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electronic performance degradation caused by mechanical stress. Second, the inherent

flexibility of these substrate materials allows them to be integrated into many shapes
providing for a large number of useful device configurations not possible with brittle
conventional silicon based electronic devices. For example, bendable flexible electronic
devices are expected to enable fabrication of new devices, such as electronic paper,
wearable computers and large-area high resolution displays, that are not easily
achieved with established silicon based technologies. Finally, the combination of

solution processable component materials and plastic substrates enables fabrication by
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achieved with established silicon based technol ogi es.
Finally, the conbination of solution processable
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fabricated by pulse laser annealing of amorphous silicon thin films. While this class of
flexible electronic devices provides enhanced device electronic performance
characteristics, use of pulsed laser annealing limits the ease and flexibility of fabrication
of such devices, thereby significantly increasing costs. Another promising new class of
higher performing flexible electronic devices is devices that employ solution processable
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printable electronic devices on plastic substrates
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printable semiconductor materials exhibit good electronic performance characteristics,
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and related methods of assembling, positioning, organizing, transferring, patterning
and/or integrating printable semiconductor elements onto or into substrates may be
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sem conductor structures. [012] The present nethods
and conpositions enable fabrication of range of
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mask matdrial, wapablessf. préverttingad mynbuﬁng elchirgeor ¢eemim ebdeereasing the
ace

et of g o ashe sudncas, Fberh 40800 he thGbpbitlupa gre ctones
such theﬁ%@rﬁhé ﬁ?rsbc%ﬁ%gﬂ Wi;fdﬂ‘é%t@tﬁ@oﬁthée(ﬁd;Emmv@ffer thereby

ose i con | east a portion of the sid
fabncatlag rdrmmnonfe pnnﬁablem@dnd@dmﬁ@n%més)m@mg a Fﬁ'ﬁta"y or

te f th desc
entrly TR0 o8 BiTASL e Raghl BrRAFRER. ploRe et
adjacenilgﬁ!ogtﬁﬂbd NB&dssealfesiupes afnpadéreubby ptohirenbiong <o10> directions
[ i biting etching or capable of decreasjng the ra
of the siﬁcommﬁﬁkmg‘laﬁebm@w@l@g ﬁﬁg@@gtam@aﬁw&orﬁwf’%&%@mﬁe (S)-
. d.f
Optlonagy tﬁéspiosf@gggﬁé;?e; ali 5&5%&5?&&;‘%&%%&3%%%% ls&lected to

form aligh@eabinairtnace eleme@ﬂm suchraw krigge aleatdrds connecting the

sem conduct or el emant% conprising a partially or
printable semiconductor element to the’wafer.” .

[014] In one embodiment, a portion, but not all, of the side surfaces of the recessed
features are masked thereby generating masked and unmasked regions of the side
surfaces. The unmasked regions of the side surfaces are etched, for example via
anisotropic etching methods, which results in undercutting of regions of the (1 11) silicon
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entirely undercut silicon structure(s). In a useful
enbodi nent, regions between adjacently positioned
WO ewedssel f eat ures are undercut by etchi ng al orgr/ESDHAON21161

di ti f th iy . '
water pasHignig! S6RE EER O ey L1 Ui R el GhE g
inventioth, EcRiPg! ddcafs bathrRe ths tesdtidddeatires pldd @M@ directions of the
recesséd features is selected to form ali gnment

silicon wai¢mtherehy dalricating tsintahle seatcedusier elegeBisscomprising a
i C ctin | m conductor elenment to the
Pa”'a”ngfgﬁﬁ{’e'ﬁ{ H%ﬂ%‘%ﬁg{gh@& gﬁ%@%‘?ﬁent, a portion, but not

all, of the sjde surfaces of the _recessed features are
0151 rnaheer REISEIMEREh BB R PURRSRE @ SHRiarasRER SEPIPES BRs
completgl&rr{gggkegd R4 ?ﬁiéﬁ%?é’wé@?ﬁh‘éﬂ%@égﬁ% fRfiRBTr8letd R Sudiethat

aces are or exanpl e via ani sotropic _
etching eteurs ripme £ h60ks direttiarts ofdbalsilsonnvalieddot examplg lf etching the

materiol G i sy athb ) G PR ERGISR (110

silicon V\}d?éregééiﬁﬂhe&béﬁ\ié&l REEsKd RetuReN ﬁHﬂ@ﬁfcﬁfe_@éi{ﬁgdabricates
features al oneg < 110> directions of the silicon wafer

printable hemidandustarialemeniis prampasing aseariathnauerivelyeyrdaag gcon
2y Ciol] _ . C ool _
srucur € RLAGHE oo b Phaf i 3o JUB7of flregibispatures s
removedUof agampld, fyhaissemss etthirpmetiesdsar ©ptiomallgtthkfloors of the
res

recesseg‘_&;g‘gg.e 3@ ﬁéﬁ%ig{? %sﬁ%ﬁﬁﬁ%@g t@ﬁ e@rvifgi ﬁ@egcg fgiri%tgﬁa nt, wherein the
inlets ar®! Hcﬁs‘i\ﬂdr@?lﬁomhet ors Iof FEYR BB 85turd " FEBAEIOR A¥%thods wherein
etching t I ch

e material under the masked regions whic
side surfacssl dfthe mecasteddasturesjars corapletely rodskedealiow the) thicknesses of

_silicon fer positioned bet n_recessed, feat ures,
the priniaRle SRTeRTS & B SRR CRdeeTsHtEr TdRISREREGAD b §Pme methods
employiﬁlrged"é‘?ﬁ‘él(rﬁéslﬁﬁ f i Sldedupratééal |y or entirely undercut
sil'icon structures. I n sone enbodi nents, materi al

ore1 55BN 935S BB 9587 I SRR 08 AT g
geomet@RiohgBizkl Mimdristorid et moppholbgy bé tres eststed feateres; prior to

~ partially masked, thereby |eaving | n}_e,ts,f . etchapt,
fabricatigneafdhea Wﬁéablﬂlséﬂéc%dé'cwsqlfﬁnéﬁgd RafRIRg i ®PEM refers to
ot 55N roF AL FRe 1 TS it i
surfacesesidebors bbreddssed Featiress SRsfining iduges prosbbeingIreswting in
oot e SEL e, L B ec RSl b Do res
having ?ﬁ{rt ﬁlﬁﬁérm E@%_@ﬁ:a%hﬂéﬁ%ﬂidsyand m%fﬁe?ﬁ\%%hd@gh@%em resulting

er co Ise the step of refining the geonetry,
in printaiiiy secatontiuvtorsiementsnaving smsiatiigr Bffades anecieglisas and/or

. featur pri or fabri ' . Qri I :
naving e LAt RS Gt RS iorRat i egbndiBgieR, " 5RE gipbodiment, the
geomeﬁyﬁ,f[ﬁfy%ida@ diBéRib ah@BRWRIrphologe s refihedl vis ahisatrepicétching
_the recessed features, such as the side surfa %s and
techniqeeedes esemple:elsbing ysing HPEKOHRepIUEPRg M@{BP%@& e present

inventidl RERRFAJ' DrbESeind §8p5 hvolving refining the geometry, physical
dimensions and morphology of the recessed features are useful for fabrication pathways
for making microelectromechanical systems (MEMS) and nanoelectromechanical
systems (NEMS).
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snoot her recessed feature surfaces and/or processing
resulting in recessed features having nore uniform
w@bopsitaEkl di nensi ons and surface nor phoI ogl es, PCTIEs®be/021161

o171 B5BAF O i BB S A DO e g G 2 recess

|
featureslﬁgo ry Qélgﬁbé?i @s&%&%??@ﬁﬁ%%& @{%Kr)rde ﬁés?lélaﬁ;\ﬁess%én’(g?grﬁentatlons

is usefuhrortblscdspgrgct okthegfriesent metiwaiﬁ!febslnuﬂiameeuslylfagrlcatlng arrays of a
large nulgfieh B 9655 iR X TP ot AL b e SeRironsiuster

eIementBWQ\ﬁééd MIp6siadAas 'aﬂd@pétnél%ﬁ@ﬁéﬂbﬁ&sélé@te@%ﬂ?higﬁ ,accuracy to
si cal dinensions and ?holo of the recessed

facmtater @Qtflﬂ’vé@tlbﬂ' asgebly ang rnt¢%\ ipR itPsieving swedgHst dethods of the

