [061] Fig. 14:
Schematic illustration of (a) heterostructure GaN
wafer for 10 fabricating high electron nobility
transi stors (HEMIs, two di nensional electron gas (2
DEG formed between Al GaN and GaN interface); (b)
HEMTs geonetry on plastic substrate; (c) the Ws- &N
design that is supported by two 'narrow bridges' at

cohBfing88urek- d?ﬁm%ﬁabé oQe2V 'Tﬁ(ﬁlbatéa'tﬁ@h%ﬁ%&o@cﬁdﬂcﬁ%f 1.5
orientation is used to make freestandi ng W-Ga

m@| ements. 15 [062] Fig. 15: Schematic |IIustrat| on of
steps for fabrication of W- GN HEMIs onto plastic

[065]ostRigt 18 (d) Olgﬁd)ptdﬁéag:mége of the dchidl wehdingstdge and phlsttic

t etchin nder t ng, GaN
delen B THrSe? supEs obidingd at 1etent kendiBograb # R Ionce
coh%psﬁcgng %h‘&:j qggﬂvwk/éwbtsm@ti%ewmé phstizaheiet isodeilh at

M images of 20 internediate steg
mammunahe@dm igs éqrangﬁ)garv#ﬂaitﬁr@dlqﬁerﬁ@esﬂmg(wplem loEM

i mge of PDMS slab inked with ps-GN objects by a van
[06&ir \Hagn.l 10 ﬁmwrdes d procéss flGkEchamgtic dlhstvam@a&l method of the
transferred. t coat d PET. Th and ol r
préedl SVEnth fartnakng Py Slaupia o et table SOBYCRALGRR o
eldRérks. Fig. 17: Hi gh performance HEMIs formed fromthe
Ws- GaN on pl astlc 25 substrate. (a-b) Optical

oL 8352 Bl Sl PSE M OB RO . . .0 o
cr@sesmmoylall dew Ioyvd fj h) lfagndbélfte; 8TH- IOPR!lEcand/B@Eoétchmg (c
N t t \Y

ang ¢ giter G1E81 Prifection Ahdhe P HfRceRdedntihiobiarl KOthd
etdhgfopthinih @f aﬁd‘ﬁ ahe\s & Wpard RPfobwed bitndd cleBding. Wn

respectively. (d) The transfer characteristics,

[0@32 E@;&ﬁaﬁro@ld@ t(Q) ;9!% ?rét pﬁ&Ué@E@%%’C@rg\é@ééﬁ% Shgﬂsed array

ransco
of fouB3aydred Si (B 1) abbens qptarmiad:) Topmgewaind (dearate uarigled-view

SR 85 AR Bt P Py 1 O

correspondl ng strains). (c) |-V curves obtained when

[069]e BichA2 mowldéét(a) Rhofegrapiyanchiand.e) @Whimaggsiaf delgased
B8N PR RIS BB PR EhFl
[Ofd]I uﬁg{ | gvngersn?a) 8ptlcal lmgges of aligned Si (111) ribbons
transferred on PDMS substrate. (b and ¢) AFM image of four ribbons from the
array shown in (a). (d) Photograph of a flexible polyester film that houses four
patterns of Si (111) arrays from four cycles of transferring from a single Si chip.

DETAILED DESCRIPTION OF THE INVENTION
[071] Referring to the drawings, like numerals indicate like elements and the
same number appearing in more than one drawing refers to the same element.
In addition, hereinafter, the following definitions apply:
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present invention for making nmultilayer arrays of

pri ntabl e sem conductor elenents. 10 [067] Fig. 20

provi des SEM i mges of Si (111) in angled-view (a, c,
e, g and cross-sectional view (b, d, f, h): (a and
b) after STS-ICPRIE and BCE etching, (c and d) after
nmetal protection on the side surfaces, (e through h)
after KOH etching for 2 mn (e and f) and 5 min (g

[oz2d hg’rlﬁt@ble@‘f‘ééte@y{oﬁﬁé@ha@' ﬁ%%tﬁl%s bE68s cbimponerts and/or
provi de@ia provi des a photo of a large-scale

mtggﬁag@rém iphagl deyicegithatare qa@ﬁgleem‘ teinsferiagsamipp.cpaiterning,

orgfehy o EUEAR] fo B bured il 8 Bl e

subratedo mgirste(@erﬂnms)gsaphtemmpbretmremtéss)hmbn eaquet $0 about

40P ReGER ol S embRaltheie! (54 BresEOyisyerdop pygtable

matenals dgienehls, deviceon me@ass aihd abvisee dretadable of transfer,
ri bbons 20 transferred on PDMVB substrate. (b and C)

aspemblynglerving erganizing and/or iragratiag oate afinkhewhstiates via
| | yester film that

soft g‘@ﬂéﬁ”"iﬁgﬁ%‘e’%@&’o@a%p‘?ﬂ“éf brrays from fz"ur ]

10385 o AT R B S eoation comprise

- semdoridUciol stracfufss thatvtdaile tb ibkeasBdIat and/Belintayrated difto

el ements and the sane nunber appearing in npre than
subgieata sHiRAeS. far @rampleg Usig Rydey teansiereontagt prigtiag endier

sollfb5 PR othft, 1R rsfbrBodfichf it 2WRidondetor
eletearits of Ummresemttieventimhcare umtaagslaglecbrf/sialdme qmlj/crystalline or
devi t hat )
migBE BRI Rordiniz SEBRAnSusth SO, nBRR Fhdment,
pnhtrabre Satigbha@lier lehitmits arRXEHgcRd0 & Sebsteitd duchtas 4 0
gh tenperatures (i.e. at tenperatures |ess than or

m%‘aﬁfd’lv af?b Vidh 808 05 "KU@ bﬂég? stameissiln i)is copteghef this
de@éftb@n@h g? 'ﬂlhlt&fy §t|hLﬁth‘é ¢S 8Mhondhse telé?ﬂentmdvﬂ%;a%hﬁxres that are

el’enent's, device conmponents an evi ces are
me@apabakby ofnnactef semlcoarsiset@b Iegemmtspétha prgsentigeenticinyay

ve b6 P SO AP ek e A3 o Aoprs anc
melyb&3dopdd with akﬁl@raﬂt;mfmuﬁt @cbpa&it eneeitigls, iptlutig P and N
Lnvention conprise 10 sem conduct or
tyoBcfaRaDts: dDeaseTH G IR THusRS BLdaNEHGW carRInG7ble
settoRelStbrEIeAiErfls having at least one cross sectional dimension greater
than or equal to about 1 micron and nanostructured printable semiconductor
elements having at least one cross sectional dimension less than or equal to
about 1 micron. Printable semiconductor elements useful in many applications
comprises elements derived from “top down” processing of high purity bulk
materials, such as high purity crystalline semiconductor wafers generated using
conventional high temperature processing techniques. In one embodiment,
printable semiconductor elements of the present invention comprise composite
structures having a semiconductor operational connected to at least one

additional device component or structure, such as a conducting layer, dielectric
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substrate surfaces, for exanple using by dry transfer
contact printing and/or solution printing nethods. In
one enbodi nent, printable sem conductor el enments of
the present invention are unitary single crystalline,
pol ycrystalline or mcrocrystalline inorganic

sem conductor structures. In one enbodi nent, 15
printabl e sem conductor el enents are connected to a

Iayﬁé#bélbét?é@ FRdetfonaPsémicBREGGHr ¥Rlicire o #hystnBihatiBH 6f these.
i dge el ements. In this context of this description,

in gng embadiment, peintable semigonduepr elements efthetPraseAtrigvention
Yistricale Hifiicofl &éiaf‘éléﬁlelrxs &AGBPR Rb&fogeneous

s of the presen Invention my
seb&comidncpn@lemenlteped may have a sel ected spati al
di stribution of dopants and 20 nay be doped with a

[omlur atidsy settishdl idahendiofforepdts i e ain®risiorsstla\6to88 sEction

nd N type dopants. The present invention includes
of ﬁﬁ%’ﬁ@e‘i@%ﬁﬁ eQrBBORRNt OF AMAterials @ﬁﬁ’méﬂ@rd'@eéﬁ@ﬁﬁ dnclude

wu?iﬂvimcg(n%%sl r%?ﬁ{sb g gﬁa[n‘?%@r SEGE &dbled e, bt Pfeosrén% Uctor

an or equa m cron an ructure
elepmemts dnlak/mgsaarrblnmnslnaneoare cehaeatﬁatusedmw arength anddeb cvoss

secti.onal, .di nrensi o S than or, equal ,to 25
B diioT thigknass arewiolh b b Bitaabk, <
senrﬁcﬁ:‘ndhctom elﬁiﬁé’nt@lwék/in@aé EidricalIdRpe e cﬁlafé@éﬂz%d by a length
derived from" down" processing of high purity bulk

angdhe Pméﬁssecqui eRigh dmmetfey (altepratiyely r@éhus)
sem conduct or wafers gener at ed using conventional
[0?5]9 h“lto&flgnadm’alhy erignted & aisugstaadibly nanaﬂel danfiguneation” refers to
condu tor

an STRBEBR Syioh 1B RS RiefuER G55 854 BhoTfaT Pl efilents Such

as pAvitdbie Semfitne Qo eleplierl®adratdrientdd mtaﬁyl pbﬂall%l to a
| east one additional device con(gicg)nent or structu

selegied allgnmant Aise 1 i CRREK! ofdhis| AaFTtoR, Sustantigflypardlle o a
sel%b?e‘até)ﬁ’gﬁefer%qg %L&f@itaﬁtﬁﬁvﬁﬁﬂdl n%%ﬁéeéé bH'&h YbSolfiel ;b\f‘ﬁé(rallel

mbi nation o ese I'n one e Iment, print
origrtaticmmiorst pnefarbblysyithin 5fdelgn@espofweabsolnmmparehel orientation.
conprise stretchable sem conductor el enents and/ or

[0783t ETRG HARITleRibly” cPACGUEh@bIS! SR symohPridlisly G s
sectional dinmension" refers to the di mensions of a

preseptdesciptiog anddefeq &y F'I?eab'ﬂté(\ﬂf@énétﬁﬁ‘é‘b $fetuse, device or
de\ﬁﬁé %Eh@'oneﬁ %% §&6Hhed g{to 4l ARHSd SRspd Wﬁhbﬁﬁ%nd@rﬁg ifg a

I us, and aneter. For exa
trapsformalidrethsit mtmodndes, s@nlflwhmnssmm@trmn nhata@tenzmg the

fallupeagom%fea ﬁ{]a%naﬁ t c%&r%, ngi%e lo? rc}g{/irée%ggnr}o\ﬁ%n{: " Bh
exemplary embodiment, a flexible material, structure, device or device
component may be deformed into a curved shape without introducing strain
larger than or equal to about 5 %, preferably for some applications larger than or
equal to about 1 %, and more preferably for some applications larger than or

equal to about 0.5 %.

[077] “Semiconductor” refers to any material that is a material that is an
insulator at a very low temperature, but which has a appreciable electrical

conductivity at a temperatures of about 300 Kelvin. In the present description,
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sectional dinensions; thickness and w dth. For
exanple, printable 10 sem conductor el enents having a
cylindrical shape are characterized by a length and
the cross sectional dinension dianeter (alternatively
radius). [075] "Longitudinally oriented in a
substantially parallel configuration" refers to an
orientation such that the |ongitudinal axes of a

usB? theidrANs<PhicBh@UIERSY i8 inteHEEd tBe BOASISRAL Rith use of this term
sem conductor elenents, are oriented substantially

in ther it PEmigreelgctrenise pad wiertagal gemisas. Semiconduciars useful in

tnd BB rfEridh e o iisUlem SHPSAARbh A dtirsP 3Lk Lebiiban,

ctéd axi s St AR orTen
gedagnﬂﬂsanxﬂ dmarits andtoempquadadndtonductas) suahoas gmmpelv

%Lﬁ{i%?}rﬁgpnc}%wfg%ugﬁgs%gé o § aBEQOLLpuI le\qge%lconduc ors

suclb%@‘i@k@beAlA%r Alrl)26R, BMNCABRDCAE, GAN, BaP, MiS58RAS, InN, and
descrlptlon and refer to the ability of a nateria

InRtgraup lii-Y tetrary semigonelgcipss pieyscaghcitefkCaoAse group 11V
solFARIATERrL 81 B USSR AT D0 Do 97692185 o, aroup -
Vi Issmhlceﬁduntoral(bu@lh graupt ¥+ ¥ sgmidoaduétars sueh a@PbS &bTa and

Sri v PO IR Ryt 8 PP Rlach S GaPaIBAGs Pamchglctors

suéle¥s CU@BNE VU0 THEORPANRIMicORMIUTAS ﬁ@_ﬁ@émrmsié 0 a
curved shape w thout introduci n%stral n 25 larger than

semlcqg@ygtow gng@gtﬂnsp %mlgp@qllg}tgr@ ak e daped with one or more
It :
seRBRld rﬁgfe' A r}éfﬁ(?ﬁé sbARbnalc o‘?%‘aﬂ@mg rg)oty? ?}ggﬁh ifateHs and

nor e pre er Sone app i cati han or
n-tgpe dbping raateualsotcﬁpr?zfmc{e(ﬂeﬂeﬂc@baiectmaUpmertiasaiwf@ fooa
hat a, ateri nsul tor

. i al
avBaptestor g dd e, oTad e SerniBonkdr haulls colingsén ¢
meRGIESIE CoRPrisitg £ Andurt ohddnicatdrtdre rmﬁr@twpaﬁtsnfspémm

300 Kelvin. In the &besent descri ption, use of

Seﬂf@”@é?‘i‘ﬁ' Steraln yeetubforiin spmeeamayeawsfﬁf tB% m%qr% Htvention
inc‘gﬂn Fﬁreorﬁotthf’d %dttngi ad) difeaw AR, Ah! h\f@e{Fﬂ%

ectr| ca evi ces. Sem conduct ors use

Ga@beﬁﬁltlnAav@aSbolmPrrH}AS: dnPlp,i Zre0 of e nin T MdSo el :thSe

zni CeshGhee: ﬁ@*esﬂﬁﬁr5@%?5%”?@%%@%%@%8%‘5%’"%‘”“
GapeP, Ganls, (G4Ia Ps AMba ASSI AIGantP, %rﬁeGaKBIWBFPIO FPdrbuél silicon
sem conduct ors such as

seipghdueigpgatesials arg psef| ph@bgppmlonﬁ ﬁﬁth%w&senwpve@MUB the
fi elb'df é\gn\%@r%ré?fdyhg?@ Ehﬁlﬂﬁ@‘r‘ﬁét@ﬁélsaéddw& fyttlenfiting diodes (LEDs)
and solld state Iasers Impurmes of semiconductor materials are atoms,
elements, ions and/or molecules other than the semiconductor material(s)
themselves or any dopants provided to the semiconductor material. Impurities
are undesirable materials present in semiconductor materials which may
negatively impact the electrical properties of semiconductor materials, and
include but are not limited to oxygen, carbon, and metals including heavy metals.

Heavy metal impurities include, but are not limited to, the group of elements
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sem conduct ors such as CsSe, CdS, CdTe, ZnO, ZnSe,
ZnS, and ZnTe, group |- VII sem conductors CuCl, group
IV - VI sem conductors such as PbS, PbTe and 10 SnS,

| ayer sem conductors such as Pbl2, MbS2 and GaSe,

oxi de sem conductors such as CuO and Cu20. The term
senm conductor includes intrinsic semnm conductors and
extrinsic sem conductors that are doped with one or

befWéeh cé;ﬁie@ &n8ded®bA théipsriodid €ABIE] dilicsRsednAL ahafall ions,
havi n pe doping nmaterials and n- type doplng

corpoen %tla , §0 e§dheyerbfi ci al el ectrical properties
useful for a 15 given application or device. The term
[078]nm t@oaok elestronicqiandemanceiparsd thigh parfemaaice” amnpsedsi ng

syBomroiRG e R Carar By 1S Fir P Rl iy and Gevics ©

comipPhEAitHave S| &dtrdrie civdracrribtics) \saoh a8 l‘ﬂ:eld Erfdot deobilitiels,
are not limted to, Si, G, SIC, AP A As, A Sh, GaN

thregiold wgliages apdsgn — quratlpﬁpgrov@yg)a dpﬁlp:ed fqﬂggonqﬂﬁg@uch as

el ?mcﬁé%l s@%ﬁmgc%ﬁior%@mcépﬁ %Qrﬂﬂgggrlﬁ%lgle CdSe,
se@ivtsiduciGa letorsentSaf the préks SattipBantion exhiibitng good %ctmeié
poifRisisiacs maw Saup AN RBELETEH nifRifes rear®f fa i eiugl dfo
cnansgt sprafefatbly G sopné bppieations gréaabstha Ushedusl ko gbbut 300
o %;t Lbng diodes (LEDs) and solid state |asers.

usi ¢ é@nelfarss@am%%iﬁmfttae Prasastt investian exBibiing, gopd
eletrBAR: e?fon'n%ﬂée A alé@%\ﬁé‘é‘fhga cebEhobiads § n%t than or equal

sem conduct or nsel ves or any dopants
to phawti WOLrDVY rse pafer@bhdfocsomermpd;cam% grapier ithare or equal

to A PO - ARG MorB oAy R sgthe SR ERIPUE bfengythan

or QQMI% tabegat 830 emficlosit UEk@mpm &anﬁht@rs ehithe préséntdlé,’ventlon
but are not limted_to oxy %g} andﬁre

exhipiting@ory qﬁ%fé(gn'%eemr@ar@g mew?v rgshaldhyaita g6 less than

abglﬁ‘t‘% YOIEs altifbr 8 € diofatibs glééaaggr fnan dodat 9xomMp. of el ements

bet ween copper and on the periodic table,

SQ 0
107 FARE PRy A el ipn BT BR B B B
combthatlbh o mrerfials iR ean b eoldeecor empe@,ygmmblw wheit heated
present description and refer to cievl ces§?2r} 3&1
and hapsanertiator desikaceehansn xmelracRiasics ysedu! 1 d%‘éces and
mél! ?-asdoﬁhé ??ésémmdghhbﬁﬁwclddy %ﬁhs.lednatcr.lrﬁ.@@e@ 9&9@% esins
ratio rovi desired functionality, such
and cellulose derlvatlves In the present description, the term plastlc is mtended
to include composite plastic materials comprising one or more plastics with one
or more additives, such as structural enhancers, fillers, fibers, plasticizers,
stabilizers or additives which may provide desired chemical or physical

properties.

[080] “Elastomer” refers to a polymeric material which can be stretched or
deformed and return to its original shape without substantial permanent
deformation. Elastomers commonly undergo substantially elastic deformations.

Exemplary elastomers useful in the present invention may comprise, polymers,

33 °



10

15

20

25

30

el ectronic signal swtching and/or anplification.
Exenplary printable sem conductor elenents of the
present invention exhibiting good el ectronic
performance may have intrinsic field effect nobilities
greater than or equal 100 10 cn2 \1 s', preferably for
sone applications greater than or equal to about 300
cn2 V' s'. Exenplary transistors of the present

o?B%Téré drpduite ﬁ\hﬂéﬁa&%quﬁlr% bf 96I5/ﬁ19?§éﬁ@ F:BB('SI?:%eP@y

ave device field effect nmobi | |t|essgreat han or
Elagtornericlayesiseigrs toa layep comprising gilegsé pag lejastemes ome

EI%BH&?I?H%& nn%fﬂ&?f ﬁwﬁicﬁ{qﬁ@ﬂﬂb ottle? n%hoéfg t§91%n8"2

e pr el rons
mafedalse Elaétemeﬁusn‘fublqubé ptesa:bowbnﬁ@ﬁ)myﬂn&ﬂuds but are not

i By PENORBt SPelormes; Shiaed Griaials Qo duaterials,
poNUIéi’ﬁhQb@uV&héI@ﬂ%rh@FﬁshBélhst&ﬁ@:*ét pélgéﬁﬁdés @g@therc on

rati os greater than about 1 x

rublpgrssiPPMS, el d@%mﬁmﬂen@ mly(ﬁ%mn%bu diene-

n
sHfSfe poREraR4S) PSR nah Blodiesakb s bighae
elastombec dianges usefol latlui@prasedt Biwpmis Exen'pl ary plastics
useful in the devices and net hods of the present

[081)V EPtiafBfch Aelideereférdtio & devidd of dév.é@eorhgonmlcéﬁab@ of
resins and cel|ul ose derivatives. In the present

reqRivog apeiasrelocaiéng an sleprenior @ray af elements. such asmpiiniakle
seff il V%P%rﬁéﬁtbc T’F&lis%r‘ &’é\ﬁc%"”%f fliiSh e > pteseftt inVBAtion

one nore a ves,
inciudaicanfohalde ranskor s!evrbes | rving bnder more castactsuréaces

25 st b' i zer.s or d' s whi,c de des
cafgificl Sptafihif 2pafarmal corfiactMus ey Largoig igneter. The
prée@‘neh@tﬁcsusaamtpbdmpbsmorﬁ%wp;a?rhcmlaﬂybven%mt@@f&tus@tnﬁhed

or deformed and return to its original shape w thout

conpesfionryitha trgapienderice coaTrbisiig aba ast_qrre@'mfem useful for
5@? ubstantially elastic deformations.
co@@ eiln)(‘Pg?B)ij&‘ée]%aS orrers useful in the present

o205 85T ERAPL 35 R 5 B AR st o

a %@ﬂéme‘éi for Bb78é RiBrvichfion, ayteater AT 6r dqualtd ab@it 36 square
conprising at | east one elastoner. Elastoneric |ayers

iNchg$ -al so i ncl ude dopants and ot her non-el ast oneric
materials. Elastonmers useful in the present invention
[088]y mmﬁmjﬁeldmnrecmmebw r6efs t thedietbeffestenatst as anc

a terials fenic terials,
elecknca‘ ewce suc?‘n as a rans or, as computeg using our{gufe curren? data

corresponding to the electrical device.

[084] “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 transfer device to the overall shape of a substrate

surface or the surface of an object such as a printable semiconductor element.
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pol yol ef i n, pol yur et hane thernopl astic el astoners,

pol yam des, synthetic rubbers, PDVS, polybutadiene,
pol yi sobut yl ene, pol y(styrene-butadi ene- styrene),

pol yur et hanes, pol ychl oroprene and silicones.

El astoners provide elastoneric stanps useful in the
present methods. 10 [081] "Transfer device" refers to
a device or device conponent capable of receiving

In ARSHHRIT abBEACdMBEM ANt MVos é‘ﬁf @Ms&fpl@h%ﬁﬁﬁ&t of one or
such as printable sem conductor elenents. Transfer

m@r@ﬁ%@ct @yefaws pha pﬁ@fomahléﬁtansfﬂr&ﬂwmo g siistrate surface
Ie&ﬂﬂ ét&%ﬁfa%'i wﬂﬁ\ﬂuf v, 'dssﬁ\ﬁgqg rﬂ %Snf?)rrmgP&&taﬁ:t is

con aces capable o I'ng conrf or na
i ntendeditn bevcbhsssieehmth sisand érig termyint tharastf afrsoftTitkeogkaphy.

r.esent t hods .and c si,tions are particul arl [
Al cpBfEch B i SxtaRinben tsiwags Ang of Fiaredare halied
suffaBds ba BEnAMAbRIFATERII dovide?ditl 4 $absttatb @Urfa6@NAIRFhatively,
printing processing. [082] "Large area" refers to an

coaf%alal gortactysay he estalisbed hetwaan onamer Bgre seatedcontact

sugfggé% Gt &%@ﬂg cégfacg §ﬁ’r‘f§€e Ztgé?/l H}é%g@ﬂg e6glgﬁq§ﬁ%éerituﬁ:’(ggleor
semimrw_uetdr etememnth dbvmq COmpwbeest, aadfoneeviceldepesitextthereon, of
a Qpabiaratle Fandlr of4ER by TuhTAL et i Rinfivaly, gorformal

coRfict ARYHRCEASbIishetiRRe6T bhé GRiIndie Wak®or £G4 contact
"Conformal contact" refers to contact established

sufaesRei? senfpepakle transies sexigeAnd asubstrain grdace geatad ayth a
o A |
BTSN ARSI, Bl v
liquidt thip fim egflgdr uct ures (such as printable
sem conduct or el enents) on a substrate surface. In one

[OﬂIoecﬂ’laceriiléﬁﬂc S0P CyC PEfeRCio the \eDilitgsf & trﬁﬁ§ﬂe@mm@ or device
aptati on of one or nore contact surfaces

to Haﬂ$fsr awpintable glesant, shshi asea pentable %RIE&CQWU%F%@J@"@N eto a
seI%H{%?Jt 6&%% R&Y feRfife 6 tﬁé‘ﬁosﬁf(ﬁi rarféﬁtthef d%\ac‘g E?ﬁf)t)né such

ab,te sem conduct or
as @ﬁn@@deswmelatwalto acelanted region o3 recaiviog sudags. c“Good

SRR APty BhEs 6 mellich ST 08 tes HiRIE S Bhndering o
prihtadit slgmicnt fna iselectart fositiuii Redtivei tb ainetHer delvide or Havice
termconformal contact s .intended.to be consjstent

COoPPRen relatiye fa aseledtedraginn ofr 3 regeivng Fuﬂf@(i%‘ﬁﬁfﬂ spadal
deviations from the absolutely correct position less than or equal to 50 microns,
more preferably less than or equal to 20 microns for some applications and even
more preferably less than or equal to 5 microns for some applications. The
present invention provides devices comprising at least one printable element

transferred with good placement accuracy.

[086] “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
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5 Conformal contact may be established between one or
nore bare contact surfaces of a conformable transfer
device and a substrate surface. Alternatively,
conformal contact nmay be established between one or
nore coated contact surfaces, for exanple contact
surfaces having a transfer material, printable

sem conduct or el enent, devi ce conponent, and/or device

elgﬁlﬁﬁfd ér@%ré&léﬁ/é@ Gurlﬁé trlaﬂsf%r %Pé%rﬁﬁl@ %éréﬁ‘f‘éﬁa@ibl ﬁ@ﬂéﬁ‘dﬁs of
and a substrate surface. ternatlvee% conf or mal

indigisuat elemaptpiomsthaisposiiets bethgessieae@ patternmre lmtéaa or
GRS PP AT S €T Forger
(oB7E p DSl 35S to ARyl agflowaiRg svhereinthe befdR

sdr@t%@is of Bh été?ﬁ@rﬁt s@@?é‘é éﬁb{tabreesfe@ﬁ@oh&hdt&eeléﬁie'nt tbﬁd@fe a
transfer neth or devi ce transfer a F)rl nt ab
o

elemeneer both e aée%st @aﬁr&llame&a%@m%m fixedfrom @?ﬁih@f to
str%fcttﬁgher dégvg%tﬁémafe?' ['Bﬁlrk rh eﬁél‘ VI:entfrgla/t gP 'r%f’re%]to a

I ce conponents es,
refees t0 asbrutioral coafigartaéidn mdgrein tbé battormaceirfaces of an ekareent,

" ood . pl t t nd
sugha eirastS SET i ondU i e ft hidde SBmiRt 4f TRirE S pameietely
det&chbdSrdrA GinBthed @HUEILPE, SuRhasl & otiferasreneF blﬂﬁ‘hhét@nélr

devi ce conponent or relative to a selected regi on of

Underedlstiiciiies mayRepatiahy spantirgly frepestandingsirucitses-t he
Ui Qi dntlcdurs9 HantS? g ){/8{‘%@]2 §?R%<§]W%Hr 8\% %@k gfrg%téﬂa such

m<crons, nore
asra pobimey Wafer elohmikamibnalathad) treyaare ®tanhedrfmm Undercut
ons

st ReE A Stahiedo arriea S3HRr chindetBi R SRaeRetalRe, such

asteWafd r ot Hui PaiteHal | fasifaessoier faPihe witewestrfaces. For
transferred with good pI acenent accuracy. [086]

exampiR|the presest 5W§n§"€)n inciises pethgds RRG, cppnosiioss wherein
pnﬂ?ékfl@ §Qmﬂzfon8h€l'6r @Fe?nent§ ‘éﬁalo?%rlaggaérﬁ dﬂ}s %re BOAAEARY & a

sem conduct or enent s, transferre recei vi ng
wafer atameisqiosmoenedslrr surfaceSotherfthae theigbotéine |ssrfaoes (e.g., See

transfe 5} a selected 30 pattern of elenments wherein
F'Q%\?'l} né\?ﬁ e positions and orientations of i ndi vi dual
35 0 elenents are preserved during transfer,

[088}amh thedaliowing dasariplan, dumeseH b ARG detalls of igclevices
de@ic%rﬁ%gisp? X ehhd ﬁie‘thdﬁ’ﬁ%ftthé?gg%ée’ht H?/%nﬁ&‘l 8rd §& feﬂﬁ'ir%.raer to

are an or equa nanonet ers,
pronidé arthdriough @(plzmlaaon of thecpratise malioe aof ammmeetm It will be
apparent, however, to those of skill in the art that the invention can be practiced

without these specific details.

[089] This invention provides methods and devices for fabricating printable
semiconductor elements and assembling printable semiconductor elements and
patterns of printable semiconductor elements onto substrate surfaces. Methods
for fabricating high quality printable semiconductor elements from low cost bulk
semiconductor materials are provided. The present invention also provides

semiconductor structures and methods providing high precision registered
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[087] "Undercut" refers to a structural configuration
wherein the bottom5 surfaces of an elenent, such as
printabl e sem conductor el enent, bridge elenent or
both, are at least partially detached or not fixed
fromanother structure, such as a nother wafer or
bul k material. Entirely undercut refers to a refers
to a structural configuration wherein the bottom

tramidferast Prinfibl8eRicdMB O or eftisehtdfroRT & AMdthéewafer to a transfer
sem conductor elenent, bridge elenment or both, is

deyingpand/en lgecgmrmes@@tretﬁ f Feermetndse deyices enddeviceuch as

coBPRRL o Seding MIcky BB b abatte RAEHng NGl fance
elégtidmicand spioetdctroaic dmycdseammnra)ed d)f)demce‘SLdrl flexible plastlc
u&é&gorted by anot her structure, such as a nother
Sor bulk material, that they are detached from
Undercut structures may be attached, affixed and/or
[09QIhnddgwse tPopravisierer sehamaticuaress seationivdev sliagrapfibustgting

exgh!ffé Wéth H?Blefﬂeggreﬁgﬁt |ﬁﬂérftf'6?ﬁ8r %%Rf#ﬁ \ﬁe i 1 I%S &n&iﬂ@or

€ presen on-Inc
elesmemsdmmmd;lr[gamablbl smscmmfosmn’nbmnsmf alvigke crystalline silicon

frog i Slicaowater v ol dn qeepabpt: SEC g Sarias adiow
difyrasy séthﬁ’%f(ﬂhg%rbcéﬁlﬁ me%ﬁrh@%mg(t%pﬁatab@eﬁrocgéﬂﬁg sts, in

and 2B 8] In he fol | ow ng description,
theyprasestum i for @ea@taang priptableysemispndugior elgaaniefrom bulk

{m&? At s and net hods of the present invention are
Sm%B o?th in order to provide a thorough expl anation

I°§{Jpa onEiates B BrosLiatt B 2 Sfiros wetinhaviiag (1)
orlbhfétlbﬂ\’l%ﬁs bew‘d’éd bsilies @ Maferedo M&\M{?Q? 1 hesRnttRAI thag be
details. 25 [089] This invention provides nethods and

a iy itiean waferf Aopiurality Achannelabl @ a@@%pé%?ﬂﬂ%ﬁ‘é% physical
o B Soatho SRl M AR RIS syrface 120
of eilicom Waﬁeromoo fmm@mme esingrd cayebinatien heasfield photolithography,
e f i lit nt abl duct

SREARY A BEe oPs SRR LB P apatwecr

chanfelpidefihéethe wWideh 8f 8gitintably 8B8inicuhdat®P ribbeis fiFicafe using
senmi conductor structures and nethods providing high

this mathed.on registered 36 transfer of printable

sem conductor el enents froma nother wafer to a
[092]anfkeshowrhan iFiguras d Adipanelcd) andntB sepionaby a.thdimeal oxide
Iayertlga IS gro%nvbg %Ranneqs q%ia%% external surface 120, for example by
heating the (111) silicon wafer 100. Next, a mask 150 is deposited on the side
surfaces of channels 110 and external surface 120, for example using anglied
electron beam evaporation of one or more mask materials such as a metal or
combination of metals, thereby generating masked and unmasked regions the
silicon wafer 100. This masking step generates masked regions 160 of the side
surfaces and unmasked regions 170 of the side surfaces of channels 110. The
present invention includes embodiments wherein the entire side surfaces of

channels 110 along depth 135 are masked (See e.g., Fig. 1D). The extent that
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conmponents of the present invention are capabl e of
generating high performance electronic and

opt oel ectroni c devices and arrays of devices on
flexible plastic 5 substrates. [090] Figure 1A

provi des a schematic cross section view di agram
illustrating exenplary nethods of the present

i nvention for making printable sem conductor elenents

mé&éaarﬁeﬁidﬁge%mdﬂa&bh %é§|ﬂb%@ﬁﬁé§$ Qh sbhiPeBodimenits) @ e
crystalline silicon froma bulk silicon wafer hawng

coatrpthqyy engleraf vaperatipn @f mask reaterials thes'shadowsy gast by the

suffafd "f@é@%‘%téd Odefrdi EUercfé’?fd; St wgfe?%BSand‘ thé ldlégee%ﬁof
repeata rocessin eps, 1In sent ods

coﬂmatgmrtﬁrtm ﬂwg opmask ahﬂtenalem 'Ehmdep:thmsedféhe trescliesot 0 and

the Bxisot ShieSker HEpioiS1eq pF e Flfaths, Atisast h Pagy define the
thl@kﬂzéﬁétlcﬁtth@ Pridldld §erﬁfc@ﬁd@&dr n@bdh %@rmemfoets y fHeSe fgathods.

) orientation nay ulk silicon wafer. A
Opdionely.i expoged &Sﬁﬂ'ﬂfepfsthﬂmalr@ﬂﬁ% baysr 4@ jremayegiyian &y

PO P i a4

Ieu3|n inatio ea eld
(0G5t B0 s @aafef%%ﬂf 1y FaPesfiggyesions 170 of the
sideCQUHHRERF chbﬂnélelﬂo@a@@wmntm anhsxepiAgiyrdinBédiment,
between channels defines the width of the printable

ungasked mewiensd 79 ob Ehmde sHrfaees of ehanmgls TP angi anispirapically
et I QYo Y, Efardys BECIS prérefiabelong <110>
dlrebmsed)fsthe slican dvémt M dherehy fuaderc].lﬁtng regionexadiifh1 B dilicon
' th 111 N 100, t 1
watg” 0 Bl asiddant chp il 407 Toa et br il €84 fphtayo>
diresticiisislschembacalylsHowr! 9y trRxd@igbled wmmunqmieea o?Figure 1B.
el ectron_beam evaporation of one or nore

In pae emhadimenis AN AnisptiapicetcBing systam iﬁa@hQﬁ@néz that etching
doIeE %?Qé(béi&@%ﬂ?tdgggr @Bﬁé@l 139 irdBABSESthE &FlicBA %vatf&e?(ood The

I CoONn WwWa naskln step generates mas
seieegv:Qnaf thé @nisotropie efcbiag ssyatefraeeé ttam(jl 1inetiskiation of siieen

watdio il plsifed At CpRtIsiE 68 shim PRt A s Bt Bhre firteF G
doﬁ%dé ﬁelﬂg 4750fUsaful m@p%ée&gl )r(\tglesr?tstbtnﬁifdr thig &Epétlste)f e prsbent

mweagpemcgadeeweasmﬁmtd?é etghing syRteraUsing 2 0&%%0 JeeSkton. In
soRTEOGAbIERehts, 'ah etching system is chosen for this processing step that

generates a printable semiconductor ribbon having a relatively smooth underside

(e.g. roughness less than 1 nanometer).