I t
prosert i 3 ERBRAE! SAMRERANE Ao (3l BB P cor gremens
corresp@ﬁdm{gleo aexargensdrtion (€& aceabaiut 768 { aboutld5%abethenestibrral surface of
ity of recessed features having sel ected
the S‘“C‘%W@?%ral di nensi ons, positions and relative spati al
orientations is useful in this aspect of the present
[018] behesentonveitian inameleagmgthbdswlmemrajclaing@mgm #0> directions

| mhe 0. bout. 1 x.103 to,ab

of the (1713} ol Mefar,SlockEif o alBIdiohHaeeRn SR bege et features,

thereby RAGIlY QRGeROEirRPRE rBbioPki oF (1 pr)%uﬁ,@lnaﬁé@ b@tvbébmréaiéssed
accuracy to facilitate their eventual asse

features;, fiasgbumaking HieoPdiablecsesicpaductonpleameid(of Ai%aénatlvely, the
I
present R ARG MOTE: hibtdiSwhBRRT Eritlo HERBLEH o RdRYS fTine
silicon Waﬁegl@etmmhl Iaﬁjacﬁ@qtg?cewwwblatlﬁ% doafbmt g@%%@goﬂ‘f_lpliéthm, thereby
ternal surface o e silicon wafer. e
partnallymné@éqﬂ inghienkaaRNS 9@%&3%1hﬁkmwafﬁr&%weeétre@ﬁ%&d features
and,thu%I Bfer t|ﬁ§%>péjr'tlé hh&é‘ﬁcu??nﬁt’%le(sémk@wdﬁbﬂdr%%}né‘ﬁt(@ In some
procee 0 CO tlon bet ween adj acent reces
method$ ednereinghe phetaéib@f senmonelluytmrmdmneut isierdirelyendegiuhy this
tchi t he % 111 cont {etvveean recesEﬁd f eat u ?1% d
etening PGEspYY ﬁ‘i)’nt&etsr‘?@' ?%‘%‘HB QN gadiPeYREE 'S?GFQ‘% eggsse
features%ﬁ Bi@ktbMRl $urfabe oP RS Rateridl @BldcasY soeh Hﬁiﬁ%h@?hﬁ@%
wherein etching along < 110> directions of the silicon

semicongifcirr elemnaeta) whirigatast ren@aj@a@@@ae@t@dt gptienallydstegrallyennected,

to the si gﬂfglﬁgére#t ot?% eorlnﬂ‘é@%{d 2!Mr>fa gdsee[)n%# %%&PF glgs etpé. In

some emdatinierts athe, prtrﬂallslemcmdum@elemdm & diyectlydssnhetted to the
printabl e sem caondyct or el epent In sone nethods

silicon VWH@F ang int Aieeh eMiosnens e %ﬁa@%&ﬁm@@%ﬂpr plement is

' connect‘éett{) rtﬁ-‘e% ¥iliUE Gl VIQ%n%EtSﬁ"HSFeCQ aq?ﬁn&ﬁt%ﬁﬁéﬁ%c?égmehfée such

orientation an SiC di nensi ons
as bndgeaiem&etsfeatures on the external surface of the wafer
are selected such that the printable sem conduct or

[019] &lREH éméorﬁ o oVesy BEIR YokaBgsH ﬁﬂcorﬁemaﬁaﬁlwlbh etching

integrally connected,”to the silicon wafer at one or
systemmfrtbemeserdﬂnvmﬁlqm provisles ensiatrinsimetebt ep sisefub for, atlleast

partially or completely undercutting printable semiconductor elements and optionally
alignment maintenance elements such as bridgé 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> directions of the silicon wafer than <111>

directions of the silicon wafer, and preferentially for some applications etching proceeds
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sonme enbodi nents, the printable sem conductor el enent
is directly connected to the silicon wafer and in
wordensweebodi ment the printabl e sem conduct or PCEIBI06/021161

at an at lgash A HDeRleR s A R AOBD ERE 10 GieRuRGS BF fegalicon wafer tha
<111> o‘?ﬂe%ﬂ@ﬁgéfth[a%%]on%ﬁeﬁ?fana ﬁ'sbhfé’é‘mﬁﬁﬁﬁﬁe @é’t&gn@tp?oé'eed at an
1T) orientation in conmbination W th etching sy
at least 60 tipressfaster mieeaiomg) thep 902 direationmofr thesilcost wafes thegn <111>
for at

directio$§ e siEPngtaPf aDagRE Saind nladenife FBalifnd an aisptropic etching

system @mse@rwdmnad ét@ﬁl’l“@rﬂoéﬁih@ﬁﬁfb%@rﬂlaﬁ%/ %P@éée%i S8R tAS <1 1 1>
e elenents. |I'n sone enbodi men for exanpl e,

dlrectlorawfstge iséiepa veafehi Wgthgmréwtuoi tl@léw@@t:@pltlctmme @XR)’@S%J@@ “etchmg
does noé?ﬁ?ﬁéﬁﬁﬁ‘&%&b@éd tlrﬁ% {’ﬁolggdﬂ'%glgas’lge%?rss al C%xt%ﬁ’?of etching

e sirircon ese

that is Iemsaha:e dboat a fevl @eﬁ!ﬁnt rfart & typicwl prinkeble sédficortiuctetelement
e silicgn wafer than < 111> directions of the
fabncatlgmmwws:q?u | efplingraysiaranfordhisundsirculyng processing step

generat?%ﬁh’ta%‘l’é é%ﬁoﬁﬂﬁbﬁdﬂ%lé’rﬁ%ﬁ%gﬁ@?g anfoth! lgt?(ﬁerlzgpbé dHsurface,

ter rate along the < ecti ons’ t he SI I con

- for examplé er undaieut<oattone sdifaee witbns smffattmmughness tessathan axredjual to

0.5 nanyfgter ABTRREP I St Raft S{8AHs st T hilbsipalinafidiy nctude, but

are not Iﬁrhﬂ’eéﬁtd 'v@é!féh\éﬁﬁ@él dtbifRg usiigla bébfc%ﬁ]utﬂﬂﬁ sBEh tER&KOH, alkali
ilicon wafer. Under some processi ng conditi ons an

hydroxmtms@uﬁcmo|E@Fé(%thm@es@@mm pwoghalechobhTMdl et chi ng

tetrameiRZnPRA IV RRLE]. Bl GelRt: @eMRhdid “subaddibfigg. pyrezine

surfactahbaguescsalpliordnaht @yergins st ooormete aipengtud® 68 ahattemperature
substantially proceed along the < 111> directions”

greater hanet®8K.0 an” extent of etching that is |ess than about
a few percent for a typical printable sem conductor