[094] As shown in Figures 1A (panel 4) and 1B, etching between channels
generates printable semiconductor ribbons 200 that are entire undercut from the
silicon wafer 100. In one embodiment, the physical dimensions, shapes and
spatial orientations of channels 110 are selected such that the etching
processing steps generates printable semiconductor ribbons 200 that are
connected at one or more ends to the silicon wafer 100. Printable semiconductor
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controlled by angle of evaporation of nmask materi al s,
the "shadows" cast by the surface features on
external surface 120 of wafer 100 and t he degree of
collimation of the flux of nmask materials . The depth
135 of the trenches 110 and 5 the extent of masked
regions 160 of the side surfaces, at least in part,
define the thickness of the printable sem conductor

ribbbRH 200 @%ﬂéfa@é& By IYe EF&%ﬂt ARtHSRESmay BBtfia®nAin ahd
exposed T egi ons_of ermal oxide | ayer 140 is renpved

meghapically ﬂe&etﬁ t@@ﬁmallm hednaskn0 isgemovadpios e¥amele Wayvet
chnl 093] As sh Fi

cr‘%ﬁ%‘ané\@@ %;u % unﬂggied[reg? ons i?SV\gfl tnheI g%es

[Oi‘ggde 7 r;ﬁéﬁ% of 4 Sh Parberlﬁr%ﬁé é%ggfo%ﬂgnzillydﬂgf%rr‘?sr?@t method

inciidts tﬁb‘r§té’g9Sﬁre%asﬂgaﬁmbﬁle]s@n|§él@dlﬂﬁd)l‘5élém@ﬁtscf?d)d1)the silicon
etched such that etc bet ween channel s occurs

wabere fesrexame by cantast with maelasipmnséampoﬂn exemplary mgthods,

ool 1V ABESRISHAIEY Lpen( D ER Bl ey

fradtulzes bhewor Icﬁore theidge @Ierﬁemtstconﬂnéﬂmg]mecprrrmnle samidanductor
ti . dash

elepefie o Weesiicartwatet 100obref EsLaROdn Feas el Eaarer ptipe

priftehl € 8arfcofhl 0SB efepnd @) froht&ilicth weR®00ab the elastomerlc
substantially occur along <111> directions of

stamp.i ddethees of theorresenfdnvetioadnelude yisgof M@tlaﬁlymreﬂeé
pebt r%'i‘ég‘%ofg}flﬁfa?é'r}%dg&el: Hﬁnéfé#ﬂbm%ﬁc%?ﬁﬂéfe? H06%o 3h!did®bmeric
war er %at I S

provides an intrinsic etch stop t
st ansfiec deviger epresented as 20 dotted line 175.
Useful anisotropic etching systens for this aspect of

[0dd)e DipticAAty, th@E@%thﬂvéﬁl%rUi@h@lu@eWgWﬁém faBlicationhthsthods,
system using a hot basic solution. In

foﬂlﬁﬁ@QmpéﬁtQQ thgsten ehishigisbing thmexterpabsisfacesf t%ﬂﬁcon wafer,
R S0 PLRSRsEaRaP e  Poli g o
mlcmdeamrdmg efce). that gemegbtma flal esd/arisarooth aateunajtserf?ce 26

silgoR pef B e nawaif Bictre 36, SRR BGyir 100, enables
thesRIbrieatishsloREss tdHe AspeHis trh..mtpl@nme%nthdr@bwmrm hlgh

fromthe silicon wafer 100. |In one enbodi nent,
vielgs,fi rintakle serisenesictos ibbess fem a sigle silicen W@Fﬁra%'aﬂg
mdbrighannel s 110 are sel ected such that the etching
proceSS| ng steps generates printable sem conductor
nect ed at ,one.or

o7y Figes TR i aroran SSRprat Thnercceurmite i dgoram
illu8trating fabrication methods wherein the side surfaces of recessed features
are partially, but not completely, masked. Figure 1D provides a cross sectional
view schematic processing diagram illustrating fabrication methods wherein the
side surfaces of recessed features are completely masked. As shown in Figure
1D, a portion, but not all, of the floors of the recessed features are also masked.
In this embodiment, the method includes the processing step of etching material
underneath the masked side surfaces of the recessed feature. The partially

masked floor configuration provides an inlet for etchant such that etching may
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ri bbons 200 generated by the present nethods may be
flat, thin and nechanically flexible. Optionally, the
mask 150 is renoved, for exanple via wet chem cal
etching techni ques. [095] Referring to the flow
diagramin Figure 1 B, optionally the present nethod

5 includes the step of releasing printable

sem conductor elenments fromthe silicon wafer, for

oc8NABBtVBeR YedRba $éatitdd) sath 85 éa{déﬁﬁf r*e‘ée§§@dﬁ%atd rés. Methods
exenpl ary nethods, contacting the printab

of thenpresertuovetionl @ﬁﬂlﬁvmgwwmplatﬁ neasking ﬁﬁthecSIQQ aufpaces of
re{)érs?%{j g%?qﬁreoé}% t%fn fci?rdr&ﬂ& 'e%ﬂ‘iﬁ&éq %8&95?;? LA ph%absslon in

e s cond e’ si 1 con
theméfjnilimeamdbyeleemn bf the thnknes;;; cftthe @dntabw sémicontiuttoe

clofpile. Tone STERBIGRALNE e STACeR RS CRmPRIRY sk such

thaRt§S BBUNd Y %Fih@ﬁaéd‘\i‘dtiéﬂ%a#bﬁ@n@%n kh& BbbIEflthe recessed
controlled” peel rates to facilitate register transfer

fegturgs 4n nheﬁ@ma&p@ls, theghickness efi the rivheniiz nokdefigd by the
boﬁﬁ@%ﬁ o?rthé]I |0L10§§ﬂ| e gﬁﬁflbé%an ‘ﬁoBF ne% 8f the

abricati on

treﬁulneshamd ttmtpplsmrfagebhme\tvater.of refinishing the
external surface of the silicon wafer, for exanple by

[098]" f 7RE nRBtAGES6f ﬂaanéétﬁrgsprérﬂaae scRAborRNicRsH el&hiRE oTdhe
etching, mcromachining etc. that@generate a flat
|

preseat tﬁwe@tmamyémte@rrmm@rm fa@este.ﬁ of rgfiningdhegereietnyoo.

ph na% i n% ﬁrég ?ﬂg rn?oréﬁ 'fﬂ%eﬁé'c@?sédb éaﬁ?r@swﬁeglhmﬁo& the

ric process e repeat
recesbéd paturteismay bé marrtdnyomramhyimgwthm tite mrlpatmm;srooéss after

ri ntab sem co i hbons sin e silico
gefigielipt &f e eRESSHEiEa TP ang gg9) (Hogebo cpalsy spaRe Ohtne
pnﬁt"a@ﬁﬁséiﬁn@bhﬂurtﬂbr SeMEnts hRr@RUsSfuPERBegidH, éfiamgathe

lustrating fabricati on nethods wherein the side

re%ﬁ?%MUf@ﬁ i$ sarsiedQut PEE ta rocessivg piapsiiayqlying lﬁﬂﬁ.‘sw
paﬁ%ﬁf bf E@h&?&&?%@%‘%&{é%@es]ﬁ hPFREsEES £ déhggt:eg.rsn Figure 1E

sect I onal emat i ¢ processi ng
pravidaessan magegoffrabessmtﬁeeturasetnﬁdé 10hbawng atthenchsiaméiguration

ge%ragergg h(?LH ces ec%llfe altn§r arfegﬁgs%gﬁeahggg gﬁasngr?Flgure
1EWsrefdefines b9fphtab@ shECSISERthb§RpHY EPelil Bt DSandRBIsEEL ion
In this enbodi nent, the nethod i ncl udes they_ﬁroces& ng

etchingp ape sebegquant remeyalaf metalrich Saask. tFrigurealik BEPVidegan
s HASESn S BE L SESPH 1 RAUNG S i BB gPherte
witbtsideasutrfaceakfiningt Téeeokecesseaddpatures shown in Figure 1F were
defined by phase shift photolithography, metal lift-off and reactive ion etching,
refining by anisotropic etching in hot KOH solution, and subsequent removal of
metal etch mask. This sample is also treated by angled metal evaporation. As
shown by a comparison of these figures, the floors and side surfaces of the
trenches in Figure 1F are more smoothly defined than the floors and side

surfaces of the trenches in Figure 1E.
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39 0 occur between recessed features, such as adjacent
recessed features. Methods of the present invention
enpl oyi ng conpl ete maski ng of the side surfaces of
recessed feature are beneficial for providing enhanced
accuracy and precision in the definition and

sel ection of the thickness of the printable

sem conductor 5 elenents. In one enbodi nent the side

[099F f &egmirRy ifl thieHBhedxe FeferPRkiadtesidriemdvarbrddeesing Wi darfiices
of the passwatl on hap Pens on the floors of the

of the racessed fealyrgy sdch 13$1 hengide sHeEaerRsyand flaersiafireqasssed of
fedtlifed. | RERIng cﬂRfes Wb@s&ﬁﬁﬁ ul?@.ﬁ{b%?rféf rQée%geffF%tgFe

paSS|vat|o ut | oor t
sudacehand/or pm::leesmgmelsulhm trmscessécbf@etwes hheingafiene. uriform

h ho fab bl
phySRaL i BEs 2o Riact TRorehRloos, 10 e Eadiment, the,,
gebHigtiye physicaldirmensibas ahafr alorpRdlogy Rorefingd g%oamwtybpnc

physi cal  di mensi ons and nnrphology of the recesse
etqm@g tacbaiqurss fop exaMete elgRingrusingsBAK @B Ralktion. rﬁWS@éOP'C wet

et&fféﬁ'n% QQFernghe%nfby%é’rﬂbﬁbrly Bsbifidr ?ﬁéfa@bh% P Oren

ene ecessed features nd prior
ribbong oamble ohregigteniransfer ashe afivantagasobthierretihing processing

stetBhERE: Bty SR ued Se it atthe S8R BBH dejprmined
fropt they criystaliograpRigi axes if s mothvarlwafe amasR) p@wdmg |mproved
artially or co Ie el the side surfaces of

deg’é‘é@@@é & gde §P€ oighedrench YF}P%WM'O‘S@P%Q@%‘W the

mdte&ensfed features in Si (111) havi ng a trench
configuration generated w thout side surface

o, Pl A A NN PN PR e

seiddndatfor atrdctueecsf the pregentmvémtuog conpisiighes printable
renoval of netal etch f@.@ ure 1F row des an
Rl f‘r"ﬁm

senirandugior elerperycindrtwer ntse 1819 %@@m‘?@t%a'ier ench
po&ﬂﬂﬁé@ Histdl 't@ @a&? Bﬁfe@'il? the $thddture! BwWHUR' V%é Zrﬁe hRd BHdge

he recessed features shown in Figure 1 o
elementa e pysitivnerbproninal toteschotherdg thepsiyuctues shown in Figure

28! 1A EF@LE uﬂa%u A a\ﬁlﬁ 2 ﬁ\l@%} Qg {ol gkgtfolr &P 290

ant sotropic
cosphise printable @émk:ahdoétor mehaént 800 rannmrldgeTéIemeawm 0 Bddge

al s reated.b ed net al va i on b
el s 1P e RligimENdBa YRR SRRl hanriast cBigaaly
intég}i’éfl?@@ﬁnélft ééh@icoﬁdxﬁﬂ@ﬁ&énﬁéﬁt 500!% ﬁm%hé:r vaafer G?O €1n one

SNDO defined than the floors and side surfaces of

entbn)dlmela;ngn@gbiensqmlggmwcjoeelement 300 and bridge elements 310 are
partially or entirely undercut from mother wafer 320. In one embodiment,

printable semiconductor element 300, bridge elements 310 and mother wafer
320 are a unitary structure, such as a single, continuous semiconductor

structure.

[0101] Printable semiconductor elements 300 longitudinal extend length 330
along longitudinal axis 340 and extend width 350. Length 330 terminates in first
and second ends 400 that are connected to bridge elements 310. Bridge
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40 [099] Refining in this context refers to materi al
renmoval processing of surfaces of the recessed
feature, such as the side surfaces and floors of
recessed features. Refining includes processing
resulting in snoother recessed feature surfaces

and/ or processing resulting in recessed features
havi ng nore uni form5 physi cal dinensions and surface

eléMEMIF10%:88nd ’eﬂgﬂi%‘%mé%ﬂﬁ ’W|Ht|h§ 3mequﬁé ¥mbodiment
hysi cal di mensions and/ or is refined via

shgwnsoﬂwes 1Aanshi Bbd)rt@@fﬁiel@@é'& cqrmectstoalﬁgﬁ thasttbaiengre
wx%ﬁﬁ' enc(#{oggos_bét%ln%[ a3 of Qﬁé S %P %{ gﬁﬁtabfet gé}PfCSRH%W#t&g

es IS Icula useft
eldnédrnts 3001 |Aroshown bﬂagareseﬁmbhe 28 \Anattgla?'()em‘ bridge €lements

he adyan e refl rocessi ng 10 st.eps
31Prg sadSr e prthand Hopriahs seateidinrar dements i to
faélﬁtﬁfé?ﬂélgfété}‘%?tré?@-’é?r i aadmoﬁrgéﬁqkbﬁd@dwﬁé@fﬂe% 200 have

axes of the nother wafer, &abﬁprow di ng i nproved

sutface aragsof exposekexternal §urfage,% re laegeritbar thepsurface areas

o 51| GaP 83 g R 0, 5 Somd b 08king anc
tradsteg naethods opthierpreddrt |n\ZBintleanﬁheea «ﬂunensloml rattcibutesof diridge

th t t | Si Nt abl. . -
IR A AR A ST Smags 0B RLe ngh prggison
re@él%ﬁ&[‘irénﬁéﬁ asB&mbly Ao |ﬂte?rélﬂlor¢ 6f ;ﬁﬁﬁ’é‘bl@tsbﬁf corfiuchis

structure shown in Figure 2A and bridge elements are

elgiaentsi3®hed proxi mal to each other in the structure
shown in Figure 2B. A shown in Figures 2A and 2B,
[0102] nTThblstrustemal sopdart tpoovided by tbuidge eRIBer@6 3d0r’rmld$e

ri ntabl e sem uct or el enent 0. and .br
soficeefEior sknem RRJE o RreSHBRES sPRYoL IR Alpte andior
du HaRsRAEGONtWarER 320, foh @karPieesihg aPElastiometiy stamp transfer
ally connect, sem conductor el enent 300 to

deWﬁ@'h Skemcépﬂe@@mcﬂﬁnaﬁﬁ of briggrielemants 310 it %?rl@ble in many

ABERISRARRont T gt b ceoEAEe e et

orientatior oénbe or pﬂnﬂablezs'erplcondmtbeelemanwnmmpmnde lte aedesired

furgAPpaldviE e GG desrart "the Phkite Gihgbsintc Jodtisl °

oriéntatie N At GedmetStdturidge @lerh8AR s sBlectidadilct that semiconductor
sem conductor el enents 300 | ongitudi nal extend | ength

eleggnts 308 e canple Qhrelaasaypan ng@taﬁh‘ﬂ'”é ﬁtt’@rﬁ‘éf%WW%dD
soin@ EHhbodtrfénireiBdaatis SichidvEd by fracture, for example along the dotted

lines shown in Figures 2B and 2B. It is important for some applications that the
force required to fracture the bridge elements 310 is low enough so that the
positions and spatial orientations of semiconductor elements 300 are not

substantially disrupted during transfer.

[0103] The spatial arrangement, geometry, compositions and physical
dimensions of bridge elements or any combination of these are selected in the
present invention to provide high precision registered transfer. Figures 2C and
2D provide images of bridge elements connecting a printable semiconductor
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30 and second ends 400 that are connected to bridge
el ements 310. Bridge 41 elenents 310 extend | engths
360 and extend widths 370. In the enbodi ment shown in
Fi gures 1A and 1B, bridge el enents connect to |ess
than the entire wdth and/or cross sectional area of
the ends 400 of printable sem conductor elenents 300.
As shown in Figures 2A and 2B, width 370 of bridge
eléihéﬁ%tén@tlﬂ%éfér SF":%tEBFe diltch elbkhts3id GardW) Briage e

senm conductor el enents to facilitate re stered
el@rnant§f<29nne1:tm9a@rmtabl@rele@@msd@rta@mqihere(ﬁé?iiawa r@@@shawe in

Fi M’efﬂ?.etTﬁé ﬁ@?w%“trggfrf@g%@ﬁnt%ékeg&ﬁkoﬁdﬂ&&c émteptaén@Pﬁdge

arger areas ex ose
elanentis eefinéd by i&ﬂ-‘@eetehlegemsssm mFFagumecQ@, tpe @ae‘smlmg

f d f th nt
sefiianiclt B et Lt b e oD o iaded Goers.

The folihahéss SfaRbsOBstetLPanEHRIGErall §émbay of tHerb@Idthehts
precision registered transfer, assenbly and/or

decrpasgrthe |a§ﬂltxo!0 relaasedhe erigiable semisenductoeelement withgoPDMS
tra[ngﬁe(?%ﬂew g r{%éiﬁ%léﬂi%n %}@H&'&dt @ggﬁgﬁg&ﬁ%ﬂ@%@gﬁen&

enent s sem con
copnedctirigaprirdable miermeants do it et her(SOE water anelAlso shdwn in

Lduri ransfer fr f.er Ie usi ng_a .
Figif o8 Gt as hnsies] ot o soTtBREHENS) s Bhown n
Fidwe @D, Qn@lphhwbm‘ sdiicepgustbesiicht aA8 bridgd efdniértlcenfifmation

fabrication applications wherein the relative

haﬁ@éf\ém eprnesphathasharraespat hape comesheanairabes hrstisss at
|
weliddtnBl LReS POREY e ins, Lange 4 BEHROTSIeRSL these
elgrhertis el with &BWSrtEansémaiavwe 20 orientation and

geonetry of bridge elenents is selected such that
sem conductor elenments 300 are capable of reI ease

upon cont act W|th a transfer device. In
EXAMBLE & sdATaySohAlined GAAS Wires,fooHexible

exanpl e al ongﬂéﬁ% s%vst N DI S B ARs
and 2B. It is

[0fQfHce r elignextarays ofaGahs witesavith integsatedehenic coBtbots s

ae Pt ROFNER s A0k HEG ST e R 0 R & o
phatdiitiogrdprel and ghisstrgrie dhemidan gtdhi@pmrde d %(halsm@mass of
Sp atial arran enentgk)geomatr ositions and

mﬁfﬁ% feriransigtaiss sichpkkybeioges d@@'cé] ARG eyen giye complex
cirCAPHNALLOR PhsticheDBralc’. SHcRelRYided dfilbit excellent electronic

and mechanical characteristics, which are both important to the emerging area of

low cost, large area flexible electronics, often referred to as macroelectronics.

[0105] Micron and nanoscale wires, ribbons, platelets, etc. of single crystal
inorganic semiconductors are attractive building blocks for functional devices
(e.g., optics, optoelectronics, electronics, sensing, etc.) that can be used in many
applications. For example, Si nanowires synthesized by “bottom-up” approaches
can be assembled using Langmuir/Blodgett techniques (or microfluidics) into
aligned arrays and used as transport channels for flexible thin-film transistors
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present invention to provide high precision registered
transfer. Figures 2C and 30 2D provi de i mages of

bri dge el ements connecting a printable sem conduct or
42 element to a nother wafer. Printable silicon

el ements and (narrow) bridge elenments connecting
printable el ements to the mother (SO) wafer are shown
in Figure 2C. The geonetry of the printable

(TF?@) &r? B%’éﬁ& SUbSAEE ntn aadfréntdiproRine misYo/ndhodeale @é’ments
6 etchi ng. IAs shown in Figure 2C the printable 5
Sl

of §e ﬂmmﬁiumtwe ispanys-Sihldn ithe tage of ribbens witbrihickRessesrof
- BT FARG0R ford BEB SGR PO 5 con
bet gf@wwtleb iftom highr@latiag siridhe cpystallirbelk searoesridigg,t silicon-on-
SR St e o o B b Ths e
of M@ﬁé]tdaﬂ%eouéé@f RFhBricite W‘E%ﬁa TeTs Bﬁ p!%xb%tr(éiglae mobilities

water are al so shown in Figure 2D. Geonetry was

asdfigh BS BoDYemPoy 1KEH R ﬁ@wr@@ht?y SRtRE Wer HssctiNdURcd faterial

Figure 2D, the printable sem conductor el enent and
(indermdg ef ekkdefined dopingienélgrunifoanity inm!qpmg;rlowrsslrfa&"el e

rojgeRgeR o et uRgeR Gefcle Irr o SModm fastd T he.
seﬁﬁd:dridu!:tdr@nét@hélaﬁlﬂw SiRERe Nzg@b@“ﬂ? &ti6s, Whith afe B&Nicial for

transfer devi ce. rinted Arrays . of
religbieytigh @ﬁ@rmncgsdefvme eperation. eThQ'rtQﬁsqoé"(fb rfgbﬂqatlea PEocess

is Al d S%btgﬁgﬂ%g !t@)?eﬁcgrﬁ“&%%fbﬂﬂ of B %R/l‘rlg e tggﬁl? ordered

arrays o nter m c cont
orgmnmtmmmmrdmtgmtwealdeﬂyed at Hngl veafer levehlduring “dwyfteansfer

b t.he .us of, 20 t ol it and, a ro
origtingi 5 408 Bndlield ohrdl o otied BN SbSAl, Aot ign
pefBEraahdd isfpdssiblaiith Si Osvien etfepichidactirizties (e bogperatiag es
and even nore conp lex circuits on flexible plastic

spegh)sis @ghieyed ‘v\n@s@ae@\fpe gxanaRlg; eve t%st% nghémrm&ce?!??tfﬁﬂ c

ani ca clpar act erjstics

mq%wﬁghﬁoq 6 NG 'SergrMgus S '%ﬁdememﬁ §3€°hr&<ﬂlg°éf°r
oefgtobl G095 BLBP Lo A0 sl ehA B wit

triaigubar, crossodetions loat Slagisayafetscwitioftopidogirg fatbr}cﬂtuah steps. By
formqlg(i gsrr‘}\ld(gpgrﬁénqgt%r}btﬁégg E,%\,A%L\@ggst {v&‘?@ He\g/%plsgg ?etngred to the
wa‘?é}t agd ‘iﬁérf PEhSEr pRhth theRi BlaftR RibGated! mdchbhrbIN:Adkible
metgl gcasrﬁlcokgucr{grn?/ ield-effect transistors (MESFETSs) are built with excellent
properties. These transistors show unity small signal gains in the gigahertz
regime. This example demonstrates the ability to build, with transfer printing as
the assembly/integration strategy, various elemental units of functional circuits,
such as inverters and logic gates, on plastic substrates using these types of
MESFETSs as well as GaAs wire based diodes as active components. These
types of systems are important in large area electronic circuits for steerable

antennas, structural health monitors and other devices that have demanding
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appl i cations. For exanple, Si nanow res synthesized by
"bottom up" approaches can be assenbl ed using
Langnui r/ Bl odgett techniques (or mcrofluidics) into
30 aligned arrays and used as transport channels for
flexible thin-filmtransistors 43 0 (TFTs) on plastic
substrates. In a different approach, m cro/nanoscal e
elements of Si (mcrostructured silicon; /is-Si) in

re&ﬁi?erﬁ@ﬁt@f@f high QP@Q& Mg Beﬁbiﬁmléfdevmég @nﬂ@h@ﬁkﬁght

hs rangi ng Trom several mcrons to hundreds
plaﬁt@rwbgtra@n be generated from high-quality,
single-crystalline bulk sources (e.g., silicon-on 5
[01 o6Ju Ing @BA depictsitheansjor stepb dbkfabrtating) GhAs trghsistors, diodes