[020] élseﬁﬂ moethads faranasking stieesisrfaddsedfubcesseu fegtungstireisde angled

electron 3dagh AP BTt Blask B e Bl GHEhES S AR yBation of metals,
chemicaf @ﬁ?bﬁé‘é c%iﬂdrp Ah&rhdlas@dation! afd %mti%n%éﬁ&ﬁfo%%f rﬁQéK FHBterlaIs

surface wth a surface rougﬁness ess than or equal

Exemplarysnethedadnaude twoimeiat apgled elagion begrs depssiioaral |Tl/|Am

providing rf E5FRlagB AR Mt St ol EEa relyFet L dielsnadows

cast duﬁf@’hn%é kabdponatitre il this eibiddament, BER dse irhpae defide & teckness
rochat echol ), TMAH (tetranmet hyl ammoni um_hydr oxi de),

of the pipRle wlpaﬂ@uqteae!einaera& d. hedRARID) ragihed's inglude iprecessing
steps th?%&ﬂpa : uﬁ' B%é&? LUHAOL of tﬂ@dreéééjée%izfe%ﬁjreggaé\@?Qﬁérnatlvely

e or at era ure greater t
process[@ﬁbpyﬁm‘tmnlyrpaﬂmaﬂys rriask thedidegusacks sfithé acesssed features, for
e an Ied el ectron beam

examplqrjgfgg%gg ,%qupes aﬂ&%gkml%g@%po NSy reglons, Ateas obpepths of the side

surfacegonbi nation of metals, chem cal vapor deposition,

thermal oxi dati on, and sol uti on deposition of rrask
[021] rlrr?to%'ezFlrlﬂ)Sodlmen’c of this aspect of the present invention, a pattern of recessed
features having selected physical dimensions, orientations and positions is provided to
the external surface. In this embodiment, recessed features on the external surface
have physical dimensions (i.e., lengths, widths and depths), shapes, positions and
relative spatial orientations selected to at least partially define the physical dimensions,

shapes, positions and spatial orientations of the printable semiconductor elements, and

9



10

15

20

25

30

Exenpl ary nethods include two netal angled el ectron
beam deposition of Ti/Au providing partial coverage of
wao baeasder surface of the recessed features. TheCT/US2006/021161
. "shadows' ur| | e,.evaporations, this ,
Optlonaluﬁ%men%ﬁmenﬁﬁ 1d i9la1ve Basitions(e eesrmn@)hﬁgﬂﬂ%%én@fspaﬂa'
onentanbﬁgopgaj%é}ﬁ t%gé%@d:féé%"e’soére%e%&?]% défife eeﬁ%ﬁe width or
s inc e processing steps that corrp etely mas
length of the mrinteblewrensicedugdtor tlemeard s s édr ezampia shasgacing between

adjacenfiecBs bR eups B 18 bl ehdfirdie PR bbb,

semlcon%@fmleereméﬁp &g thé eRpi bRtheTeksSRl RANGEs PR4Y beRBlected to, at
ions, areas or depths of the side surfaces 1

least pal_[t ﬂm;@etgrmm.th@.fqlﬁlcbmeq%q)fsthggp'gg@blgfsmmgoml@,@rnelement In some
emboarh G0 se PRLIE! it HERSATE SRR ARV HAn (e wirin

about 5%9 pht/sioalsdinenglonigi ate Ppréferiduesexs ¢ gehe@tﬂé pentabld seinidahductor
enbodi nent, recessed features on the external surface

elementﬁMm&W eanoge HaQ REYpicakdimansiohs, sUch a8 MngorR dhickness,
) t v,

it or{ORIAE) R ABERS o0 e e Abat PRkl Sl o

mcludmg)byknoialimmdrmmhotcﬂlih@grapb@ prpoessing sgciand nepmﬁew phase shift

photolit ey ShAITy PP G EParang e eha Gy d % cBESTE sighine
plasma éfth@hg &m@:h@ﬂﬁeal %'f@rnﬁ? mr&om@@hlnmg éRFIrebé A witing, and
a Jacent recessed features are selected to define the

reactlvesmgts:hm dinrors usefHpemberinert ganableel rroyising patiemssf

recesse§ é%%ﬁs 22 %\nn§ %ég@% lcéltﬁﬁm%@%pﬁ%&%%\ﬁ%? %%{tlgfﬁpéntatlons

the stepaff deneratiigdrabbempesrecurdadtfoatuetsonitihe eatmlnélhse:r@@etdf the
of the recessed feat be selected to, at | east

silicon w@adek ¢MPYsesy SBeStIPHErt famerkiog RGO EaRNH PhbeEXtemal
surface B BppR R helC YRTEBY el B r AR pBPRAF IR, and BEARSRE regions
of the eXtermal surfacéri anchfiip etchig, fphgmmple ahisetinspiodsy atodeung or isotropic
f d t t ta
cry stohBlcEiahp GURS 7 1Igot L PO g dn B S GPER0! TS extemal
surface gfmgfyps such as uniformthickness, width or
I engt hs. Recessed features nay be fabrl cated by any

0221 JEB8 o r e o Stnad R HE Rl B rBhSihd Bgtures
comprlséb iaf pluhioyt of ¢Hdm9tsalnl‘the extdrinal sdidfengy @fﬂhe@v:ﬁéﬂhé&ﬁg @lected
l[ift-off nmethods, dry chem cal etching, plasma

physmaléjlamnsg)nsv\@ps@ﬁwegrelgpg@,,SHgtlalrﬁr@n@]t«mr figigxample, recessed
featureseécﬁﬁ%ﬁﬁﬁ% *ﬁ?ﬁ%\ﬁrdéetcbﬂe chaRfl [senﬂﬁ e 4 tRAn&d SH{d”?\e éﬂﬁbonf wafer
one I patterns o

ment cap a e of providing
such thatdheyp ted a‘rephwleallympmgte:bﬂremtmbkmthsr c'ﬁhe gtepeoisetohing

betweerbgqu:sglga &%a\éce ngftﬁlﬁtﬁrgéé(gg{g@bggé’%g ttlaéiﬁgqg @hannel fo the
second SPiéﬁ’r'ié] %Jlori}('ﬂ‘f (ﬁf dité@iobis! dFGRE SWRHS R/vacfé’ﬁ%ér%ﬁg un@®rcutting at

mask |n one or nore reglons of

least a p;)(tl@m nﬁthesmglcm:@f thg sdmarwaf@r fosiiored betredry adjacent channels
SO as toqggncé?{te'pr?%ta'ﬁsm I(EO%U%P&’ &8 %elﬁ?(n’ﬁsa%]%doprt%%a%rldge elements,

between first and second channels from the (111) silicon wafer. This processing

generates a printable semiconductor element(s) comprising a partially or entirely
undercut silicon structure positioned between the first and second channels. In useful

embodiments for making an array of printable semiconductor elements, a pattern

10



10

15

20

25

30

of the external surface; and (ii) etching, for exanple
ani sotropic dry etching or isotropic dry etching
wao ewbnsqees, at | east a portion of the unmaskePCT/E§10061621161

of the external rface of . the fer. [022] In qng ) )
comprisigigid tRrae Mumteral CEaangéaanQ Wﬁ@ﬁf@%‘é&?ﬁ’s't'?ﬁ(}%ﬁﬂa sfimensions is
generatéfBﬁ%ﬁ@%xfe‘frﬁévéﬁﬁac%mﬁé%ﬁi@oﬁv&lf@r qhéﬂeb ﬁ%nﬁg%%ﬁnéﬁbous

e external surtace of e waf er aV|n

fabricatiphy$ adatgediumbsi ohgrintpblei sensigenductor elemente irspastinglé processing
orientations. For exanple, recessed features
conprising first and second channels nay be patterned
onto the silicon wafer such that they that are

[023] pnoee eambadizephfusieaand senandapnoeteen thaextereg sgrface of the
water ai GAGREREAN GRS T 2 S0 RbNY B3y bRt Tl

embodlmlﬁﬁn@‘éé b&p;oﬂét@h’mgltre&wée?m nfcelsBed :‘oedathom?gmﬁéretes a partially or
_ . thereby undercutti east a portio t regi on
entirely Hf‘d?fl‘fé' f'ma(%&ﬁlsﬁﬁfc&%d%@lr { 'ggﬁ@@%l@%@%%\ﬂﬁ%gﬁﬁs stand
second 8 é‘i}'ﬂﬁéslﬁ&e OIWOF Shé %ﬁL&%ﬁbﬂf@%@ éﬁﬂbﬁ%ﬂg fcal
ment (s) opti onal e el enre
dlmensmns of ﬂtzsrhanslaa@ndd @hannelssare rselﬂomdas(lm nha)t tlme prmtable
. fer..This praces enerates .a r|na
semicordliefirsinbit v rarg el BERGHES 1 47 SELFT Water, upti further
processﬁ@)t édcfH As BRstRIsSig étéb:*s BV BEhBEEWRRS ﬁam&ﬂd&ﬂéé«aﬁaudmg
first and second channels. I n useful enbodi nents
but not umﬁemuaﬂgelaﬁtoamerwstampprlnmrwoe@bgérm%ratnmurcﬁxgmple the first
ter L
onammlSkEERNS 16 AR <HUTHRIBH B o AREFPTARE: Bla soaqua on

and theIp!BmWI\@BEtrﬁcbnljmdd‘rentm@herEmmn@Uorﬁm@ed;fdwmws:rlwa:an ahgnment
waf er, thereb ena%ﬁ rrultaneous fabrication of a
maintenaaeg &leMAREIUGT aand eleren, de i slieen i t&regipy between
the fwst%hﬂ%f? d%@%ﬁ%hg@ %lsecbgﬁ@ndlcﬁ tR8% %Hﬁ&d'm?nally, the
I rst secon ann S on the externa surface
first chanhel aved secamdechanrg! mali teaiinate it éritceand fouxth ends, respectively,
uration. In th

and optRigl e pfntabiSaTiegRorSiF BB i Hlse P& frinbetast girgotly or via

an alngnﬁ%’t%&ﬁt&%ﬁ%%@‘ﬁeﬁt A ashlbridee Q8iehe !ty th’é‘@ﬂib@h‘Wafer ata
printabl e sem conductor ribbon positioned between t

region uatwsenmtm@bmfmm&rﬁis Preferably for sone
enbodi ments, the position and physical dinensions of

[024] f’ﬂHeSMem&isScﬁQﬁistsp@@ﬂ@EHhe @resestdhesttish mqﬁuﬂh@t cdrhprise a
printabl e sem conductor ribpbon renmains inte

number S EENaLPTOECEHBO SITRSBAUHIE put pat imited1q, H%@tena?/deposmon
andor (AR tfggﬂéyéea{éngg \%&gﬁ&i@g&g ﬁ&%aitr{l‘%tgké% Qg]cwggé%ama
contactginsulashgsiructtirss angyor laddldmaalesﬂmntondmtpr Souctarempite, the

i S RS rt SRR Bl P, A rocessin

for exarﬁblbrg@#ac% SRhRNE Wdcpsadd IRIBUBRABEST HRESaAsurface;

rectly or via~an alignment maintenance el ement such
matenab@omng Preeessigs iamsfert patteraing, lissemblaarg/onintegretigh @h printable

. __betwee . . .
semiconducior dlements using a transfer device such as an elastomeric stamp or

protocol

solution printing techniques; wafer surface refinishing; functionalizing the surface of the
printable semiconductor elements for example by making hydrophilic or hydrophobic
groups;.material removal for example by etching; growth and/or removal of a thermal
oxide layers on the printable semiconductor element and any combination of these
optional processing steps.
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the first end of the first channel and at the second
end of the channel. Additionally, the first channel
wa@peedswond channel nay term nate at third andP¢Dus10n6/021161

ds, tively,. ti, ly th i nt abl
251 SBireehadar srekna by SRl alopbals odnpacern
inventiog :rrﬂ furfdr dbhiHERthe T Db LRAHS SHHRIBMNtaBlCsbrARoAductor

ge element, to the silicon wafer at a region
elementigitfrare the hiconiwademnith the wontexé ofithis feganfptitne “ieleased sefers to a

of, this,aspect, of the present, invention rt.her ..
processuhsp B i s CoRt FafrepRSE B Ly S i € siicon
wafer. Rélehsébfgceskitlg ifGhelgresdrtdniehtioRBrhay irdlohdebrsikingddhe or more
and/or patterning for generating electrically

alignmegbmginiaining slemanter wicharhridae elemants.chpt comtests ene or more
. I | C
emds of {E iAo REsaihloAHE R, ot 1o Hlnct Moo REIR. CRBfRASp B he
printabl?sem&idnnlglcwrmpem&épfr?ml tﬁ_erssiilimgn \gafef ey s gaﬂ'mli g by
Jor exa surtace poll I Ng, b ecrease tne !
contacting dhyh ARGl SemiSOBRUEIarsTeragnt Witk @ taftsle! dVigRAUgY @ an
elastomBFi@ S&hp Ddeful F@r"lﬁfrﬁé@t g:li?gﬁihgrtwn%%r FrOSESHhY, SARW & dry transfer

Integration of printa sém conductor elenents usi'ng

contact arintirghsknesordeenceodimehts anexteinad sorface of teasgmisonductor
olutjo rinting techni gpes. wafer surface
elemen( g cBhl=fhch pPtipnAy PORIar Tl GonthEiech Witia Bftaph gurtace of a
transfer@eviteabliéh 883 eaTdtaable thaomirtis stampexacipiiait e BaMiddductor
hydr ophi i ¢ or hydrophobic groups;-imterial renov

I
elomentlande el @HgCaTadeg, ORiaall, edneinods:asiais aspest of the
resent 158 (hEn LS oSl LBl e e
semiconuat@rssement(s Bitsa [tid2STer Heeicee t Optibreflly madatingr pof thissdpect of the

sem conduct or, el emrents of the present i|nvention na .
presentiRyanigR f%h%rr'ngﬁxdﬁﬁ@%@fgﬁnﬁfcaﬂlgpea@? _ SRRATBIiR Ao faclitate
register?ﬁ FaRRUe Pﬂgl}a‘?{kﬁ EBRHidohdubifBidhens tlb' é%PQIa@ﬂfn?éﬁc $Bmp.

e cont ex I's description, "release” refers to a

rocess wherejn the i nt.ab m conduct or, el enent | s
1026 - BepSFeanedbs pEIS ESeRt elibd fr FERCERAE 4R BB otor
elementsis tHA iPE2PAbld HVSEThl QArTEY ot/ habr sride NEing @?i%n (111)
nore alignment maintaining elenents, such as bridge )
silicon veafensiarting msderial opualt as admek 6v1 hsilisoavwafent Thadepeat processing

capaniRL41483 S ThERRALIL B Sl SATUcel 8o B FELPE o RUDR! Al
repetitidngefshé presentaiathodayising & singlecstartiny Wwafer paisaible, tigertehy
ri ntabl e sem conductor elenent with a t*ans

enabliné?@wcg&tioglpg fensonAveN Aundiedsict sguara.fegt e g[mqfegle semiconductor
elemen{é%rﬁ%epéc{)détr'é Aot it §iTicd5’rf %?ésétﬁﬂi#ggﬁéféréﬁ ¥ dne

ransfer contact printing. In sone e I ments, an
embodimengrthaimathofiafwrtidr admeprisentheateiu of mafinishang the external surface of

the silicggates atey PRiaserind. SRt SF e oS8! &ehifSaalsblement(s). In
the confeXNbPIRBEScritivhl HEEEksressiBAPrefmisHng th silidth wafer” refers to
sem conductor el enment binds to the contact surface.
processiig stepalthgt genesatesa fletl andfontionsllasmeesth, ixtemeal surface of the
silicon wafer, for example after the release and/or transfer of one or more printable
semiconductor elements. Refinishing may be carried out by any technique known in the
art, including, but not limited to, polishing, etching, 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
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present invention further include the step of
regi stered transfer of printable sem conductor
W@h(mmﬂsm@ls) to a transfer device. Optionally, PEl/sme6/021161

t hi t he t fu
siicon i, DRanasig et fash Eineiey St HoF PutioGes nd Sisiona dae
entirety bPtheeGHé | Jrahé ré@éﬁs‘éﬂ%ﬁﬂjréé 3eﬂfﬁf @) hiRg IbRhREER th(aT snde]surfaces

sem conduct or elenents to an el astoneric st anp
thereby genetiagtasigédionkl priatable semicomdtiniod elementsbare eanaaged after

refinishi é'ﬂgetesﬂé?%azspnrfégggﬁﬁtﬁéggloﬁ@né%ﬁéit lhgg té('xill Mﬁé’ ?Qlegse and
refmlshlﬂ% f)ocfdsblr@@tep)@ﬁ%fy I5¢ pspeatadiprieiddBbut & e dintbdrdfkimes
silicon wafer. The repeat processing capability

using a §m9l9n%“%\§éfﬁr statingdaaiesabenef i ci al because it nmakes
possible multiple repetitions of the present nethods
[027] lusian@thar as;m@itetm meSen’gmwaﬁ’mn pasaidsl mnntiabbrﬁmnconductor

composfiggs 8&5 TS 0BUR T RA Fagsie edietertd
assemb e%ﬁéé tef@ld iRt dratidn bARa \“@éé?\?|n§'sﬁb§ﬂr% Wﬁttﬁé 'c@htext of this
n one enmbodi ment ,

the nethods further conprise t
descnptmtre theoéxpressinns hnaggsteml wansfenatregigidrad @ssembtye and ‘registered