Thi f | be..
angugtioCateson Pshie THaLass BOREHEN Seiras Ol te-com, Faheipption
tedAtiglds o ne?é’cehhi@l‘b/ﬁéném%sc\ﬁﬂ\/ﬂng% purﬂ‘ﬁn&”v@ll Kiﬂéﬁ\ln' doping

of the wa based source material (in terns

profies fraat bmilwrm&mcrrygtal Epdisswatars. f@hf’ﬁl(t WntﬁCfQOfﬂerd andte
w4, BEGF PN ERIRE R RS, S5T5LY Pl ARS8 E R o rm
defpomtedsamd banéaled 0460 1€ a}m mirein, a gbanhtmeaNiﬂeﬂmMnglNﬂ) on an
oplBat G5t et SR g TR S o530 2B tR®)

suBS®aS T Hel comtadt istrifdgiePasag e eot*yr) @fyst?ill@?ﬁé’dhid‘&‘térﬂ@tlon
hi ghl y ordered organization nano/ m crostructures

andé’faVﬁe/udms af Relimafle the easd of teansisters: thegansapriveen the ohmic
f
SR nd S it PftolBBebl o kARSI e
etchiind gé)nerammra;e;t afdBakdwiras wathi taanguda erogs segtiorest (insgt of
d d wit .0 J
Fig g dnd WidlE o 27 bt with oisined &t EBbGvaIrE(r 1§ 387

Thése BoANEAI6Hs Hcl Eb &cHBFD 16 hianitaintthe Wlidtimel drientation and
generating, using anisotropic chem cal etchi nggst eps,

SPﬁE\@idSMFﬁt@ﬂ&Knﬂﬂ%W'rﬁﬁﬂiﬁ defin ihgrlayqui of etchempsk 6.6+ om

phpRfSsiEidcin! ikdmob B 1AG Mthilciask 3ht UepSSRRG o ey Ehof Tic2

nyfRi0s50! im) daledecisbntloearh evaparfation peeghres éhre surfarskaf the
printij { t L. bst t

wil R s renSting, P brBaREE bR spital BARTS Miidie TUsIO:

filnbd/68I Shrfade’ dfWitds dd hot eofmetl ®thos®bARKE hidtber WA &hus
transi stors show unity small signal gains in the

faciitglingtheyield of ‘tfﬁESfeﬂPF@t"é& ak@NEiageasslightly exidized
poffiichixPHe) GOMS) STl IR sl o Bateiehala ¢
cheimidalihondiog dletweercthet syrfaceof thenB DMy starap and e fregﬂ 6i0;

fi Inq%g/%\S’ctondrgengcl:\t'?ldc’nt }ecac gr? sgr Zé‘ 85’ frgﬁlen& ﬁlaeﬁﬁ tFye%‘la’f?ig %ack the
PDMS stamp pulls the wires off of the wafer and leaves them bound to the
stamp. Contacting this ‘inked’ stamp to a poly(ethylene terephthalate) (PET)
sheet coated with a thin layer of liquid polyurethane (PU), curing the PU, peeling
off the stamp and then removing the Ti/SiO; layer in 1:10 HF solution leaves
ordered arrays of GaAs wires on the PU/PET substrate, as illustrated in the
middle frame of Fig. 3A. The Ti/SiO, film not only serves as an adhesive layer to
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MESFETs as well as GaAs wire based di odes as active
conponents. These types of systens are inportant in

| arge area electronic circuits for steerable

antennas, structural health nonitors and ot her devices
that have demanding 44 requirenents for high speed,
hi gh performance fl exi bl e devices on |ightweight

pl astic substrates. [0106] Fig. 3A depicts the nmgjor

bo‘hﬁf’cﬁé daxs WS tE el POMSAR it él@é‘ prétbSthe QUHQ&‘,Sof @8As wires
| ogi ¢ gates on plastic. The basic agroac relies on

from @psﬁl lﬁnc‘OFﬂ%mma@Qt\ (@8-, by sobvants goe &U)slugieg dhe peocessing.
m cro/ nanowi res with high purity and well -known dopi ng
[0pO7)f ilh rsis foramat bbb lpristing| kare susfheds Gathe wirdsearl ofihivi stripes

f f f [ h
arG BB ESeCLl9n LR LTor HHORSP RAPAIKSSPG iF) IR 28 g oienne Source

andedam é@éir&d& @80¢mh 2@) (iR @oknéArthd omn"b béhtac@uﬁtb Fated on
tube with flowing N2) on an epitaxial |ayer of 0-nm

the, wirgas Fon tran§|§m§ these clachores fatnehasquste md\éyain,o‘or the
dlédétésgﬁﬁi‘flrggre ﬁt RV eﬁ{xgtl’cﬂx%s (56 aﬁtlsgﬁ]go hﬁf‘ﬁﬂ/%q nlﬁél)AU)

crysta raphi c orientation
forpmed by nHmdaolmamgraphy andtifoff bartke bateepaﬁqaef thetwirasnwhitesthey

defjne the ch
ariegretadh i Bomplelicsunetisss A SHalRvAoNtasts farfhe diodes
andeyé @te%&oaéé frhem E@Fﬁéw AR Df YMet ;brobésﬁﬁg Bhake 9ra@,§§
sections (inset of Fi 3B) and dths o

SUB RO SO EEPBralLras RelR D “Cri We digpot QbRernosey
de&BﬁEﬂggﬁ %ﬁﬁﬁ?éﬁonﬁmg%§tr? {H mlsr?nétﬂﬁe%“ﬁ thermal

orientafion an catlon 0
expansgen casffidishiserdothgr pmﬂbla)eﬁettsoﬂnéhe:tranmsiom ithe W|dth of

S he A ) SR e B R eidratn

spee&C ThepoBRiBAF UIie @lettiode Hatweer Bfe $difcs Bhl AeSiR idfeldthRly
wires for transfer printing. The triangul ar cross

ungppertyn '%HE%W@&%ktF'a'ﬁ t@lﬁeéan]qe/tg,p@gr peoistratien, whighys not present
in Al 8 Gflafid Hoh{shol8 MOSFERTIRRAL Ofldd 303 FecBEIEF feld;cffect
trapsnstctrb type deavmessaia arijicallysimpprtany fayxelibly dchieving high speed
di | si,l PDMVG). st a o the urfa of
opBfhtithrorle SR WnbrebiRbisR PR ot (horfe gtEfingthg or
imposdineiuefitotslightUNdongbred defoambtiend th%ﬁ ba@bé?ur ih Itlhéfph‘ﬁtlc
a condensatign reaction, See tqgp frane of Fig

duppg ProRgssinek ConBectng pItipla %Fpﬂﬁera ang diedgs metkﬁrfmof

W §EorRBlicseRNEatbs FiRdAgHA] it h f Fi
ap%otbﬁ)tnact nog tﬂlleseg%i niaegg st arrth 8éle ng 'ys :r?%;%ber?g]e orrg.
3A shayysha NORgaje. ( PET)
[0108] A scanning electron microscope (SEM) image (Fig. 3C) shows ten
parallel wires that form the semiconductor component of a transistor. The
channel length and the gate length of this device are 50 and 5 um, respectively.
These geometries are used for building the simple integrated circuits, i.e., logic
gates. The Ti/Au stripe in the gap between the source and drain electrodes
forms a Schottky contact with the n-GaAs surface. This electrode acts as a gate

for modulating the flow of current between source and drain. Diodes (Fig. 3D)
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sheet coated with a thin layer of |iquid pol yurethane
(PU), curing the PU, peeling off the stanp and then
removing the Ti/Si02 layer in 1:10 HF solution | eaves
ordered arrays of GaAs wires on the PU PET substrate,
as illustrated in the 30 mddle frame of Fig. 3A. The
Ti/Si G2 filmnot only serves as an adhesive |ayer to
45 bond the GaAs wires to the PDVS but it also

usBNRFESWith RIS §trri§)é§ %anneCﬁ'ﬁ‘ﬁaM\d S@ﬁottlfyf @ﬁtaﬁ’&é} ®hRhé& other.
contam nation (e.g., by solvents and 'PU) during the

Fig 3 a5d |3nghovy imaggs ofra collestion offaaAsttransistorst divges Bade
sn?lglref tﬁlcc‘ﬁftﬁ qt IbﬁT‘@u'bgﬁ Nth P@"S? tRb rleﬁe eé?W? ?@ﬁjs bent

hograp C processi ng msta
arbunditfa stfaftsmﬂa whit® nearkerd iradicatielgebe ﬂexibmty( (ﬁ’aﬁesmemyronic
that connect the ohmc contacts integrated on the
res. For transistors, these electrodes define the
source and drain; for the diodes, they represent the

[0399% J hel RGchatacterississ 8 the \vire bages MESIHRT an Alpstic (Fig. 3C)

I f
o AT B 8L BTN B 4T Ea e TR vt
Thel fist of curvdrit thewesn dedicean8adraint (kys) cowelhotosiufaded binéhe bias
des for the MESFETS.

di.odes .10 an t Al f
anpligs i e o Fen e bp e eiRasel pith etfedse o el this
caké nﬂh@rrﬂ!g'éh@é H@Weﬂe%‘lh@ effétivh Bamiets @S &ladtroaYor n-GaAs)

debondi wires fromthe substrates, due to

in th%ﬁmm@geglw @wé drareases famehamet lemee?ﬁeﬁﬂ@e e Yesisr

f t
nefRE9% B 15 et LbBr PARI A Py U i e ana
thé ﬂowcuﬁ curreht betg/e'ehesoupca and drain s mpelmﬂ offliee. pibei/ps lecomes

esBenlallires) A anpar 0. 4 Dhiie GIaPR (© Mt eslpiihgdes

leds0thBACR.5NE. QT s plﬂbh-@ff Vdﬂbgégl 8. ?gdﬂ@t/olltﬁw ¥8d) atiardrain-source
non-sel f align I gh spee

VoG BYoso ol BV dr.cUTRAE bS5k (Yo the saturaliRgegigny Vos =

4 \Wﬁ’ﬁe QSHéfﬁﬁéurvb%f‘Eﬁlé'ir‘aﬁéfs is BRENE ﬂ{‘r ads aB. r'ﬂ‘l AN/OFF

I evin operation on tic su strates
cuwbet Eatlpraﬂdi reaximegn manacmnﬂuclzmoefare rde&fmlm@h@omf igr 4Bdo be

~1PRERI 20 it fsrentivnl” g ebhlt bl Bl ER i function of
théanmder bN@ires!(ite. the effeative sharriel aidthjland éwe duembefetween
appropriate _geonetries Ig:ienerat es functional E\g([cﬁh

sogfgecnd drainfi&-.dba chanae! lengh). Vith sapstant-chanre
tra%lgl\l:%]a ﬁ%@gﬁk‘e&éﬁ gr%r ge%f)a‘ii‘%@&%é ?E%e?tg?%%tr example,

the satucatad hstairVessrhonéand dbs & 4 Vamereases fromiHk75 mA for
transistor with channel length of 50 um to 3.8 mA for transistor with channel
length of 25 ym (Fig. 4C). Although transistors with short channels can supply
high current for certain applications, the ON/OFF current ratio tends to decrease
because of the difficulty to completely pinch off the current. As shown in Fig. 4C,
the Ips of transistor with channel length of 25 ym is still on the order of several

microamperes even for Vgsof -5 V.
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channel length and the gate length of this device are
50 and 5 pm respectively. These geonetries are used
for building the sinple integrated circuits, i.e.,
logic gates. The Ti/Au stripe in the gap between the
source and drain electrodes forns a Schottky contact
wth the n-GaAs surface. This electrode acts as a gate
30 for nodul ating the flow of current between source

[ofY] drai frhe @éwseﬁnr(e@&ottﬁﬁonoﬂ@s onSfadtic S&iti tha tphiealc

stripes on one end and ttky contacts on the other.
behpyjor Ftigaf) girestitiarsi agthe f@fwardcmnre@é(lo ineressesgickly with

|ﬂ&5€§]§¢ ?c%rWa?q b@é%ﬁggéi‘%wﬁ{{%&le re% %\%}L{T%ﬂ? P?rﬁallﬁggnlmasll even

at bam’se biasas dsﬂdtrgesisaff V. ®he ai-\/(/d:haractareisﬂicsrof thesh Salattky

dioels g0 Badrascbbe the S one < paon B igjebs Spressed
asRbIRsld &t VSbBKTHE) exhibit qualitatively the same
behavi or (Fi g 4A) as those forned on the wafer. The

fl ow 0 f cur bet ween source agq drain (/o0s) is well
m)dul ¥ dof® —ydhe bias applied't he gate (VGs),
i.e., the/ ecreases with decrease of VGS. In this
10 case, the negative VGs depletes the effective
carriers (i.e., el egtrons for n-GaAs) in the channel

W,tlhegl c_)]n_ag*de@,&,( ed%eq the channel phi ckness. Once the
Vas i § ‘negatiye /h ugh t he depl etion Iayer equal s to
t he thickness of n-Ga a ow of r.rent

whes vishro58e dbS forage Aiade, irtant AResIbONIh e aPplieErias s
vof}‘&é’ Sk iSthe ltz%érih &SHsPant, ﬁsﬁ{é%dld}e’férﬂper‘bﬁ:ret(hé 298

o sto nost zero at the Vcs 15 less than -
K iv.theﬂespmmeht),cﬁpé lS\IbBtSﬁ@QttKy barrieg height end £§é W@)eff@ptlwa
drain-source voltage (VD5) of 0.1 V ,. linear _
Rlﬂ@@ﬁsm) constanti.g, 8|64 AramSdt U)ert SeAsr Sﬁgﬁ miﬂttlovru@ rejatignship

eentTIFq %ﬁ@ﬁ;“/) {her é’ﬁtbl{g?gﬁ :ﬂ:%ht%b Scp e ldeerﬂlty #a%tor n
aré Gét%ﬁﬁm%@lfﬁdrﬁ'?ﬁélrﬁér%eﬁﬁérﬁf 8lope &f tHelndar Gelatléh tthe REraight line
--106 and -880 respectively. The overall

of twiinsed). qifaemuanﬁtweqﬁwalg etimatask wigh eas (220 PetR@drldfiser  of
comn{cﬁﬁ% Géergais tﬁ&gvﬁg%tﬁdﬁt %Mg'ﬂ% Bﬁéeﬁ&u{v iﬂ*éﬁacf’%ﬂ grdcrﬂe?ﬁes. Both
are blggtyrdepénﬂeht onite iaterfaceahaege aiwbdwbetweeannetat and GaAs,
shor t ﬁ anne tcan [ OVI c%lcat i vel.y e increase
'%@Pr"é?f?ése? 14 %Qﬁr’%? gs wil ﬁ%“sé? & é%asle[sg '%Eg' ingyeg
of N van. P the diodesTabRRRES irf thiWark! @Bhdf Pare détanfingti dfom
with channel length of 50 pmto 3.8 mA for transjstor
theyinset ¢ftRigndP to be 512 meV and 1.21, respectively. These devices have a
somewhat lower Schottky barrier (512 meV versus ~800 meV) and larger ideality

factor (1.21 versus ~1.10) compared with the diodes built on wafers.

[0111] These GaAs-wire devices (i.e., MESFETs and diodes) can be
integrated into logic gates for complex circuits. For example, connecting two
MESFETs with different channel lengths, which have different saturation
currents, forms an inverter (logic NOT gate) (Fig. 5A and 5B). The load (top) and
switching transistor (bottom) have channel lengths of 100 and 50 pm,
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25 length of 25 pm (Fig. 4C). Although transistors

Wi th short channels can supply high current for
certain applications, the OV OFF current ratio tends
to decrease because of the difficulty to conpletely
pi nch off the current. As shown in Fig. 4C, the /DS
of transistor with channel length of 25 pmis still on
the order of several mcroanperes even for Vcs of -5
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Scheigedibles (RESIRAGRIFig=BD and the increase 20 of n
vamﬁyé Forqﬁe di odesgf<abr)| cated in this work, cpB and
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sk I o B, U e FESPETS o PlB! s o).
switetifg \WahSistR¥] Tefifd of-eithbESKitdRing fengisRA€V) of 38) be
applying a high positive voltage (logic 1) can provide a large current flow through
the drain (Vq4q) of the load transistor to ground (GND), resulting in the output
voltage (V,) at a low level (logic 0). High positive output voltage (logic 1) can be
achieved only when both inputs are at high negative voltages (logic 0). The
dependence of the output on the inputs of the NOR gate is shown in Fig. 6C. In
the configuration of a NAND gate (Fig. 6D and 6E), the current is large through
all transistors only when both switching transistors are turned on by applying high
positive voltages (logic 1). The output voltage exhibits a relatively low value (logic
0) in this configuration. Almost no current flows through the transistors with other
input combinations, resulting in a high positive output voltage (logic 1),
comparable to V44 (Fig. 6F). Further integration of logic gates of this type and/or
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25 integrated into logic gates for conplex circuits.
For exanple, connecting two MESFETs with different
channel |engths, which have different saturation
currents, fornms an inverter (logic NOT gate) (Fig. 5A
and 5B). The load (top) and sw tching transistor
(bottom have channel |engths of 100 and 50 pm 48
respectively, and channel w dths of 150 pm and gate
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required.