S A R e e e —
transferﬁddj SlefRpEd,i ﬂe@zﬁblﬁ@ NiPEBRR S @Eronehhdingdrengretdigbly for some
ilicon wa ) ers to proceSS| ng steps that

appllcatg@ﬁ@rvgtmn abpub@ 1 micgorpt Registerpd ﬁf@‘é@%esé)&t@ pagsent invention
ey is3 S5V A BRI i BRI REi Fombe
and/or istegrate printabbs sehmmrdu&ior@éwenmww@ew;c fegicrer of aanbcmtmg

e .a

substraq%,)/pﬁag;%lgt ec :(y@fﬁeg ﬁ%g\égnsleqn p;géera&}y 14,98 Icslﬁé% gr%boglmerpt to with 500
nanomefbi! OFFREGHHABE. seiRBhadtBPESROSRonPaht S etlires of this aspect of

ani sotropi c wet etching. In a useful enbodi nent

the pregemb dwestiony eshapse tfe piecisienarcgrany awobramradwpllltyf of transfer

printing PRESTBCasie Retitof gt et MORby BSUERG Slpnustands

commer‘cli'é? p'iééii%aﬁléﬁ%@ﬁ@étlorﬁméﬂ@ﬁhlf@ﬂﬁia'k)hgt Hﬁ?h Wdrmbhcéfelédiﬁ)mc and
of the recessed features, iii) etching

electro- @l@m@édﬁvm@ Jregistried @é@c‘@ssmeméb@ pg%s%ﬁa@\rqv@lon may be carried
out usmﬁg%géﬂeegg %i;r?é{sfé:r 25? ﬁ:e%%&lﬁ&fﬁguﬁﬁpﬁotq*n’ﬁfgﬂgu ; ;%a@é&ng transfer

ni'shi n externa
devicesMeicheselgétohtegicrares ron- elarstenmtano stamps udefud foredomdsct primting

refinishing processing steps may be repeatedly carried
transfer&;pc%sqlry,@gcﬁﬁﬂg’yt@nsg‘t?r t%i%@gﬁga ngle silicon

wafer starting material. [027] In another aspect, the
[028] pnesermbodiement ohthis espedsther preseant ioveRtidreprawicasoa printable

. C osi,tions and structur slenablln " lﬁre0|5|qp
semicon e wisite, htpdind ArinEaatcdRlid one or
more bﬁdiﬁ SlbRTeRts th‘é‘t é@é @bh@ébt@at Sptioriafy MitshRdly TeRRbERIE to tHe

the context of this escrlptlon t he expressions

printable semlmrat@a:rtstwrérand torg gioher wafess d Bthysicahdimensions,

comporyiE a6k i REFRLPLD B B SREB Gy B8R b

element(s paef ®lesed eb&hﬁ*ﬁ:mta@ﬂiﬁq ﬁfeéth‘itﬁatble sainibordusidr with a transfer
m crons and nore, prefer for so

device, such as an elastomeric stamp, is capable of fracturlng the bridge element(s),

thereby releasing the printable semiconductor structure from the mother wafer in a

controlled manner.
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application to wthin about 0.1 mcrons. Registered
processes of the present invention may al so refer to
wo bweakizei ty of net hods of the present inventiPCI/US2006/021161
transfer, asse e,and/or integrate printable,
[029] drepne @neng%%@ﬁ' Qeteée@ﬁeﬂg)ﬁﬂlePE@ﬁag sgicgnductor element
h gty RIoPRRLRR §51ad B ¥bmBrise B & #0€ture. In
and thepreﬁéﬁé"%&yﬁgﬁtsgneyenbo di ment ?o W t hBEO% nar{%ﬁZtsers.
the cont?éhteobuhierprabémi daseriptioniLa tunitacy aoecture”oaferamo a composition

t h t., Qf t W
whereingfhr fielief etks, besds BRTGN T and Sl BReT oaRbaucer Blpraent
compnsteraaﬁﬁfn%rthﬁ& silidtoe. amsmbhtboanﬁemnfcﬁgmhﬁp}é 4 ephahstAtsture
hereby providing a robust and conmercial practicable

comprlseatar$laglteu, eantupuSamicendueRT ﬁtgucﬁuganwta@feﬂram&mfénore bridge

element%ragg éétgg hegly?dr?])%pglfe‘at troochg%bt%@ vsg?élﬂ aFr?oSto tEg%rﬁﬁgﬂil

g present nventi eéd out
semicondicier eleir@ht.eThie predardmeiatiodelsc e&lud’ﬁsl hdiveger, printaisie

semicondupIEAIGeR MBI b S siRch P gt Gims Nl ermigenductor
elementtcé’rm ﬁﬁg h& WAk B8 ddt %Bﬁ{pﬁ'fsep{ gﬁﬁ'srﬁglct\.ﬁécﬂ la\satﬂé}’ are.

r-contact printing od|
connectedite eacheaxther \tlaebopdmemnechamemsb eucrpaswodalenabondmg,

adnesB, SedRt BSEESTAN Ereks B hhSht sTBEBSSIsh Byarogen bonding
dipole JiOdIFSWn%rsﬁﬁmss LbRaéN alspepsionesices). optional 'y

egrally connected, to the printable sem conductor

[030] zirmgﬁél Ls%ﬁgcg%&r}%c@' {HMSFe V@’Ltgfsaang)légte % 'r;frgéentfm%/%ntlon may

comprisera Bingld ér slarlitpoftibkdgs el@n@@fﬁstconaedebroﬁmwmlyenwgmlgl)
are selected so that contacting.the

connec@éinice;tkwmt@blevﬁqnwcanwcaﬁéPl@m%\ﬁn@éﬁr' % ewaéw Bridge
elemengs{ @ﬁt@%ﬁ%&t \%H%Bn iRl 88%%&&?% fHaQ%BHF\%?lgerfb%eQrdf‘iﬂé

ea5|ng t rint
printableem’rmomlimﬁ@'relemeuttwt’re moﬁmrtvlrm‘ermhime am‘b@dlmema one or more
e‘gontr |l ed 029 ne € mfrkg the bri | "
bridge ‘%%')” 'P it Oé bQ At 8&&5‘ a ?éﬁﬁﬂ?"% Gr elemen

to the rﬁd?ﬁemh’r?ﬁr mﬁ%rmt%cﬁmém SSHRJ NehRARLESRILCE @nésortbbth ends
onprise a unitary structure. In the context of

termmapngyamter@ésof a prmtable semigandaciorgtbbesttartbe mether wafer dn some

embodlmeﬁ%ﬁb%@ﬂw otégﬁg@e%@gﬁg%ﬁ g}ebéh(gg%%ﬁ ement(s) are at

least pat@ARY uﬁdiar@uﬂmm'thé m@thet Waedrire anl embodierdmdnallitg high
exarpl e, a unitary structure conprises a single

precisiooigisigsadransien mﬁmerﬂf@bl%wrmﬁouﬂecmﬁ@m%m@r@ the bridge
elemenPEx edgﬁtlrg Wréuﬂ?&n'tﬂé AL YaRGTRRE bR lﬁ%tﬁﬂtﬂ%

nt abl' e sem conduc r erren
mclude@,flﬁﬁ%\ter] L i(Gig ] elameﬁts cﬂwatrarbunbésmdbm@stmctupes thtadlsbanect the

sem cond ct or stru ere brid
printabIgSeRuRPRQSCtonp BER e HES ORI GhAtEL: ABiegiTe £ SURh arqn-
underc%ﬁlpgpaﬂb‘ﬁtls CBRIJeS8em et thRTAONPEERENH/Er afdHors the bottom of a

are connected to each other via bondi ng
printableeseheinosductoselement te svadier waderdi ng,