[0114] Experimental Section: The GaAs wafer (IQE Inc., Bethlehem, PA) has an
epitaxial Si-doped n-type GaAs layer (with carrier concentration of 4.0 x 10" cm’
%) grown on a (100) semi-insulating GaAs wafer through molecular beam epitaxial
(MBE) deposition in a high vacuum chamber. The lithography processes employ
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the configuration of a NAND gate (Fig. 6D and 6E), the
current is large through all transistors only when
both switching transistors are turned on by applying
high positive voltages (logic 1). The output voltage
exhibits a relatively low value (logic O0) in this
configuration. Alnost no current flows through the
transistors with other 30 input conbinations,
AZ sm&b}ew (AZ 52181 GHY RRHLOFV 2020 HoP %bswé bAd fhe@bﬁ@é ﬁnédmg,
onparable to Vdd (Fig. 6F). Further integration of
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deg?@gﬁ@ﬁ%m in?lglty (-8500 cnkV 1s 1 ) and has

est abl i shed applications in conventional high
frequency circuits, (ii) MESFETs built with GaAs
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important in certain applications, including, but not limited to, high-speed

communications and computations, and the emerging classes of large area

electronic systems ("macroelectronics”).

[0116] Large area, flexible electronic systems (i.e., macroelectronics) formed
with high-mobility semiconductors are of interest because some potential

applications of these types of circuits require high speed communication and/or
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this path to electronic systens where nechani cal
flexibility, lightweight 25 construction and
conpatibility with large area, printing-Ilike
processing are required. [0114] Experinental Section:
The GaAs wafer (1 QE Inc., Bethlehem PA) has an
epitaxial Si-doped n-type GaAs |ayer (with carrier
concentration of 4.0 x 10" cm 3) grown on a (100)
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(formed by annealing 120 nm AuGe/20 nm Ni/120 nm Au at 450 °C for 1 min in

the atmosphere of N,) are fabricated from a (100) semi-insulating GaAs (SI-
GaAs) wafer with epitaxial layer of 150-nm n-GaAs through photolithography and
anisotropic chemical etching. A thin bilayer of Ti(2 nm)/SiO»(50 nm) is deposited
on the undercut GaAs wires to serve as the adhesive layer to facilitate the

transfer printing process as well as to protect the flat surfaces of wires and ohmic
contacts from contamination by organics (primarily those that transfer from the
surfaces of the stamps) involved in the process. This layer is removed by dipping
the samples in 1:10 HF solution to expose the clean surfaces of GaAs wires for

device fabrication in the sequential steps. In addition, the thin thickness
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mechani cal characteristics of high-performance
transistors. The results are 25 inportant in certain
appl i cations, including, but not limted to,

hi gh- speed conmuni cati ons and conputati ons, and the
enmergi ng classes of |large area electronic systens
("macroel ectronics"). [0116] Large area, flexible
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Table 1 Statistical results of parameters extracted from MESFETSs with different

gate lengths

Gate Channel Saturated Pinch-off ON/OFF ratio Maximum
Length Resistance current Voltage (ronorr)@Vps=4V transconductance
(nm) (kQ2) (mA) v) log(ronsorr) (nS)
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GaAs) wafer with epitaxial layer of 150-nm n- GaAs

t hrough phot ol i t hography and ani sotropi c chem cal
etching. Athin bilayer of Ti(2 nm/Si (50 nm is
deposited 25 on the undercut GaAs wires to serve as
the adhesive layer to facilitate the transfer
printing process as well as to protect the flat
surfaces of wires and ohmc contacts from
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included in the measurement. However, impacts of these parasitic components
on contact pads are negligible considering the fact that the wavelength of RF
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200 um. Since the contact pad is only 1/1500 of the wavelength, its effect of

impedance transformation is negligible.
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OV OFF ratios. The gate length plays a critical role,
however, in determning the operating frequencies as
described in the following. 25 Table |I Statistical
results of paranmeters extracted from MESFETs with
different gate |engths Gate Channel Saturated
Pinch-of f OV OFF rati o Maxi num Length Resi stance
current Vol tage (rQV OFF) @/DS=4V transconduct ance
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S-pammeers ¢ the devige4 Jdis quardily gghibitea jogitiamic depemdence on
By 338 i gy iy ornt oA enoy o e
deﬁaealalseh?] feadaencyr atswvhiok tiee siartoirelit Icﬁng?trgmth beS?mes unity.
0119]..T . .
ThiRgaLity 65n b eterglined: By exrafnlatng e qurde OLEish 9 ageogfing

to Bh8astasfuakd fitlsialioe dBYabeads|ine\Bnd RRAtNG &b x-iMertdpts The
W th Sﬁ”e | engt hs of 2 pm and channel ?en ths of 50 pm

valye detarmiseshim fhisymannesisd> 1 BBiGHiz. p Bis deyioR rgarasentso o our
knﬂméaér AU #a%%ﬁFnegﬁaBx@ﬁlzsgfe)?ﬂ%qg%Istc%r;bi@?guca?n%tt@ first with

rm na
an(fy ar thegyigahertzreg(se.) W disolestigeted (he) RF sespanserof i3a/s

MEREERS hecodintda i ShEaigns Gobalnt e wogebusiagine .,
méﬂshﬁ‘e&@dlig ardhfeterdBARIthe Baltuldted eapadigss sétwe@wénegctrodes
HP8510C twork Analyzer calibrated from50 M

Th@ﬁohfsqrn @lraulétlgm]a%ﬁu& agregs wel yrith.thp expedmentah r@y@melds fr=
gh{fr Ry EHbd eﬁa@@%ﬁ?ﬁ% goreﬂ 5Ot tﬁ%lira%g%g\;/rg Qe oﬁf?e?eﬁt gate_
Iengthsnferdemhpiepﬂmt@«pﬂﬂ)nartﬂldu(ﬂBO\Mthbf MESHEiFr with gate length
of g%rrrr\ ?SC&E&E‘ %) thlapsimulated quantity (795 MHz) (Fig. 9B). In the model,
only the intrinsic parameters of MESFET are considered because the extrinsic
parameters (i.e., inductance and resistance associated with probing pads) are
considered negligible. The transconductance (gn), the output resistance (Rps),
and the charging resistance (R;, which accounts for the fact that the charge on
the channel cannot instantaneously respond to changes in Vps) are extracted

from DC measurements. The intrinsic capacitances associated with the
MESFET include contributions from the depletion layer, edge fringing and
geometric fringing capacitances. Each of these are computed using standard
equations for conventional devices with channel widths equal to the summed
widths of the individual GaAs wires. The depletion layer capacitance is
characterized with the gate length (Lg), the effective device width (W), and the

depletion height:

(Hdepletion = J(%J(E](m_& = IJ)
gNp q N,

in the equation:
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15 other words, short calibration is thought to be
perfect short and open calibration is thought be
perfect open. Since the calibration is done w thout
further de- enbedding, the reference plane of
measurenent is set between the input probe and the
out put probe. In other words, parasitic conponents of
contact pads are included in the neasurenent.
However, irnmpacts of these parasitic conponents 20 on

Cg@nxagtgoﬁgﬁs—are negli gi bl e considering the fact that
t he wavelemgt-h of RF signal with frequency of 1 G&

willp 2t 385 b ke AESHch BhoP wpHAACS pBle Piat’Eibeltitor

Thwemjeefn@gmg d¢dpacithicecandthe gegmelsio findingoapacitzate carei s

54 0 [0120] The small-signal current gain
de(tqe{%wg EM be extract ed fromthe neasured S-paraneters

of the device. | quantity exhibits a logarithmc
C, ea@g@l {;4@@ jfahequency of input RF signal (Fig.
The unityégiryent gain frequency (fT) is defined
as the frequency at which the shortcircuit current

gai n _he ity kah+Kkt)'*dan be det er ni ned
Cioperesilf &gafll%ﬂ t"t‘f/g??fépb/gng I %@, 9A’according to a
| east-square fit of a -20 dB/ decade I'ine and | ocati ng

reséé‘ctmelilntﬁogsfandﬁm UM are ehél RAh BhB 9shdth of BitBerBYURes or
hi s devi ce regr esents, to our

drﬂ'ﬁcﬂﬂdegéfé) is pReellintisakintegral af Ahe @tkwdfam% bl e
sistor on plastic and the first with an fT in the
k 9'%:

&s t+Los Mg e al so estimated the RF response of
MESKET 220 di ng to the small -signal
vaI ent” CI rcuit nodel using the neasured DC
parameter§ and the cal cul ated capacities between

kg Feen _?FV_The plot fromsinmulation result agrees
wel | wi Wfﬁé experinmental result yields fT = 1.68

C&‘Bap%ﬁcé@@ﬁ&eeﬂ the q&‘i’éﬁ kiad W Bour‘éé |hBI%dbra<'ﬂrtﬁfe%t 19hds of

different gate gt hs or exa

caga@tanc:rewh&qe Co¥ apd Ieva\nly C@ﬂtaWEﬂleEﬂgﬂnﬁhg@gtC@pB@li@IW and
th%ﬁg?&ﬁ&g(t&%é@g%aﬁ%&{%e mh@% c?d o%g df l@nt 'ratn\ﬁ é 7omet,,c might

befgneredtvetroudh sidriifidant eﬁectwﬂﬁiedﬁmdatlba ¢e$mgs trhmost cases,
extripsic paranmeters (i.e,, inductance and.resistance
begatis fhay e RRUGh Sralsnaans Cupiom W10k i priBpAS 1o 1hé 65
leridft THs bldiel dB&oUNS TGN Qéﬁé\%ﬁ@f theWire &rlrsy Q&iBeY on plastic,
resi st ance‘ﬁ%RDS and the ch a&? gere& stance (R
19t

inchudiag the-vasiatios in ér with gat&d@ﬂgﬂh comnages e measwred
(s%l@)eénocéél %tdtd"@taéﬂé&‘ﬁﬁé’)uﬁ oY GRSRREME SFEPENIRLifrdtent

re ex
gate lengths and channel length of 50 ym. This modeling suggests that fr can be

increased significantly by reducing the gate length or by further optimizing the
design of the layers in the GaAs mother wafers.

[0121] We have reported initial measurements of the effects of tensile strains on
wire based MESFETs with gate length of 15 ym. In this example, we examine
the behavior of the high speed devices in both compression and tension, up to

the fracture point. The measurements consist of full DC electrical
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from DC neasurenents. The intrinsic capacitances
associated wth the MESFET include contributions from
the depletion |ayer, edge fringing and geonetric
fringi ng capacitances. Each of these are conputed
usi ng standard equations for conventional devices
with channel wi dths equal to the summed 25 wi dths of
the individual GaAs wires. The depletion | ayer

chaARAHZABA B! Sfunehich GFB@rﬁdlﬁéfﬂwé’\éﬁﬁbtrtai@(éé%t ﬁl SAYirto
(Lc), the effective device wdth (W,

coa@@\reegmdmom@@ehapem Withodifierend nadil dcpurvatur)e( |Tha\ln£md1ng Fadii
ar BB tubliof BesfRER FbRRr sigerdol ihs SRk Bant Sapmes.
Theasonver bnﬁlwhez(ajwbamd Swface'éhadl?mk_gmn_ﬁﬂe (assigmed a positive
apaci tance and t eometric fripging capa nge
vafyl 3h soRmReSRte BlandseHaReLo cegalye vAusHBS s dMicen A
deSicl sirhl@atRhat showrl iRtHé kPO PRY. Wrs\@sed t8 @0aRAle the effect
K(1-k2)1/2 K(k) ' respectively. 150 pmand 200 pm are

of bﬁ@dlmgdmcﬁucmcsttaerm g0 ithe pedornprnces di bewtwatlomﬁwr@ntdaq Vbs =

\?/(\ggﬁ(— é( r]nﬁjela%%l@ 8"/&&%%@&%@& E%fllés % rtﬂgs 7
(cc:?LéeSﬁBgS:r@behdlr@ Eats Gfap?lﬁl:‘ﬂefgﬁﬁbe Iét)we thitihsulgsitate ased in
th'mq@ et iong A A IR R RO RERBRE AG Ry T (Fis.

anhel dupperatdders WRed BRIEIHS @S [d reliaRed @ﬂ@aﬁeh@mgm either
he contri buti ons of Cedge and eonetric m ght

dlregtm éuggﬁtmdhabd%fpgnamqr@acﬁtth@ astic syhstrate andnhe sthern
cohfpoHbhtS of 'the BBVibeS &RfSiastic in this regime. (The PET and PU are

expected to plastically deform at strains > ~2%.) Studies on the strained
epilayers of Ga,In+.xAs or Ga,Ins.,As on (100) GaAs wafers reveal that biaxial
stress as well as externally applied uniaxial stress (the case similar to this
example) can cause significant shifts in band-gap energy and valence-band
splitting in the epilayers. Tensile strains decrease the band-gap energy thereby
increasing the total carrier concentration (electrons and holes) and enhancing the
current flow. In contrast, compressive strains increase the band-gap energy and
decrease the current flow. These phenomena are consistent with observations
of our devices. In situ imaging of the bending process with an SEM microscope
confirms that none of the GaAs wires break at strains of <+/-0.71%. At tensile
strains above ~1%, device degradation occurs, due to fracture of some of the
wires (or cracking of the gate electrodes). For wires substantially wider than
those used here (e.g. 10 um widths) the wires debond from the plastic to release
the tensile bending stresses, rather than fracture, due to their comparatively high

flexural rigidity.

[0122] Because the bending strains change the saturated currents by less than
20%, variations in the ON/OFF ratio are determined mainly by changes in the
OFF currents. The change of hole concentration in the valence band and the
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15 because they are nuch smaller than Cdepletio,,,
which is appropriate to the gate Ilength. This nodel
accounts for the behavior of the wire array devi ces on
plastic, including the variation in fT with gate

| ength. Fig. 8C conpares the neasured (synbols) and
cal cul ated (dashed line) fT of GaA-wire MESFETs with
different gate |engths and channel |ength of 50 pm

nuiibe? oMBARIdafBns 4B RBkace BafecisTofaRB rP6aAl Iéﬂﬁ"rﬁﬁﬁ:@@ by strain
significantly by reducing the gate |length
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cufréﬁpt Gél‘ﬁp%ﬁsﬂk} stﬂa"ﬁs FRABE 0B HahdC Riwdrthe Ablef ¢8rceRfeation.
electrical 56 characterization as a functi on of

AstrerasiuligtheraF 5 ghsenbefthe deSEE§ in teysiomisexpesiegido dediigher
th&bg%f% éuﬁ‘gﬁl&?ai%& Gegi'c{a{ j‘@t‘ée’ng@;ﬁgééngtrSW trH n y e ﬁ?@t on

ar e “ex rou eone
theOF§i aerent efitiendedee. oT hé bar@smtndmg’r@M@F F cﬁhtent ratioe x

i SRS b 6500 B4 ET S 2081 B B wir
coﬁ@@@éswre Fig! w)gn;é@, thé @IeﬁéNd@rﬁ:% ofAhe ARdstifecs ON/ORF duPrent
that shown in the inset of Fig. 8Ais used to evaluate

ratichia the sakiiratiost ragigmem gvaWdal@@MIngtm@iltatIMﬁ agreement with the

d,%ﬁgglgﬁggggg The saturation current (i.e., VDs = 4V,

i ncreases by -10%w th increasing tensile

o7 b sdRenaing doe e o TR GRSt 4] Bofing induiced

suMBE traiA GindS AR Sertion aﬂa/Q:WntpPess"tfrr QRHi as @”M%)Séd)é/s?not
stramtoO?l%(Flg The current recovers whe

significagtibdegrade the ppe‘p@a@,@aﬂ) effthe MibahET & dakricated fiem the
e L e
retatressthe cde!vmetmarmrmagcmn it§ Ehgl nBEStatendT itdecolsereatipastindicate
i of GRS b SR 50 PR s bl ik e

properiidedBht ﬁﬁ@ésthweqmemm%f rhiay ehvigishall applicaths T

wel |l as externally plied uni axial stress (the case

magreglecironics. ¢ I %ﬂdlt@mms@y%ﬁo{ﬁﬁ& e§h'§ﬁlhfgrb%‘?ﬂed§hl fts
e e e
whereemgghahiealdtexibility, lightweight construction and compatibility with large
area, printing-like processing are required. Some of the disadvantages of GaAs
compared to Si for conventional integrated circuits (i.e. high wafer costs, inability
to build reliable complementary circuits, mechanical fragility, etc) have reduced
importance for devices that use wires or ribbons in the classes of thin, bendable,

moderate density and large-area circuits that are the focus of this work.
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increasing the total carrier concentration (el ectrons
and hol es) and enhancing the 20 current flow. In
contrast, conpressive strains increase the band-gap
energy and decrease the current flow These phenonena
are consistent with observations of our devices. In
situ imging of the bending process with an SEM

m croscope confirns that none of the GaAs wires break
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carrier mobility. Recently described top-down approaches generate

semiconductor wires, ribbons, and sheets from wafer based sources of material.

This approach provides a high level of control over the geometry, spatial
organization, doping levels and materials purity of the resulting structures. The
economic attractiveness of this approach, however, especially for applications
that demand large area coverage, is limited by the per-area cost of the wafers

(silicon on insulator, epitaxial layers on growth substrates, etc).
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nodi fi ed procedure. Mdre inportantly, releasing the
sanple in its bent state returns the device
performance to its original state. These observations
indicate that the GaAs-wi re based MESFETs on PU PET
substrates have nmechani cal 20 properties that neet the
requi renents of many envisioned applications of

macroel ectronics. In addition, these types of TFTs
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This exanple introduces a type of thin filmtransistor
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Rthi)o%!/qerafglp EG mf retrrllcg)veréaetx%roggd dxide. Finally, a hot KOH solution (3:1:1
H,O:KOH:IPA by mass, 100 °C) undercuts the ribbons. The etch front advances
in the <110> directions while preserving the (111) planes (Fig. 10C) and
produces free-standing ribbons that cover a large portion (75-90%) of the original
wafer. The etch mask is designed to leave each of the ribbons anchored to the
wafer at the ends of the trenches (Fig. 12A and 12B). Removing this mask with
Kl/l, (2.67/0.67 wt%) in water followed by HF completes the fabrication. Ribbons

generated in this manner are thin, flat, and mechanically flexible (Fig. 10E),
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structures allow bendability, and, in certain
structural forns, stretchability, in
single-crystalline senm conductors of materials that
are inherently fragile and 20 brittle in bulk. As a
result, these types of sem conductors offer intriguing
alternatives to vacuum and sol ution processabl e

pol y/ noncrystalline organic materials, which usually

snﬂgz?rf’tbgefos% ;%%PL%&@U%{E% é)@ﬁ@USAQ?%%&L%rbébﬁe%rm &kpensive

llm:ppmmmhelatayamfem e émmmfdmetmrcrwoooy (Flg dd A shows that

tn st HeRn a2 2 Mg LV SR8 gruPsPT t ese
vatiafoms how &P Alsisight ulgrvEriatibhe h optial nicrographs (Eiy:i 12E).
materials purity of the resultin structures

ThecoHahPess:Ae MeakiipdrRAF Mror @ X pPrregien o mmrﬂde of
onBSHERESH fidhdr! dgp@ggeﬁ ngﬂ%zd HELY s@ﬁﬁaﬁﬁtslvamqs@ér@ar than

coverage, 1s I e pér-area cost of
thevidpepalishéd isuiface (b2 mns)lﬂralue)underplct@a&ﬁaatlbbosry@e!@rawd from

a3t Ve 1316 BV inedfipg a¥ine pAtEIelbgbof e GRERPafel”

an%dtr)bp&: gtthérts o fowanthis a0eginiess i§ EF'ﬁlerbhml’hGSGGrcw ofghed
arrays of silicon ribbons with sub- ronthlc e‘;ges

thigkngspatpriations pody-te Gslessrr extest, t«hflrfyg 1S 1S DAY
ro hirfes? id ?r%;lrrérﬁ’éHe%nwgf htlﬁ@urﬁrd%\%‘égé' &?ﬂﬁn%s it idd sidace

ese structures and transfer 5 |ngt hem ont o
papmaammdlsmngsam@le@9vap@raaoraslnmmvmg the sidpsurfage guaktyean

Yo B GObE AEo BE P S RBli B

trafﬁbi%&ir(rjdeﬁ/&iers] W&S@tﬁh (ﬁhp@fo?rmmm‘,e oan t&d:m‘tdtﬂﬂxztdmamm ﬂbbd'ri‘sTs
ormed with these r|n ons exhibit n-type field
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of 4000. 10 [0127] Fl g. 10 illustrates a top-down
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i S5 PRT Hyhabd ban D thea SR A PROABA Bt botom-
gatd €p%s opEplésmbrvath D as the gate electrode. A layer of SU-8 deposited
onto the ITO gate prior to printing serves as a gate dielectric and a glue to
facilitate ribbon transfer. During printing, the ribbons sink into uncured SU-8 such
that their tops are flush with the surface of the glue, leaving about 2 ym of
dielectric between the ribbons’ bottom surfaces and the ITO. Thick (~0.2 ym) Ti
source and drain contacts defined by photolithography (100 pm length x 100 ym
width) and wet etching with HF/H,O, form Schottky barrier contacts for the
source and drain electrodes. These bottom-gate devices display characteristic n-
type enhancement mode MOSFET gate-modulation. Transistors achieve on/off
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angl ed el ectron beam evaporation of Ti/Au (3/30 nm,
provi de partial coverage of the trench side surfaces
(Fig. 10B). The 'shadows' cast during these angled 20
evaporations define the thicknesses of the ribbons.
The conditions of the trenching etch, the angle of
evaporation and the degree of collimtion of the flux
of netal control the extent of this shadowi ng and,
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thibhlsnbstf'ehtes and rrechanl cally flexible (Fig. 10E), 60
simlar to those produced using previously described
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reﬂdstmmsuglmdesmg dsnsrepsvereluriredd-bf srﬁuale Beeot B nptronsegormone
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t.he.trenches, which in turn causes

edge. r hness

Copﬁ%gmﬁ‘@&'ﬁ?‘?{‘ m’@ogqbé‘gaté‘?ﬂ FRRIQACHER i vat i on duri ng
angl ed evaporation. Inproving the side surface quality
can reduce the ribbon thickness variations.

%bﬁﬁLErﬁ the f EEE@%IQ%aI\Iﬁﬁ]ﬁ Efectro{j @@flgtﬂénﬂﬁ&%@% s)

15 fabri cat edouﬂla&hct&klﬁ)smat&sedures descri bed herein.
[0130] Flexible and large area electronics, technologies embraced within the

emerging field of Macroelectronics, has witnessed remarkable progress over the
past several years, with several leading consumer and military applications
expected to be commercialized in the near future. Microelectronic circuits with
novel form factors are critical components of these systems and new methods of
fabrication — especially printing — will likely be needed to manufacture them.
For this reason, considerable attention has been given to printable forms of

semiconductors, and both organic (e.g. pentacene, polythiophenes, etc.) and
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[0128] The ribbons can be transferred to anot her
(flexible) substrate via a high (>95% vyield printing
process, as outlined in Fig. 12. To performthe
printing process, a PDVM5 stanp is | am nated agai nst
the wafer and then peeled back quickly to retrieve
the ribbons. This type of process relies on kinetic
control of 20 adhesion to the stanp. The stanp, thus
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exgéjrg %@2 h@?p{ er‘?ran 0fc8§ 360 tb%tﬁgﬁmen-ﬂo'qals%@%aﬂf&d

polfyamtémbﬁtréwk) Wmhawedilm slawm thezt, wedtiradn ps@ms & bl HP
orm Schot t ky rrier contacgts th rce and
delSlapRd SPUEes baebe e BRssrTmdyalos Witor et e oy o0
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gat e-nodul ati on. Transi stors achi eve on/ of f 0

peffarmarcesf Thig @lspwach explaitsdhe digh quality of wales scag .
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fabiricatisn sﬂmmgﬁhess n’ratgmala,ssmg!é @:rysmmes u8-GaN iwefrgrealnidterest,
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ev%%m@heéduh@whrghqordﬁm@aq h@me(ts Wbrﬂ 1 V904440 damzw 1s
1 linear and n2V-1s1 saturatiop), sjincet

GaAs)l hrghﬁyttﬁ@tm cegg% wlomne(%*aﬁném %Iuésﬂg EMeS s@‘aé@/éS) and
0§ M LGty ({3 P DENY it} o Coathoth Bdifton, fne
hetezogenesiug nategsdtmmpe the fornmgf M@adl%Géblrhata@struﬁuma yields
thi ck subs .. 10 .[0129] | t.hi
deyighghadd TR S ity pbBea Pu Ao set Pl R
redpondivehsss with Bhadl carfen@drsitids)ginglin thd 1 ©on10% b;ho?wﬁange
roma bulk silicon (111) wafer. Refinjshing the

Kk
These altrastive propestiey MaderGa suikable forgenriring Aath h&hé‘requuency
an{i ‘ﬁgﬁt b(?\h ridthi2fds élﬂ:ht £D81eBfrof¥ SRvicHE Fhalivelgs Sauar e
o ns from o
communication, full color light emlttmg devices, and UV photodetectors for

optoelectronic systems.

[0131] Since the first demonstration of an AIGaN/GaN high electron mobility
transistors (HEMTs), there has been substantial research activity focused in this
area. These efforts have led to devices being integrated on a variety of
substrates, including sapphire, SiC, Si and AIN. In this example, we describe the
fabrication of flexible AIGaN/GaN heterostructure high electron mobility
transistors (HEMTs, as shown the process summarized in Fig. 14), ones
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square foot of starting material. TFTs nmade fromthese
ri bbons on plastic 15 denonstrate their use as

hi gh- perfornmance fl exi bl e sem conductors. These
devices and the strategies to fabricate themare
useful not only for large area flexible electronics,
but also for applications that require three

di mensi onal or heterogeneous integration or other

prb&sat %‘hdtshl%e&ﬂ@ntﬂ,‘ trdrisferréd HromAhBir & ¢1 Pﬂ'd?@wth substrate
conventi onal [1con mcrofabrication ap %roac es.
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S rea

d t t th ; .
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Pﬁowrmﬁogrépﬁpaﬁ@ Btchylorcthercr arﬁﬂldEbW‘oﬂﬂé aBfife {R §eometries

pent acene, yt hi ophenes, etc.) and 62 inorganic

de§§%fpré%afwgpoe$ that §ﬁrV9| afothgaaelid infaioswubsequent panting (Fig.
15§?V&twpprn§¥m@e&ot3@sﬁt W@Vlﬂ(d&ae?cﬁtn Y@uéét% Jemaved the

om si ng evices I tegra
expuﬂsmi GaNeEig. THse )r war@etatyer srgmovéd zbryrthnsd@Pl etohrng step, but

o e BECHRERXER ot ess M Adrtpr e Bsding Can. " ©
An%ﬁﬂo@wwgtcét@mﬁg withcletrafatig iammemiugf ,ﬁmbklu\%ﬂmm tFig.

nobilities and frequencies of operatio

150 semnpves therederlying %fa"\Sirq’qt@‘é’EﬁSethﬁr@?"Q gikbens from the mother
su?ﬁ@téo'?ﬂh‘@g%% 'stroh 'ér@m@eﬁ rtrl DTS 5§ (f;f)r%tect
e ron o | ona

enabl excep
theholghrqmrﬂmtsrﬁmuede@\adam oﬁheoeman:mg/léECi\/dShaX|de,ndhrch has
so,shown,th

befh SRUb Bl BRlolEFed RuiHe bBbfia 3t Wotd B SSP e el d einpyed

usihg IBOE @offerRsd Gadél ufdheht)\mt)@éss Aesl F\hﬁ-ﬂv sﬁﬂbbﬂﬁ%bt@rfﬁdrat
transferred to a flexible substrate with

siligpmPxidedayRy is Hepesitedesubserasrtly Onrmestoﬁﬁ’éﬁ?é\bﬁbfé%‘pﬁ kY 5
behMCeVpdPatdie! A biinttb &8N #HbSA&! the wafer was contacted with a poly-

dimethylsiloxane (PDMS) slab (Fig. 15E), and on fast removal from the mother
substrate, a complete transfer of the us-GaN to the PDMS is obtained. This
“‘inked” slab is then laminated with a poly(ethyleneterepthalate) sheet (PET)
coated with polyurethane (PU) (Fig. 15F) and, from the topside, a UV light is
used to cure the PU (Fig. 15H). Peeling back the PDMS results in the transfer of
the us-GaN elements to the plastic substrate. The transfer leaves a PU residue
on top of GaN ribbons. This residue is removed when the e-beam-deposited
SiO, layer, evaporated in the step of Fig. 15E, is stripped with BOE. The final
step of the process involves the formation of source/drain interconnections and
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sem conductors, while rendering them anenable to
printing based nethods of fabrication. Anong these
materials, single crystalline ps-GaN is of great
interest, 15 as it has superior material properties
that include a wide band gap (3.4 eV vs 1.4 eV of
GaAs) leading to high breakdown field (3 MW cm-1 vs
0.4 W cm-1 of GaAs), high saturation carrier

scHSitlgﬂ?éﬂé rﬁgtaﬁé&ﬁaét%‘(&ll\uy Sia)Jé?Z \A?bscitéd 5 eBRAM ev:?d?ﬁ'atlon
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in the formof Al GaN GaN heterostructures yields 20
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I ntegrated on a vari ety of substrates, including

this slesiaine & hesparlierspeamid’ desion reAuires: siigheptimizaion of etching

tmﬂee%r‘f& h ) u?ﬁfo?r% %t?tg Eét@?tgggpa %r a?%é?i Se#ér%’\‘ﬂés?)é' ribbons

etero ure ron transi stors
suitattdTer, prirtingh e dureend freeress bsd@efuiesmxjsﬁar lesgseristijve to

T et se oo AT bENaterPaR 51, A fod SRBaew
opHta @a@@@bﬁmer BaNWaTBEtdRan Béfdredrecaiter TMAE atidtropic
provi des a escrlﬁiwon of procedures for integrating

etqhu@gst‘ga@, fespeativaly difterenrtecolors of the fgestanding and supported
I
GAF hGOSHLCtEla 5% edsiy ML GRaReh Mo EIdes; Figfes and
16D| Shsuw scaresng eleckor picrogeaph (SEMpinfagesi taken ehintdrmeldiate
HEMIT i . Jh t ith. the f ti f
stagev at e A R SEP Bl Wi bineSh Heeofed
imAgé ef Piy. 16Dt aticedieHeR lirésared of Fig mpdw@ﬁqwemaarate the
photol it hographic and ljft-off steps (Fig. 15A).

h'Qb{BC%‘DSEWQJE nagire of g indicatadhat|Si gtehing, BFP(‘@éﬁrd%r?e( @r@p@aated
es ﬁ) iy SE%IEG&IBF] (ﬁ’%("; el otfoqthﬁ o?%ﬁfbltlﬁg oﬁé%/%‘alalxrllb on.
In this palélculae sgetemethe preferential etching occurs along the (110) direction;
the Si (111) surfaces, as noted in Fig. 14C, served as an innate etch blocking
mask. Fig. 16Eshows an SEM image of an inked PDMS slab where the ys-GaN
was transferred with full tension of its on-wafer registration. The image of Fig.
16F shows an SEM micrograph of the printed structures where, the final step, the
ps-GaN heterostructure devices are transferred to the PU coated PET substrate.
These images demonstrate that transfer based on the ‘narrow bridge’ ys-GaN

motif does not damage heterostructure ribbons.

65 °



10

15

20

25

30

desired for GaN ribbons that serve as the solid ink
for subsequent printing (Fig. 15B). After striping
the top photoresist, ICP dry etching is used to renove
the exposed GaN (Fig. 15C). The C layer is renoved
by this ICP etching step, but |l|eft the thicker PECVD
oxi de | ayer essentially intact on top of the GaN. 15
Ani sotropic wet etching with tetranethyl ammonium
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indvitabks IBﬂita:tfontdf%nMFmi‘g fa@tdrlwué’éWBylsajeomréaaee/det elthing, the
i.,s then | mnated

25 "inked' Wi
filling) fagter ?Rnta?fét SViLRiS| AUfite) '%s%mpet@éﬁf an.gaffierrepertifor a
pnaféd/m;\?fsh-ae@ré Eéﬁ% V51 13% io"ﬂi)s @ads). frrgmm gh@@@wpv@x dfain

I's used to cure the PU(Fig. 15H). Peelin
cureok-voliag® Ny ¢hasactesstics aftibe plastis suppeited Gabl IEIENEa vices;

th§ bEERPES blReh HRnP L33 1V RASHE B £v. T dd AR Hipits™F v oS

on top ons. This resi
maﬁmmwedr%emrrédﬁmfe&a%tde@e|bnaajoBDV8nmdnaﬂylma$ of 5 V. Fig.
he ste 15E s stry

17 BRSYRRS rafer oo Brlet et BE o & BEEBRERL oo ve
=% vzmhb%v% SOIIGahFEsAbIY VdMa éqvmp@ﬁiz ws aRv@/offrhtio of
ottky gate nmetal contacts (Ni/Au), ers deposited
& S GANKEM TS

10pyanst @éranswzqwt%nqecqf 1.amb.phbe éﬁaﬁé%Pf!ﬁeHC
w5 el P850 5ol Pl i lort Bl gidgliance o
2.6 m&1vTheg transfer pyoaegs Sippéaisgoread th redwetian pthiséalue of about
389 onetry of mcrostructured 5 sem conductor (ps-Sc)

% shown in the process outlined in Fi g 14C. The ps

GaN ri bbon has two narrow brid I\& . two breaking
[0H3 T @eagemmctaéﬂé&b&y oféhe&a\? HENET Wafmesagaieﬁ'élsmg a

ooB 1R fhot 18 FRAIMGT1SA, ERE ot i ASbled bkl
meastined esialfuacuwpmfmmﬁng radius (and its corresponding strain). For
bending radii down to 1.1 cm (corresponding to strains of the order of 0.46 %),
we observe very stable responses in the measured transconductance, threshold
voltage, and on/off ratios. Fig. 18C shows a sequence of current-voltage (I-V)
curves measured at both the positions of maximum strain and after its release.
As noted above, the impacts found are relatively modest and the small
differences seen between three |-V curves of Fig. 17B and Fig. 18B suggest that
the us-GaN HEMT devices are not damaged by the harsh bending cycles.
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significant inprovenent over the 'peanut' design
reported previously. The 10 fracture that nedi ates the
transfer process was found to be vastly efficient with
this design. The earlier 'peanut' design requires a
strict optimzation of etching tine and highly
uniformetch rates over a large area to generate ps- Sc
ri bbons suitable for printing. T he current 'narrow
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di fference lustrate this latter point,
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cuts the underlying Si. The magnified 20 i mage of Fig.
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I'Cate that Si etching process, one propagat ed
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onS3ifdoAn ODWafé’rQNRfcﬁﬁk) éd)m fisdy Gﬂh%@wyérs%fqng/ s&ficonductor:
Aléllo d| rection; the Si illl) surfaces, as noted in
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i mages denonstrate that transfer base

pegfprrag@pnggto@gﬁ mefalligation gteps %EVAH\AWUSBO%SISO nm from
boﬁSh%Q§bf M%fél”i%err iDPRA%e @gltecf O RédtrohL S?arﬁéegﬁlr%tlw% lésed

resent’ representative o tlca I mages
to EIIEMTsat Bif NarandrMos\fvblle Ao wdseddioBited ltmytthaml evaposationodde

colf3ls A7 BB S ool raConssi TR Son G Taanhfiefi 1330

"CY¥4/80 béc inha Fal@ Bidthicy anh&lingCdyisteam eisBRf 40N, ahiwel The
formed 5 between the two ohnic contacts (Ti

e e astieom b0 } Bne S0 Ty A S0E 2%kl 109
Sc?rénl\tédtjﬁ, th e%bﬁa%ﬁgéwk%%%% hétbé airitﬁvmﬁz WB% at he
degesitaskas theonask materipls idrEsubsequze]]t ICP etching. Photolithography,
wet etching (Cyantek Cr etchant) and RIE processing (50 mTorr, 40 sccm CFy,
100 W, 14 min) define the ribbon geometries of the GaN. After removing the
photoresist with acetone, ICP dry etching (3.2 mTorr, 15 sccm Clp, 5 sccm Ar, -
100V Bias, 14 min) is used to remove the exposed GaN, and the underlying Si is
then etched away using a TMAH wet etching solution (Aldrich, 160 °C for 5 min).
The sample is dipped in BOE (6:1, NH4F: HF) for 90 sec to remove the PECVD
oxide and a new 50 nm e-beam evaporated SiO, layer deposited on top of the

GaN ribbons. The GaN wafer is then contacted with a PDMS slab (Sylgard 184,
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170, and 5 pmrespectively. Unlike previous ps-GAs
processes that had inevitable limtation of snal
filling factor caused by side surface wet etching, the
10 filling factor for these devices is quite high
conpared to an earlier report for a printed Il1-V
structure (67%vs 13% for ps-GaAs). Fig. 17C shows
typical drain current -voltage (lI-V) characteristics
I \'} 1
DG S AToh 5 BURRREICRr o R ol ] (48P G0 m 1100 £ the
useaiNsleveats. nde RDMSIslab rlﬂkﬁdrwléh hegis-Galhig then langjaated to a
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18A, Fig.. 18B shows a seri of transfer curye .
defgslias BFeSaR VARBELOR. LRe BRnBAGOr A -B0g(a o process in
coRRINCASPRMH iandAS Sripal (KWIK for®eRéliigy radii down to 1.1
cm (corresponding to strains of the order of 0.46 %,
25 we observe very stable responses in the neasured
transconduct ance, threshold voltage, and on/off

EXAMPDE .5: Fi g. PAGiablo8smicondgoten Eteménts iDeraed-fravh BatieVW afer
(I-V) curves a ure t bt the positions of

maxi mum st r ai S aYel®: not ed above,
[01@ W%@ﬁé&ﬁtmuéh%d@ﬂ@hﬂe’ﬁi& dfrmlmﬁg phAtable snal |
ferences seen between three |-V curves of Fig. 17B

segnigprdugtor 1i@BoBs ygiagtbul hwefergof ﬁaé\swsﬁmnamweaakﬁ dagne

nﬁ@gﬂ?ﬁtr HASths e ldihehRES IﬁoFr?Q & ggqﬁ%lﬁg Btk W¥er of GaAs
nsunmary, this exa describes a process

withunuldiplesegitaxigb rayers nghdvivgfer mpréparedaby@rmndgrﬂm&-nhnthick

Ak BREof 2 QO8RS PsfiBlinS ARSI hs) yitet, tolhfea by

sef@éntldl Hapesitiod ang BRGAXY Ay eMgith FHickr2e810% 1561 and Si-doped
smart-material strategies for renoving sacrificial

n-typg Gahsdayer with ﬂ%@‘?"@ﬁﬁ ©f 120 nen aRd sariepsPNeRRiAtoq of 4x10"
onE SRSl T AP0 AR pBER e 01 AN
oriemiatior lsentes@s masllea/foa: ebhemical etching of the epilayers (including both
GaAs and AlAs). Anisotropic etching with an aqueous etchant of HsPO4 and
H,O, isolated these top layers into individual bars with lengths and orientations
defined by the photoresist, and with side surfaces that form acute angles relative
to the wafer surface. Removing the photoresist after the anisotropic etching and
then soaking the wafer in an ethanol solution of HF (2:1 in volume between
ethanol and 49% aqueous HF) removes the AlAs layer and released ribbons of
GaAs (n-GaAs/SI-GaAs). The use of ethanol, instead of water, for this step

reduces cracking that can occur in the fragile ribbons due to the action of
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such as hi gh performance nobile conputing and high
speed conmuni cation systens. [0137] Methods: &GN

m crostructures are fabricated on a heterostructure
GN 10 on silicon (100) wafer (N tronex) conprised of
three layers of I11-V sem conductor: Al GN |ayer (18
nm undoped); GN buffer layer (0.6 pm undoped); and
AIN transition layer (0.6 pn). Using AZ 5214

capiahyPfopsdsSdurird drihg. crmatmbuﬁa@ten@nonweﬂ%@eaniparéd to
exposed area i s cleaned using

water alsainismizes dryingringueed Q@Oﬁ(temm tl’s%)%panal Byoykefthe GaAs
nb%BFI r to achi eve | ow contact resi stances, a 15
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frop@ QR hd. OBEGIBheELRA. frﬁéqaithdgﬁa;sme ProteRess Erployed AzAI