[031] The present invention includes embodiments wherein bridge elements connect
at least two different ends or surfaces of a printable semiconductor element to a mother
wafer. Printable semiconductor structures having a plurality of bridge elements are
useful for applications requiring enhanced, high precision registered transfer because
they provide greater stability of the alignment, spatial orientation and position of
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adhesi ves, and/or internolecular forces (e.g., van der
Waal s forces, hydrogen bonding, dipole - dipole
WO paoensoei ons, London di spersion forces). [030pPCT/US2006/021161
. Printable sem conduct.or, structure f thi,s aspect aof
semlcortch@tq;reigr@ﬁﬂfsmwm ?%awiﬁﬁﬁﬁe&& %%@cmjﬁ%t gfrface ot a transfer
: ' ; ' el ements connected, optionally
device ﬁ??‘é'gér ztﬁ(?éyl/\ﬁ'fc]:%%%g%tg%g to the printable sem conductor
| ement and t not her er. Bridge el enents. of e
032] BB oD F30ech SEe MEseOPBEofel St At
maintairﬁH? feRsRENEIWHIER cBRh&GtHN Porsamatep ties! pHatabld se@oridactdr@lement
not her wafer. I n one enbodi nent, one or nore bridge
to a motbles substsateosliivas arreneisardugiar wafasoBrisigecglements are useful for
o 0L 0 | e . fer.
maintaifih} 3R GRREAOH 3 dlor BOSIRRG of BT B Aotk Elrcloments
during teidfer asgamialy iand/drtintdgeatisrhpraiceasipyistépdl Bridge elements are also
sem conduct or ribbop, to the nother vva{ er. In sone
useful ferfpaiaaggelating RositionsANg QdsntatoRiuct 3 PatiPEheneTana!
» r-' i
somicol L 4 Ao R I\ kg SRR e gH ez seps
Iin methpd=of theqrresewnfi inventin, tridgsfaementseprpservedbegositions and spatial
. sem conductor elenment and the bridge el.enent gre
orientatERe I O PIARIER CIROTFL G RIS A e et ac R g rgpster and
integrationsiBE&des3heElvingd BESEBICt SONENEHT a bhee delReEBush bbaf
are not undercut structures that connect the printable

conformsbie elasteris stenumdheraby eneblingregistased dansiey feoramgnether
of c ayunder cut configuration is a bridge

Wafertoeﬁhgﬁg#f%h@?%ég)nnects and/ or anchors the bottom of a
printabl e senm copduct or FI ement to a npther Waf%;lé of

[033] [HyEige atpeepieindhis 5RASHFT BIE PieePltiBYCRNpbArGEM
dsonsaHf ot B EISE PRI RN Sind ARG IGRRRASY naing
the posttiona amdtdrntatiisrof tie ipnintdille semidarcludtartedemsntsugpan egntact

et 585 o i 2 85BN T oA racare

and/or di§&%rﬁ4é?ﬁi89 of 'Er%‘ﬁﬁ@@![ie BRAEIRS duhiﬁ?_d@hféﬁt%dﬂfr&ﬁb@ément of the
stability of the alignnment, spafial orientation and

transfermmiicd, dor efarepiechningcdryiranséerannéactrintiggc driaelsre driven

. transfer tp th fac: r [
disengagaig ey BeanpAce boseP oo e AEEr Syl &g os
elastordficSsta@pe Candibr kihetigalBsedtitrdllederbiacdtion rated thei fadilitate transfer

mai nt ai ni ng el ements whi ch connect and/or anchor the
to the cpniaet gurfacesehd §¥8ABIREASVIGE enent to a nother substrate,
such as a semi conductor wafer. Bridge el enents are
[034] useind ehbodimem bhthis agpeet afdhe presentin\entionstrensipadial
positions of printaple sem conduct.or el enents. durin
arrangdfanis pep el SHBPYSHAGS B0 IRBEALI MR T G iddF &i8fhents are
selecteéttf E?ovi@é hi@SrBbRIBINeistE R 0B $951ES Sintthe @ntdMion sk ReBeription,
relative positions and orientations of a pattern or
the expezgsion Gfigls pracisionl vegistered taaafes” wiensrig the irmostar of printable

semico%(?l?ce(gp Lapémaenn é Withi crllnta%%regtirk HeiP Fe?gtﬁl%sé.r%qia% BPi2ntations and relative
positions of less than about 10%. High precision registered transfer also refers to
transfer of a printable semiconductor element from a mother substrate to a transfer
device and/or receiving substrate with good placement accuracy. High precision
registered transfer also refers to transfer of a pattern of printable semiconductor

elements to a transfer device and/or receiving substrate with good pattern fidelity.
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In nmethods of the present invention, bridge el enents
preserve the positions and spatial orientations of
w@eooatiaoke semni conductor el ements duri ng cont aRCT/US2006/021161

o1 SRR SIS oL B A BRS8Nl el

undercu‘i? @ﬂﬁ@ﬁu?’@@' Brighar8lcpnaits Gisefud ipthe pmsebylnaeaMm mgy have a
istered transfer from a nother wafer

uniform widéhetie syaemetioal ESIATE NGB, BvetEneaVEln At ga%@ﬁé%? narrow
neck thqot fg{}mféﬁé’sr ree?gér# a\ﬁ?‘ﬁ%’&lﬁr%n 1A %n’?@@%b@lrﬁéntg' d@ements

e sem conductor el enments w thou
have ansa@tahé Qﬁdthlsyelad’nedl frony thehmngesiftabout 180 Mapemsiets: toghout 1000

micronsa AR AyerAEs BIRIAESS POlasied Tk ongs ot abol D BafBfisti o about
1000 m{Eﬁé/nfgnd"éH 'a%%%%eq)énbgﬁ%l%@d% Qhe ¢ Oﬁﬁﬁduwmoolﬁanometers

ri dge e nts rnng cont act an or novenent of
to about m@oo rracmher Inlevinessmbodimanisrhephaysical gimepsiongandeshape of

con I nf 1N F
the bridgaiaToentreReasSs el & b phyFatinERIRs B the BRiee
semlcoﬁcﬁjc%taélbﬁi@m it€ofhadiIo the Methekivatdri d%églyteoeﬁltranisﬂeemay be
separation rates that facilitate transfer to
achievedo faraxample furirg of apridogaleentBayipg an aveipde Mv'g“.‘?ethat is at
leastQﬁlﬁ% %Sﬁ@gl lla%lrflégrgﬂ X ‘F%og{()e rrée |o@f|8ﬁﬁgg Stiln'tiél’%ﬂg]bgﬁr than the

averag®Widgh A lhel pﬂﬁt@blmssrnmfonductdngelmhemwoaa@ ayeragst hirkngss that
ovi de hi

RN v
Bridge Qllg?ﬁérﬁé Wﬁgb $b8Iredidetianed §lﬁarpff§§ﬁfrés tofddieatertass feicture and

| e sem'conductor el enments with changes in
the regtsteed tramisterriof ¢hes peintedld yemidondugior skemenidera theimether wafer to

ons o ess.than about 10% H gh precision
the trar}sg?jé?"é‘?eeﬂnélp'éf?sqeé\fm%ﬁggsﬁ? ers to transfer of a
printabl e sem conductor el enent. froma not