El ectron-beam evaporation i s used to deposit Ti,

phainresist, 1. ahiA%SA# abd Adepadir 2820 fyr Rastivesandaiegasivaimaging,
re%ﬂv&l NtRElSa AL Rafish gﬂ@gp 6%8@‘ H%{S;( fefnsp Cé?ﬁs%troplcally

tacts are anne sec
etcrwu i tmmetamaht @rmea Py, (BFttes) 62 mnigHa@z (\BD wt%) i 48 ml

el Bt 5 Coblesf IR rerbter 53y Ehe AlRs Gyerbers

didsbhviegaiitiey apgtedtF sollfién (ﬁkhér@}@ﬁ&n@é@) irdsthansblt(@e s

the mask materials for subsequent |ICP etching

voturiraﬁ)mTherﬁ?gmBﬁwth reieesed dhbags ewmtheweier%ﬁaﬂmﬁq ina

E SGHEM
furﬁgq’\r%gg) T@%?il% %gsg%ﬂ]gp'rl %B%‘E@gé%}rrﬁﬁe i es tg:%ﬁe?%a Oer}ét/nér
evaporatar{femiescal gi{ot1 80esand coated Vﬂttesezqmentlalwyefs;of 2-nm Ti
@@h' n%é)S 2 mlorr, 15 sccmCl 2, 5 sccmAr, - 100V
an MY R4 n) is used to renove the exposed @GN, and
the underlying Si is then etched away using a TMAH
wet etching sol ution (A|dI‘ICh 160 Cfor 5 mn). The
ECMPLE6: S di PREfi-bPeiaiSifin R rhgHs! 0
=~ renove the P W T
evaporated Si @nvmm@gamwmr top of the GaN

h DMVGS. . ..
1014035 P& presiiy mEEatSh § %Odﬁ%a?%m%ﬂ% rdhbrafotrhovding
mui’lﬂajladarm&@}prilhtabw ebmicinguztod efsments derived nbﬁkswm 1)hﬁafer
ps- GaN el enments. The PDNVS sl ab inked with the -

prqcyrqq{émtpgﬁlﬁn figHer19 RIovides A RieR§s:Haw schematie &lyétfatmg a
methGebf tﬁB%TﬁsérQ Qn\@i‘?tlbﬂ féﬂh%félﬁ@srﬁultlﬁgévf él’f'afg é‘ﬁﬁrﬁéﬁle
ane

coated w't ur et nd o
semiflonducter emmems) AsBhewsdmpiasel % of figure 19 a silicon wafer

having a (111) orientation is provided. An external surface of the wafer is

patterned with an etch resistant mask, thereby generating masked regions
having dimensions selected to define the lengths and widths of printable
semiconductor ribbon in the multilayer array. In the example shown in Figure 19,

the etch resistant mask is a thermally grown SiO; layer.

[0141] As shown in pane 2, the silicon wafer is etched predominately in a
directed orthogonal to the patterned external surface. The etching system

employed generates recessed features having contoured side surfaces. In an
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5 exposed to WV |ight (hone-built ozone active nercury
| amp, 173 pWcm 2) from the top to cure the PU

Peel i ng back the PDMS and renovi ng the a-beam oxi de

by imersion in BOE for 30 sec results in the transfer
of the ps-GaN elenents onto the plastic substrate. A
negati ve photoresist (AZ nLOF2020) is used to pattern
the Schottky contact area and a Ni/Au (80/100 nm

usbﬂ)r %huoa.m@ﬁntﬁeos.és eeﬁaé@éﬂome PEEVa YERAF KR a $8Bcted,

is renoved usi ng a process 1 n conj unction
spwtlalh/ \arying contdup peefile hwmgfaaplueahnogfrqantomm such as

sm%#@‘&%lg &%gﬁgﬂﬁgwfq p| td{ﬁ{llgla\%ﬁ/& oéﬂrﬁ%roﬂle
ha&ﬁt@&ﬂepﬁﬁd@qsrme%ﬁt arrthemdeasurfaruelswi ebhesr&tdeesled fdatureki ng
i ntabl e m conductor ri bagns usi n buI K rﬂ\% e({ q
arasmgérzﬁ A§NAAIBE rgresse %}Hées Fantour
préﬁl@ Wﬂ?d@S?SQ@WIEta%@ BORBtéhiRg stt@ld%| ;brandmgﬂ &ycw@%ﬁgbosure
h nultiple epitaxial |ayers. wafer is

of meeghecwwa;er@ teactiye iprpetghant gasesiandgtpl T¢%§1éﬂaféﬁal§ As

n !
s o260 DRGSRl KR Bfiicon
strubiucéshavding belebiivelycantdufiid sidpedrfaces pasitiietisadjagent to the
W th thickness of 120 nm and carrier concentration of
recgspgd feties- A pattern of photoresist |ines defined
arallel tothe (0O T T) crystalline orientation

v és shownes ipaneb? of figurect, the pracegsed sitiern wpfqréiwm

b
reéés’%%h 1Pl SR sRbioc (S FRIOpr IS
resgistaatmask magmls suoh that tlae contoatedssids suifated efrthe mecessed
oS e Brbium DRSS il oo RAR LRSSl A B e
mvgﬁpgg ttl?é;%?l%@tgg gBﬂthIpwué etHhabe "s@ﬁ‘a§és afthe rreééysed

i hen soaki e wafer in an
fealuragrisgtersanes. |air|\93ﬂg inpart.the spﬁtlalcqlﬁﬂgum Qleask Biatenialion

th Gflc TUaE0 PPHS prhoeSHRREE hRRIO Peificheifiness ot
priofabdd bemm:londua:tst elatharits mllhermultn (bayaﬂataackstl-‘e.pr exaermle;etbe
racki ng that n_occur in bos ue. .t o
waigidgy BB siopred B o isg vapth detasitcR bt el S St R ot
métasaes@iting ftdepcBtinCsT méteﬁbm@abmmwrmud%es prasért in the
al so mnimzes drying-induced disorder in t spat i al

conigyrrd siyfaqerof thgneecessemh fapdures and substantially no deposmon on
regions of the contoured surface that are in the “shadows” of the ridges present

for example to recessed regions of the side walls. The “shadows” casts by
features in the selected contour profile, such as ridges, ripples and scalloped
shaped features, therefore, at least in part define the thickness of the printable
semiconductor elements in the multilayer array. Use of gold deposition materials

is beneficial due to its good adherence to the exposed silicon surface.

[0143] As shown in panel 4 of figure 19, the wafer is next subjected to
anisotropic etching, for example via exposure to a basic solution such as KOH.

Regions between the recessed features are etched such that etching occurs
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[0139] GaAs wafers with custoner-designed epitaxial

| ayers are purchased 5 fromIQE Inc., Bethlehem PA
The |ithographic processes enpl oyed AZ phot or esi st ,
i.e., AZ 5214 and AZ nLOF 2020 for positive and
negati ve i magi ng, respectively. The GaAs wafers with
phot oresi st nmask patterns are anisotropically etched
in the etchant (4 nL H3PO4 (85 wt%, 52 nL H202 (30

aIM&ﬁg%ﬂ 1@516|ré&|dﬂs of 418é Qiﬂbérﬁ?d/a‘@t BletetyRbritatirg0? hﬁﬂhlé}’ér array

the i ce-water bath. The la ers are 10 di ssol ved
of\grinkable gemigoaguetpr §lﬁm&nt§ ﬁapirrpéwérc(nrqormr@ﬁg:mpgyﬂaﬂm or

erﬁl}%g ﬂher(cllt glh{:&ﬁh stYl\%ltlf‘ifE%). Th@&g??@h?%nt@nﬁﬁﬂ%@éf@%ﬁods

ers are
wﬁ'drelmletcbidgmm <$1C¥ dirgritions df thre silieorcwafdn erocm‘eds to

ctro beam eva rator sca 1 800
ooty B D Aty ECeRhet FRatRs pthers By ettty Blerputing
th@lpﬂatabfl&s&mwﬁaﬁctér eIWérit(sb aperdedtrisasinRidiail abdw, the

Sem conduct or El enents Derived fromSi (111) Wafers.

etehing systepechasesdncombinationdyitraihed 1 heorigndationefiibe silisan
i |
waBPRASIE 'i:???aé%épé!tbﬂ'r{:‘t% a&(gfb’glf khhey Sfre&@n%ﬁa[ﬂ)‘? E%ﬁpg&ﬁ 19 30

sem conductor el ved from
dinections efatherveefer. i @ptondtlygilnegpakitiqny;, shiapke and spatial @sientatiow of
met.hod of the resen

H it :

referenPRlirgs A naloed iy for aIBEMma majGieBARSs Plsmats, such

as&ﬁmgwldmh@rccﬁinemﬁg the pintatle wenitorRieedr dierfént todhé &vafer.
silicon wafer having a (111) orientation is

InShebnAfiaNer i Ughire Shan 0t RO SYidgh elames a7 provided that
coRALERhE &R d¥iok gl(ea%brﬁfc%du&&l @ﬁtﬂg{s iFRRE mdi] eer@fray to the

generating na regi ons 2 Vi ng di msn
sﬂs:ehewafed to define the | engths and wi dt hs of printabl e
sem conductor ribbon in the nmultilayer array. In the

[Oﬂqmaﬁeﬁb ofMigire 9 shovis A9 optidied pedcassiresdtsp Mherdln ke
is athermally grown SiQ2 [ayer. [0141] As shown in

briggg elementgearg W’P%@f’ {ramdpejsiicgp d‘f?é@r &r@@mm@m washing,
t &1

et%@@é{;g |eﬁgﬁ dg%g?nhgggés raﬁe&%g gener a es&?ggéegsedﬁla%r

stdakaaf priséatie semicondocion eam@ltsle Aﬁarrfaaaels/ printable 69

ef u nbodi nent.. .t h t . d
seficrifhcBTRIRSTR 0 i ey C B BEES0 Y Soact BHRTAE:
méthedis.| B ey em@odinidritf fak ekampfe, peintably sérabndector slentents in

a
the Fchultilayer array are sequentially released and transferred from the silicon
wafer via repeatedly bringing the printable semiconductor elements in contact

with a transfer device, such as an elastomeric stamp.

[0145] Figure 20 provides SEM images of Si (111) in angled-view (a, c, e, )
and cross-sectional view (b, d, f, h): (a and b) after STS-ICPRIE and BOE
etching, (¢ and d) after metal protection on the side surfaces, (e through h) after
KOH etching for 2 min (e and f) and 5 min (g and h) followed by metal cleaning.

[0146] Figure 21 provides (a) provides a photograph of a large-scale aligned
array of four-layered Si (111) ribbons. (b and c¢) Top-view and (d and e) angled-
view SEM images of the four-layered Si (111) shown in (a).
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side surfaces with a periodic scall oped contour
profile and/or a contour profile having deep ridges
present on the side surfaces of the recessed features.
5 Exenpl ary neans for generating recessed features
having a selected contour profile include STS-1CPRIE
and BOE etching systens providing cyclic exposure of
the silicon wafer to reactive ion etchant gases and

[Oﬁ'l’?jh P‘giﬁb%z previaes Qé)SPhd'\égra‘iuh% brhrllﬁé’oethgmfabe&}o@ ¥él8ased

groce33|ngo gyf generates a pluralit
ﬂeéﬂblk? §bh111 tibbensi(d Mgmeges ef thediilbansrahewindd (8)- de
surfaces positioned adjacent to the 10 recessed

[0148]t lﬁigmg 2[3Qﬂ>!4>2/]de%s(a? Dpioali images ef abgred Si(gunyerib@onst ge
e iesho PR SHest e il MaodsahBEr APeroromine a0y

shb@ lﬁ‘(é')n Phﬁﬁfqﬁambﬁé ﬂ@klﬁlegb&i?eét&aﬁlni {heit ﬁ@u@é%%@ﬁpétté}ﬁs of

surf aces e recessed features is only partially
Si ¢ bht)eatrapstirora épaiyelesof drgnsterdng from a BingleadipddR. of t he
15 invention the selected contour profile of the side
surfaces of the recessed features determ nes, at
| east in part, the spatial distribution of mask
material on the side surfaces. This processing step,
therefore, defines the thickness of printable
sem conductor elenents in the nulti |ayer stack. For
exanple, the wafer may be exposed to angl ed vapor
deposition of a netal or conbination of 20 netals
resulting in deposition of material predom nately on
ridges present in the contoured surfaces of the
recessed features and substantially no deposition on
regions of the contoured surface that are in the
"shadows" of the ridges present for exanple to
recessed regions of the side walls. The "shadows"
casts by features in the selected contour profile,
such as ridges, ripples and scal |l oped 25 shaped
features, therefore, at least in part define the
t hi ckness of the printable senm conductor elenents in
the nultilayer array. Use of gold deposition materials
is beneficial due to its good adherence to the exposed
silicon surface. [0143] As shown in panel 4 of figure
19, the wafer is next subjected to anisotropic
etching, for exanple via exposure to a basic solution
such as KOH 30 Regi ons between the recessed features
are etched such that etching occurs 70 along <110>
directions of the silicon wafer, thereby fabricating a
mul til ayer array
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of printable sem conductor elenments each of which
conprising a partially or entirely undercut silicon
structures. The present invention includes nethods
wherein etching along <110> directions of the silicon
waf er proceeds to 5 conpl etion between adj acent
recessed features, thereby entirely undercutting the
printabl e sem conductor elenent(s). As described in
detail above, the etCIREERERENCES chosen in
conbi nation with the (111) orientation of the silicon
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[0147] Figure 22 provides (a) Photograph and (b and c)
OM images of released flexible Si (111) ribbons. (d
to f) SEM i mges of the ribbons shown in (a). [0148]
Figure 23 provides (a) Optical images of aligned S
(111) ribbons transferred on PDVS substrate. (b) AFM
i mge of four ribbons fromthe array 5 shown in (a).
Phot ograph of a flexible polyester filmthat houses
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STATEMENTS REGARDING INCORPORATION BY
REFERENCE AND VARIATIONS

[0149] The following references relate to self assembly techniques which may
be used in methods of the present invention to transfer, assembly and
interconnect printable semiconductor elements via contact printing and/or

solution printing techniques and are incorporated by reference in their entireties
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Press, New York
by R@’ﬁtﬁﬂcle eXAant foréhe pavtiely incegsistenbportion o mrefer@nmb]
V. Kumar, L. Zhou, D. Selvanathan, and |. Adesida, J.
[osap! An?bpﬁencﬁﬁ@ﬁapﬁéndices hereto are incorporated by reference as

part of the specification and/or drawings.

[0152] Where the terms “comprise”, “comprises”, “comprised”, or “comprising”
are used herein, they are to be interpreted as specifying the presence of the
stated features, integers, steps, or components referred to, but not to preclude
the presence or addition of one or more other feature, integer, step, component,
or group thereof. Separate embodiments of the invention are also intended to be
encompassed wherein the terms “comprising” or “comprise(s)” or “comprised”
are optionally replaced with the terms, analogous in grammar, e.g.;
“consisting/consist(s)’ or “consisting essentially of/consist(s) essentially of” to

thereby describe further embodiments that are not necessarily coextensive.

[0153] The invention has been described with reference to various specific and
preferred embodiments and techniques. However, it should be understood that

many variations and modifications may be made while remaining within the spirit
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1: Process Technology, (Ed: S. WlIf, R N Tauber)
Lattice Press, 1999. 25 STATEMENTS REGARDI NG
| NCORPORATI ON BY REFERENCE AND VARI ATI ONS [ 0149] The
followi ng references relate to self assenbly
t echni ques which may be used in nethods of the
present invention to transfer, assenbly and 30
and %Sbé eRfHRGhvaMtidh ablvl &egbﬁé}ﬁﬁ%tdﬂe & sramRhPskil fh the art
contact printing and/or solution printing techniques
thamm®|t£>nsompmodsedew9es, slewiceraiementst maiterialsitpreeeduses

anf dechrisE Paetthn s e deBkad norBRraifibe apdlied to
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herein are;lmtmdedrtalbemqmmsed by thlﬂula\r@ttom AMaeraver Buange is

dls%)%gg' %gs%ﬁéng % cﬂﬁﬂ i@Sa Ide's | eI r?g%cszg?e gag%bassed

as #ssepandtyglyased farth. ghie MVemihorms ad)ﬂ tode |limaitexi\by the'emBedierents
. Smth et al., |, Phys. Lett. (200 A ,

disglpssd ngiuding ke in (PeErwnBe o exPBRItRL Bhi <

spéRftdtoat Wilth drefgiverAsPivay BRERArpRASIUNRIItioA Gind ot Bl Ng

I ssued_or granted patents or equival ents: patent
limitption.chhe seopeobthedavention shall {@@mmltﬂwlpbvéhﬁ claims.
applications; and non-patent literature docunents or
ot her source material; are hereby incorporated by
reference herein in their entireties, as though
i ndividually incorporated by reference, to the extent
each reference is at |east partially not inconsistent
with the disclosure in this 15 application (for
exanple, a reference that is partially inconsistent is
i ncorporated by reference except for the partially
i nconsi stent portion of the reference). [0151] Any
appendi x or appendi ces hereto are incorporated by
reference as part of the specification and/or
draMAngs [0152] Where the terns "conprise”,
‘conprises", "conprised", or "conprising" 20 are used
her ei n, they are to be interpreted as specifying the
presence of the
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stated features, integers, steps, or conponents
referred to, but not to preclude the presence or

addi tion of one or nore other feature, integer, step,
conmponent, or group thereof. Separate enbodi nents of
the invention are also intended to be enconpassed
wherein the terns "conprising"” or "conprise(s)" or
"“conprised" 25 are optionally replaced with the terns,

CLAMASogous in grammar, e.g.; "consisting/consist(s)"
or "consisting essentially of/consist(s) essentially

of to thereby describe further enbodi nents that are

. Nog H{bgﬁgéﬁﬁ%%’yﬁ%ﬁﬁ )étr@fgéﬁ(ls senficomitictol iferhBME IQ‘%\ihQﬂeﬁ\QE

bee escri be rence to various specific an
presieprisin thetstepsrefit s and t echni ques. However, it
shoul d be understood that 30 nmany variations and

nodi fications may be made while remaining within the
spirit prBvidingdl siieoP&afdr Havihg A ¢eInt iopigntatibn\nkdlhavihg an
apparent to one of ordinary skill in the art that
conposi t9¢ereal sfacsds, devi ces, device el enents,
mat eri al s, procedures and techniques other than those
specifically described herein can be applied to the
pract i cegevierativg a plusality ofirexessed fedityred ioncdaid extehreal surface
W t hout resort..to undue exper i tation.