[036] slmmner ambodimentiaf shisfaspegbine enaw@)%?emé?@é@v?m element
compr@e%%%?g{r@fag)&g\%%rgl gcﬂr?%%rgxté\%% a9¥n t?‘legang%eﬁriﬁduﬂé

nster al'so refers to tran
longitudifbl @(lgtéﬁ‘mmtin@i iakd firs$ end e s%mncébede#tfyst bridge element

transfer device and/or rece
connegiathehinit eRder th%m@@@ﬂe ﬁm@'@éh{i&e %’é‘oﬂ?egq’g%?r and a
secon lﬁ’% él%ﬂwém &Pcé 'tﬁ@ sBabhd éhhlbf ﬂ’ﬁe §é¥hidoﬁb)ﬁctéﬂ¢i@b©utto the

S ures. ge elenents useful in the present

motheri vaafent qmllonaljly rnm priatajpte Bemqndﬂlptordlbbans9f§{t bﬁﬁgﬁ &gment and
vari abl e VVI

coconc G bRark Lo HER: FRodieL e IR bRPE Rk o

HERidge &lemdnt] gaftablecsanicondaster abbarvandgnother
bndge%@?ﬁ ‘l%gct ed C1“5gromthe rgnge of about 100 nano

wafer Gmma upday sercicenductanskivelbEyeln an erResimegt, dEstand second

oriige Lo gh PR od AR 110 0820 3080 tan he
averag@fwi%g@ ot tthShrﬁwe mewrl\d\mtabnbbori OIBOar(ljrerrfamulsnehh thefiest and
second brlggcla gﬁa?rt\esntts a?e gagﬁ Icgﬁnectegeto?ésosnt%aaq tosarlbcg)u% 1%f0 % of the cross
sectional areas of the first end and second ends, respectively, of the printable
semiconductor ribbon. The present invention includes embodiments wherein first and

second bridge elements have a spatial configuration proximal to or distal to each other.

[037] In the present invention, the external surfaces of printable semiconductor

elements and/or bridge element may be functionalized to enhance registered transfer to
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the bridge elenent are defined relative to the
physi cal di nmensions of the printable sem conductor
W@h(mmﬂsmzlt connects to the mother wafer. Regi BCEDS1$06/021161

transfer chji eved, for exa using of a
a transfejideyife, @Péﬁ@ﬁtafh @ﬁ‘iﬁ’éj“%ﬂ? %I@B}Pag'(:eu%m@“?%&” $§“%§‘t‘es useful for
eastord ey MBS 954 Maraifichs Bt g hicsplBon to i aurtace

of the pmﬂablleesqmmcnndthxtter slemezntbrﬁwaohance bending tarlk oontact surface of a
ge th*tckn S er_tha

transfer J5GaTa AlERARL S Rt staledt P eoel e st mrdt the Sontacting

surfaceseqﬁér%mfac&é bA 9% pliREBIY slehtdlapa/drdtheeesidin gléumace) with
features to facilitate their fracture an

metals, mébadgigab@un@trl@mkerdetp gsrid: Heepeimetals may diei teeatad yviby self

| . d evi .
assembl%dgﬂgﬂclla& %ﬂ@a%%ﬁlc%@f 5% c&eg f{«arrﬁec%[\ﬁr{bé%@%%(% n];\é tflg (erntable
elements hII|$ aaemeattwotdmempaulywbaﬂd gold @unrftaceé wedyoforel 2 mstéllic welded

npri ses a pr.intabl e sem conductor ribbon extending a
bond UPPBr?@(‘F\aCéI B9y \aa 6PXWeIBING)I ongi t udi nal axis term nating
inafirst end and a second end. A first bridge
[038] Prietahi¢ seoicwwlustdriedernentst ofdhd présentdnyantionabayg be fabricated

from a wis Gt Cigrr e nreetd Pl SR B Rle e s D frating Priisble

semlcorﬂﬁﬁtd%@l'é‘ﬂﬁ@hfy inElubBB@entifondirstoPvaRST sMaf&s, ifdidifg allky .
he printabl e sem conductor ribbon, first bridge

semlcor@|ugtﬁ5mafgrﬁjsm@$lamgla @’ggta@u@@h@rawgf@m pcplygq:rystalhne silicon

wafers, @Eﬁﬁ@i Hé] @éﬁeﬁl LHQ’%?@ I(f%gﬁ\&a@%ﬁj&g rs S‘pl?iﬁ ﬁ%'u[ﬁ‘é thin silicon
wafers; G@md: gamhicdreluctdrefersassbhnas Peuypeafrﬂ-typwﬂnp@la/vafers and wafers

ary sem conductor structure, In an enhodine
with selqqipd SPHHA AR BHIONT Pfo%oeat%mquadactgvgna\@wmoaw%ers such as

silicon oggg%tggfﬁ \&é&?ﬁ%ﬁ-gﬂo%,he uénc?g?h'idg?ﬂubfo? tstlﬂﬁtrtaﬁglafers such as

|nta e sem con ctor r
silicon ohrsudstraidwaiers @ind sﬂliwnfcm Bisubatar. sleedmer, printddée séraiventsctor

elements f 55 s eTb BT PORAN aEBE FcetRe PR FETRR of NaUSRE bigh qualiy

or repro@é‘%s%d éé‘rﬁ%ﬁbh&t@? Yhat&fialk rﬁl‘i*atl%frkefhtaﬁ‘*é)‘v@r I8 SQARBAREGELor device
he present invention includes enbodi nents

processuugelmngi cf)hvcmtlmdrr@émﬁﬂj I acetiéoral prindabls seavieorductor elements

of the pigRRh| Popich hiay B Re BB rn et of bt SRS, such as 2

thin film§ U)f baRepheds, Rfdlyﬁi'ﬁilélﬁné Qm@m@lécﬁrﬁtaﬁéaﬁﬁemu@t@dh@tenals (e.g.
i dge el ement may be functjonalized to enhance

polycrysrt@gn@ﬁélfsea, @mafﬂh%'ﬁ silieens palysrystalties Gads %%ﬂmpws GaAs)
that is d?é@sc‘i{éﬂ%ﬁ Bl Iag%JPSF étg(gﬁ"’l d&é % (93 BiN %E%g‘@% W%\%{Bsequently

F reglstere er |
annealedndhdrotﬂiwwlpbgkstajs,gnduﬂmg; out het Is‘mtéditm gvéphltee MoSe, and

rintabl onductor nent to enhance hgnding to
other traisie LRl EhalooRE e o yRENE bATUIB FPRRS OFIGH t ornat e

chem stry strategy is to coat one or nore of the

cont acting surfaces (the surfaces on the printable

0991 PRERER RO ERe? Bpl 8 oL b4 P BSE P b anster
stamp, $ucPPaLEn Wlddlomelit 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.
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assenbl ed nonol ayers that may chemically bridge the
receiving surface to the printable elenents. In
w@edasti3oom t wo nom nal |y bare gold surfaces mayP¢DUS2086/021161