At kol SaReE AR QUi BRI G e ssptures

met hods, contistiges esbotttdl isafacd ang Bide, sumices iofksposed silicon
procedures and techni ques described herein are

i nt ended¥df8Nbe enconpassed by this invention. Wenever
a range is disclosed, all subranges and individua

val ues are intended to be enconpassed as if

separ at gngskirg at leasta poHios df saishsite guifacemnefl said meessed
limted e odi rents 10 di scl osed, including any
shown igg%ﬁgg;?§§ans or exenplified in the
specification, which are given by way of exanple or
illTustration and not of limtation. The scope.of the
| nvent | GRCURAPFIMREN 5316 FerPsaR JeasyrasnMErein siching ogeurs
CLAIMS  glong« Mi:-haedtiins ik BaidcaiidondvareP thatedlfeoricating
sem conductor el enment, said nethod conprising the

st eps ofsaidpipitablediamjcendidterciemgat.er having a (111)
orientation and having an external surface;

The method of claim 1 wherein said side surfaces of said recessed

features are completely masked.

The method of claim 1 wherein said side surfaces of said recessed

features are partially masked.
The method of claim 1 wherein etching proceeds at a faster rate along

said <110> directions of said silicon wafer than <111> directions of said

silicon wafer.
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10.

1.

generating a plurality of recessed features on said
external surface 10 of said silicon wafer, wherein
each of said recessed features conprises a bottom
surface and side surfaces of exposed silicon wafer;
maski ng at | east a portion of said side surfaces of
said recessed 15 features; and etching between said
recessed features, wherein etching occurs along <110>

. di r gpkinfetRo@bf SairA 1SWhéreMNetoRingdoek ot ebsthAtiliygabeedt

said printable sem conductor elenent. 20 2. The net hod
of aloagriha <ifdr siraciensofssaibsiiedt wates. of sai d recessed
features are conpletely masked. 3. The nethod of claim
1 wherein said side surfaces of said recessed 25

. f ealTbe escthod opaatm dl wiyerebissadd step. of Biehing betweart saitl ai m

sai tPeeRioL aaiie B egr “DisploBin bR ahPal e beren »
directions of said silicon wafer. 30 80 5. The
met hod of claim 1l wherein etching does n

t
. subdtematasd of ge dasherainoiaid Siee o Blaming PRIYESMHTRAId of

sai %c%hééc? tyrek e;'jroc@%ds-r B&W&B%gnt fd@isBed 116l dlong

said step of etching between s recessed features
conthel sEd>adirestions pf saidtsiicongvadér, thrdby bt leashpavialky .

7. The net.hod of claim 1 wherein sald step.of etchin
pet WG CTAE SaPlp B ol lcty e Befl SBuusBrpeiash
adj esienkjdcencrwedséefianires. al ong the <110> directions
of said silicon wafer, thereby at |east partially 10
undercutting said printable sem conductor el enent

. PosThé mw#%a)gf %}gﬁm mrgin@i@gﬁatofre@&ﬁg ggtﬁe'@]t dHi@s-

8. The net ho claim 7 wherein said step of etching
bet isepseshieaturee dogs aat cempletely release sjd prvigiliet el y

rel ?@rﬁﬁoﬁ@ﬁ&opfrjarws%% Silicon wafer, wherein at least one end of said
printable semiconductor element is integrally connected to said silicon

wafer.

The method of claim 1 wherein said step of etching between said
recessed features comprises wet chemical etching using an anisotropic

etchant.
The method of claim 9 wherein said anisotropic etchant is a basic solution.

The method of claim 1 wherein said recessed features comprise first and
second channels separated from each other, wherein said step of etching
between said recessed features proceeds from said first channel to said
second channel along the <110> directions of said silicon wafer, thereby
undercutting at least a portion of said printable semiconductor element

between said first and second channels.
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15 sem conductor fromsaid silicon wafer, wherein at

| east one end of said printable sem conductor el enent
is integrally connected to said silicon wafer. 9. The
met hod of claim 1l wherein said step of etching between
said 20 recessed features conprises wet chem ca

et ching using an anisotropic etchant. 10. The nethod
of claim9 wherein said anisotropic etchant is a basic

1250l The @flethod of dthim Theviarehoshi@firstlchanhdl anaesaed Becaridd
recessed features conprise first and _second channels

sepahannal are longdudinali erentedinen sthsiaatiallysparpligiconfiguration,
et .Cg)hg%in Q&idngep gfé{tcgir@gcfegﬁésﬂ séﬁg%g%%ﬂeggﬁggge%@ms an

sai I Tst chann Seco anne
<ll8bledst partialynendsircggirohtaihle iseoricaraiuetor ribhen glogitioned

undercuttin t . least a portion of said printable
se %W&H&agqﬁgltgﬁgﬁgc%ﬁ)sléﬁn é§1 said first and second
channels. 81 12. The nethod of claim11l wherein said

first channel and said second channel are .
13 on}jh? mathed P§/C|6I“i‘ dit wherain gaid fisst dannal 4"}}1 ?ﬂﬂ Serend

con dﬂzﬂﬂ{e@hi@@ngitt\i\ﬂﬁé@;&ieﬁﬂé@ irh %Hb&%nﬁél%aggltl@%ﬂﬁ&ﬂation,

sai recesse eat ur generates an at
par wheidiry saidddee of etghingtketivees eaidoenesasddieatured generates an

73 AR TR RbihicoGRbirE o8 PRSHpiaf Bifein gaic

andfirstand secanttichatmalsiel are longitudinally oriented
in a substantially parallel configuration, wherein
said step of etching between said recessed features

14 9€neh@hRShSHofafiy D WéfeiHrb(i%ééftgnQrénﬂt@Qbﬁi printable

sem conduct or ribbon positioned between said first

andseeiconduatpaiipieansis integratlyecompeeted tosaid silicaniwafer.
wherein at | east one end of said printable
sem conductor ribbon is integrally connected to said

15.s1 | Tkometledceof claibhd 14 whefdia said firat clodnrdl &rmidatesfaeadirst end
said first channel term nates at a first end nd .sai d
sep%?f&S%_ﬁa?ﬁﬁ@md Camnnel irBAnaES 71 a26n0Y BRe, 2ah M RIRY srid
sai ghintBbleHeAth ARIIGIININGS HiediahP eBnhsctédtesaialsiiicon wafer
connected to said silicon wafer _ _

between said first end of said first channel and said second end of said

second channel.

16.  The method of claim 15 wherein said first channel terminates at a third
end and said second channel terminates at a fourth end, and wherein said
printable semiconductor ribbon is integrally connected to said silicon wafer
between said third end of said first channel and said fourth end of said

second channel.

17.  The method of claim 1 wherein said recessed features comprise an array
of channels that are longitudinally oriented in a substantially parallel
configuration, said method comprising a method of generating a plurality

of printable semiconductor elements.
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between said first end of said first channel and said
second end of said 20 second channel. 16. The net hod
of claim15 wherein said first channel term nates at a
third end and said second channel term nates at a
fourth end, and wherein said printable sem conductor
ribbon is integrally connected to said silicon wafer
25 between said third end of said first channel and
said fourth end of said second channel. 17. The
nmet hod of claim 1l wherein said recessed features
18comphe seethed af elaim 1durtbernganapdsing e seB of grRyving @i tharmsl
ori gﬁhs(ﬂ?ye@ of s%v&ah%mé@hhxcgef eéap%'mcsﬁ WS Ars3td §Bp of
sai d nmethod conprising a nethod of generating a
pl ugaherating sdidplunaliybdfeesesseddaatucesoon shidmxtersal |aface.,
The nmethod of claim 1l further conprising the step of
growing a thermal oxide |ayer on said externa

19sur TA& endthod af Elafn HifaRReV@Ireprigifd Efe stap df sdleasing said
generating said plurality of recessed features on said

ext Biiffablessgnigerductorigjement iragy $aidi SHEORWRSR 1 f urt her

conprising the step of releasing said printable

sem conductor elenent fromsaid silicon wafer. 20. The
20.met Tbel methed of olaing 1Qivdrasein said ateptaipelensingisaigsprigaklgi d

o AT ST ST G i
sensgiapantibls s@hoaductor elenseritivithsd eansfevdedce21. The

met hod of claim20 wherein said transfer device is an
el astoneric stanp. 15 22. The nethod of claim1l

21 Wetgd hetRbd ofBhMPZ0 iv&é&ﬁréa?djtrgh'éfeﬂaé\?iﬁ )h;aéh 8R&®meric

using said silicon wafer having said

origtAMML i on. 23. The nmethod of claim 19 further

conprising the step of refinishing said 20 silicon

waf er such that said external surface after rel ease of
22 .sai The metitabbclaise Mvwiendinctaid metieotkbist caoeed oetsmbteathan once

id method furth i i L id st
of §199 gaRsien T frvba A o) PLedelidl features on

23.  The method of claim 19 further comprising the step of refinishing said
silicon wafer such that said external surface after release of said printable
semiconductor element becomes flat, said method further comprising
repeating said steps of (i) generating a plurality of recessed features on
said external surface of said silicon wafer, (ii) masking at least a portion of
said side surfaces of said recessed features, and (iii) etching between said
recessed features, thereby generating additional printable semiconductor

elements.
24. The method of claim 1 wherein said silicon wafer is a bulk silicon wafer.

25. The method of claim 1 wherein said silicon wafer is an undoped silicon

wafer or a doped silicon wafer.
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said external surface of said silicon wafer, (ii)
maski ng at least a portion of said side surfaces of
said recessed features, and (iii) etching between said
25 recessed features, thereby generating additiona
printabl e sem conductor elenents. 24. The nethod of
claim1 wherein said silicon wafer is a bulk silicon
wafer. 30 25. The nethod of claim1 wherein said
silicon wafer is an undoped silicon wafer or a doped
silicon wafer. 83 0 26. The nethod of claim1 wherein

26sai dhstragthot aj@iaémat whgredmpaidstep af generating said plwelity of
features

| LRl SR Bla A8 Yy sPE a0 cae

sel et asingore driveorer methods @éle&tem@omfthe @roup conSIstmg of:
photollthographlc processi ng,

P e Ra U REICoSEmEn T BaiNeGTIEA! QIgng: IASHAG g gvet
el e%ﬁé%ﬁ%ﬁmn’{& ichicREnadifiRg, d8ctrEbeshGHitg, rétive ion

|'i thographi c processing, |aSer m cromachining,
abl stéhimg, softdithagraphic precsssirign igsenatieramashining rablation,

e WHPRB 2L g, g, 8fheipt At RePaiphinddgiflo 2 fon

| eapleam milling.on of said side surfaces of said
recessed features is carried out by one or nore
net hods sel ected fromthe group consisting of: angled

27¢! eq{h'éQFethn%arﬁf cRNRPPIAEIHN sSi sQerBTBﬁKlagﬁhQ it fdast a portaon of

chem cal vapor 03|t|on thermal 15 oxi atlon
sol gaidside §p63¢€ts @frsaui repesredriaaivrieslis caried ot By apeHRsAnore

|
R S G et R v
29. eVhaporatioh ofl acrﬁasldf mlater@\ahoﬂemnealn/lapar (liemmtnc;raltm%rmal
varyi ng,conto ofil es av ur a |ty of ridges
or @gg@@mﬁ%ﬁ? B&%d%poqll fgmgglg &S-shape.  30.
The mst hod of claim29 wherein sel ect ed portions but

not all of said side surfaces having said spatially
28var yiihegnetbad eficlaimok whersimpaid side surfacessf gl !@Cﬁsg%q d

etc S generates a
lﬁé%}gyegﬁ%é\@ a?g y\éér&ﬁ\%a%ﬁ%& mbtﬂggduct or el enents.
29. The method of claim 28 wherein said spatially varying contour profiles

have a plurality of ridges or recessed features or have a scalloped shape.

30. The method of claim 29 wherein selected portions but not all of said side
surfaces having said spatially varying contour profiles are masked,
wherein said etching between said recessed features generates a

multilayer array of printable semiconductor elements.

31. A method for fabricating a printable semiconductor element, said method

comprising the steps of:
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32.

33.

31. A nethod for fabricating a printable sem conduct or
el emrent, said nethod conprising the steps of: 30 84
providing a silicon wafer having a (111) orientation
and having an external surface; generating a
plurality of recessed features on said externa

surface 5 of said silicon wafer, wherein each of said
recessed features conprises a bottom surface and side

sur f acesp@lidtgPa shidos WafEihviNga €1 11)diRinGitidnsaidihaving an
recessed features conprise first and second channels

separ at egkieinghseda¢e; ot her; 10 masking at | east a
portion of said side surfaces of said first and

second channel s; and etching between said first and
second cherenaliry a\pheality of e¢cdsisad featumsran sdideyteradiGsurface

directio 0 aid silicon wafer, apd .nroceed 5 from
sai 0 11 rhsahainat welpro et e SRR fette
<110> di ¢papristidsa Bbttéraistiraice iaparsid@é @facesekpysed silicon
undercutting at |least a portion of said prjintable

sem condualesrwhereiesaid pegessed faatitest Ganaprisesfirgt aad seepnd
channel s f [ [ id. printable

seni cond%hc Igr%rs:%%b%%tga ﬁ%ﬁ %ggh ?ﬂ{e?q’net hod of claim 31
wherein said first channel and said second channel

are | ongitudi na riented in.a substantially, .

par al | eﬂ“@%‘ﬂf‘g dhleéﬁfgﬁ,oﬁl%%frs&lqﬁsggis&r@{:%% ot)f’g'gtﬂéﬁiq%i
bet ween swiofldfchafheldngngecond channel s generates an

at |least partially undercut printable sem conductor
ri bbon 25 positioned between said first and second

channel Setcﬁiﬁi; bERRe sk ERa%irS arfd %d}?té?ch‘élgﬁé%i, \(Vj@/héﬂi:ilg etching

first channel termnates at a 5t end and sai
second cdurealongrsiitfatdirectionsokseaio silicem waferrandpreceeds

said prdntable.semco cLor ri IS | I

connect PDGAEHST EFTED I S o888 Buo Tt VB Berngy

end of sdiiedtibhs of saibiailiceh vadfdr, $iéreby eadadtueing atflesstiad
portion of said printable semiconductor element between said first
and second channels, thereby fabricating said printable

semiconductor element.

The method of claim 31 wherein said first channel and said second
channel are longitudinally oriented in a substantially parallel configuration,
wherein said step of etching between said first and second channels
generates an at least partially undercut printable semiconductor ribbon

positioned between said first and second channels.

The method of claim 32 wherein said first channel terminates at a first end
and said second channel terminates at a second end, and wherein said
printable semiconductor ribbon is integrally connected to said silicon wafer
between said first end of said first channel and said second end of said

second channel.
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second channel. 85 0 34. The nethod of claim 33
wherein said first channel terninates at a third end
and sai d second channel term nates at a fourth end,
and wherein said printable sem conductor ribbon is
integrally connected to said silicon wafer 5 between
said third end of said first channel and said fourth
end of said second channel. 35. A nethod for
fabricating a printable sem conductor elenent, said
met hod conprising the steps of: 10 providing a

34si | Themathoeof plaim 3§ wheremn1gaid firss shannal ﬁeramaaileaé\ﬁt @gthiieh

ext C

F oagly Bod 34 &g FRRha elfirfudt Sl B, GRETHREGn salc
waf grintableesehisordudtorofibism id lmtegmlse:dnheettad rt@sald smcon wafer
conprises a ttom fa e surfaces, of .
exp %@@e@i%@@wd ?/Véf%{sa'ﬁ?rg%si H@n%ﬁ alnga?ﬂ‘?g’”ﬁ@r?rldoﬂf i
sai dedridechhbaces of said recessed 20 features;

et chi ng between said recessed features, wherein
etching occurs along <110> directions of said silicon

35180 £t d&? o‘?k?é(brfc%%g%;aﬁﬁgﬂgblﬁg i ef&’r\'dt.&c?rkéll@rngnt said method

‘sem con or e easli ng sal
sentoapdsing thie steps®fit from said silicon wafer by
contacting said printable sem conductor elenent with
an elastoneric stanp. 86 0 36. The nethod of claim 35

wher ei n sk §B|I|@Bn LRifeasdvivty 8 t)riehtaneand having an
semi conduct or el ement conprises separating said

pri nt abl ete@sl ewifRRest or el ement fromsaid silicon
wafer. 5 37. The nethod of claim 35 wherein said step
of releasing said printable

generating a plurality of recessed features on said external surface

of said silicon wafer, wherein each of said recessed features
comprises a bottom surface and side surfaces of exposed silicon

wafer;

masking at least a portion of said side surfaces of said recessed

features;

etching between said recessed features, wherein etching occurs
along <110> directions of said silicon wafer, thereby fabricating

said printable semiconductor element; and
releasing said printable semiconductor element from said silicon

wafer by contacting said printable semiconductor element with an

elastomeric stamp.
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sem conduct or el enent conprises conformally contacting

an external surface of said printable sem conductor

el enent with said elastonmeric stanp. 10 38. The

met hod of claim 35 wherein contacting said printable

sem conductor elenment with said elastoneric stanp

bi nds said printable sem conductor elenent to said

el astoneric stanmp. 39. The nethod of claim 35 wherein
363 2rfle o8 bf LRIAABMLrEM Shidsidlf tbRadmg A GRAALRI Of

el ement transters said printab sem conguctor el ement

t 0 sesuGahdekts etereentcomiges séparating saist pietable ssnicendgtor

further conprising refinishing the external surface
of .%ergﬁ{qrﬁggﬂld\@lg@p V&?fgér rel ease of said printable
sen conductor elenent 20 such that the external
surface of said silicon wafer becones f] at.

37 ol ho@ahnod PhF I G5 WIRIPE SAIG 8148 FIHBRIAMBEADEHNIDE

Codp iéﬁ%uf:?)?%?énhé‘rﬁ corfiiribes ic@RforRfally bgnﬁﬁﬂﬁé ahidxerAal

plurality of recesse eat ures on sai exter nal
sustidaee of sadipdntable semiogafiector gleimentudthi said alastaraeiic a
por{i on of said 25 side surfaces of said recessed
feStPRs, and (iii) etching between said recessed
features, thereby generating additional printable
seni conductor el enents.. 87 . . . ,
38. The method of claim 35 wherein contacting said printable semiconductor
element with said elastomeric stamp binds said printable semiconductor

element to said elastomeric stamp.

39. The method of claim 35 wherein said step of releasing said printable
semiconductor element transfers said printable semiconductor element to

said elastomeric stamp.

40. The method of claim 35 further comprising refinishing the external surface
of the silicon wafer after release of said printable semiconductor element

such that the external surface of said silicon wafer becomes flat.

41. The method of claim 40, wherein said method further comprises repeating
said steps of (i) generating a plurality of recessed features on said
external surface of said silicon wafer, (ii) masking at least a portion of said
side surfaces of said recessed features, and (iii) etching between said
recessed features, thereby generating additional printable semiconductor

elements.
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