[ 1i bond , d
Trestof g Bt o5 o s ENeBAPA € st B8 Sprsing =
plurahty@‘f@é%eﬁ lBY@r@tééJ@eé@hbeHQn lagr Pasdre d\dplieatich Bersl Mange

rraterla Useful precursor materjals for

11/115 9% reingidled @omﬂqwtatﬁaétef,@ﬁg&ﬁmﬁﬁf@r Sefiddthngsaphic) filgd with the
U PaRELRE bR SR SUUBHPAL A0, NG9 Ay pporortod by

referenc® ihiilgamtinatyer/n ep@ﬂnptarypeﬁéimmgadewbemeaw iartee methods of the

ger mani um waf ers; uItrathln Sem ¢ tor suc
present z!i‘é’e@I“PF £OpHrisesid pelymeniaver é‘ava%& gc ﬁ%engs, Such as a
poly( dlnY@%ﬁé%)&lﬁ%ﬁ PB{\/&C): g@r gFefElf )Pf’or%?ﬁé‘a}ﬁ@ﬁ@a"t% 8Maving a

ers wt at| di stributlons o dopant s
thlcknes(smkea:tedcﬂmm thre mangenafidbauibr! misgfen to sbelt 30 widropanUsea of a low
ul at ( d .sem conduct or_o

modulua BRlFTe e Sids BPacLiiaHoRa BRI RN BbLeT dracorarple of

establisARE gddd &sHoARall db?%cﬂtvﬂfh ofd!bt Afdre pRintdBlékmiconductor
semconductor el enents of the present invention may be

elementsapaiticatesly Frindablesieapeorsudierementsy havinglquryecrough, flat,

smooth f“s@{ﬂ? §ﬁ?0?%ﬁ§ %%8?8% g\ﬁ/ {f%&ee%%h?réa?aﬁlé B\aést%f?sﬂlﬁé o8y Tonformal

contact WGth\&Ritistrafeaburizatdwisving B vaddlréng@ of erfaet@hioephologles such as
sem conduct or el enents of the ent | nvention may be
curved, raygh, diat.ameethrand 9%‘?‘?@?9@6#3% 8UrfaeRR-ces, such as
athin filnms of anorphous, polycrystalline and single
[040] d'r‘rwsprebeshnvenﬁ@ualsorindudm mestisod etrgnsfpoing; iyduding ihigh
iicon talli As .and .
precisiof, gpiSHR AT Sioe £ PRabie SeBlssBRbEGr SierRentsdp a TasRh device,
such asI aW §l'ésﬁfm§r‘d?§ttahﬂ5 %rb%rgneﬁoUsQﬁ ags&mbling GnadrSe@destingy
neal ed, and other bulk crystals, including, but not
pnntable .smmmncwtorgelamants; mqlm@ag highipeadisien registered asserablyand/or

chal co tridu
mesra SRR pRSHIE A AAASTLLERRGINRY FRncik
composHUTRI 6fIRE presknt iveridhes trﬁtmerwchpmsmbm %rmsbnﬁmtocs
transfer stanp, a conposite transfer sta

elementsoney beEASTelas andassauIbk Quionsubstiate sHHaFeR amanner
preserv@lgﬁ%&@&@ﬂ's@gﬁ%%ﬁ’e ?ﬂgrréw ddrnicB¥8lctbf B &hts ér?@éfme the

as a astoneric stanp. Trans
pattern.d@hiscaspecs oﬁthea;sreaan’enhaemtnxrresl parhcuiaﬂy banefluabﬁou Iapplmattons
act prl prog

e S B e B ANy L e ARt et
posﬁmris’%?ﬁﬂtél e?d tl‘éth@ﬁ‘l@'tlbb{s %‘Rfrpdil?@éﬁyeoowe'ﬁb‘éharto ¢esdI6&ed device

or t resent i nvention include transfer
conﬂgumémmysarramtpfrdeb\m@canfpgunamrlst yTemsfas| pringingl ragtbogs g the present

venticfcaigazzpeii bt rarerelivpbop el ARaonf elfteply

semico@idtot-elehnsHta pR/or Printsisle WindliohBEdéliSes Priwiibg,and not limited to,
Trademark O fice on April 27, 2005, which is hereby

transrstprss@pb@alaaf@\cegwde%mp@%%ctmmw@%'|syéie>m +An
nanoel?ﬁgo'méa{éﬁlcpﬂts%{e%é?gaéjé?\ﬂl&c?eslf%‘?ﬁmyﬁfohﬂeﬁrl:?rc[]ﬁé.h"ds of

[041] The present processing methods and composition are applicable to bulk semi-
metal materials in addition to semiconducting materials. For example, the present
methods, compositions and structure may be used with carbonaceous materials, such
as graphite and graphene, and other layered materials such as mica.
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present invention conprises a polyner |ayer having a
| ow Young's Modul us, such as a pol y(di nmet hyl sil oxane)
w@ BDMBy07kayer, preferably for some appli cati onBCTrES100€021161
t hi ckness se]Jected fromthe range of about 1 mcron .
[042] {088 GboRR dre RESAREMS TN ige% a1 methes) gfigansferring a
intabld | b Hbviek Vondsiti (i
Printab o 0 B Sy oy B ST Ind e Bhs of 0,
providingiat prirdakelecenivord peton stibdtores emmnpsidg et printabnssrnisponductor

clomen2 3y 2 i B B 0L SR R s BB S b Bctor
structurs Hhél 26ARectdn do GaPRtHer vRifel StRTbinsthieSirlase sepmtend®ior
contact with substrate surfaces havi ngea wi de range of

elementand thebridgeiemegiss are atiragkpartialeandersulfront thetmnother wafer;
. . . T.

o con TG, Bl Bic SRRt b A hdrTor et e et -
contact smdace] iwrgréinglontactdetivesn tieg cottarct sudasd and tied printable

. i ntabl e seni conduct.o | ements to a transfer device,
semico wrﬁiéraﬁn‘feb'aeﬁ . Pr'a{aﬁ%ﬁ%m%epeﬁor@kmaagto&he contact
surface; n@’ﬂ'nﬁé\ﬂnﬁ'ﬂﬁ’é généfé*r RRURE!IAS Hﬂéhﬁé@a@sﬁltﬁ@%gﬁé ‘F‘«‘é%%‘% the

el e ts, inclu re

I ng high precision regist asse y
bridge elamigni(s)i thesgh\atransierting the pridabiergpreicbadueive strdcture from the
i advant age, of fthg {I).ri nti ng net hods and conpositions of
mother Wy rf)? e‘iﬁ?n? AUERYCEN i s t hat patterns of printable

sem conductors el enents may be transferred and _
[043] #veeesmpdinest, sie presant invigntias dsovides armathed for assembling a

prinabi@ERRENHIB R A BBl ARRRE LSy Rra pompina the

steps ofafppeividiig & peintatsle semicondudtooslerenpaarid atieasi one bridge
beneficial for applications wherein a plurality of

element ganpesieddosaiq ey 8eMGaREAtcs shiusturg ndcansigctes to a mother

wafer, WMhdindgid Bﬁﬂa&ﬁ%ﬁ%&%dﬁ@ r'é%rﬁéﬁtvﬁ‘ncﬁé’éﬁitﬁidgge?lg@teggs) are at

orientations rectly correspond to a
least padilly cadeonit ifpun saidomotheravafay @i cdetaictieg said printable

semicorgias HEMROORED et aplihe oS d GARE g Wherein contact
betweerPSaiidonfict Buitade aHARKHM pREtBId SéARoRBEI SRSIHLAK Bihds said

el ements and/or printable functional devices

printable gemigpindgctas element 1o said eantast suifaess (i) oraving paiddeansier device

in a manlfRKSEHUARE i Bl SO IER Y S RenRéEiiRoy trnsfajring said
printablé eemsbnaucouistraictur@4him Shiel motreNiafer Ressd itrgsfatdenits,

and conposition are applicable to bul k sem netal

thereby jgrmipg §pigl Gantagifuriase h@'%ﬁ?iéﬁmql?ﬁ_@"ﬂﬁ@@q%@%@emﬂm
isposf TR (VNS REGHELS iR EATBASLIIGI L A isposcd onsad
contact sudaceawith sajghraceivamgl sgrfapd eheaid autbstrates mndgy pseparating said

contac 5GSBS hee hkberd SHE BHAF 6 sehigngcor
element? WhtaR lsBics i taB RIS HRONBLEIER Blerhéntds tiaRBRdrRid 89! &fd
conprising the steps of: (1) providing a printable

receiving swifeoadheralry assamblingesaid ppintatile geaignricuictayielement on said

receiviné SRl %%' gél%rsubstrate.

In one embodiment, the present invention provides a method for fabricating a
printable semiconductor element comprising the steps of: (1) providing a silicon wafer
having a (111) orientation and having an external surface; (2) generating a plurality of

recessed features on said external surface of said silicon wafer, wherein each of said
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el enment; and at | east one bridge el enent connected to
the printable sem conductor structure and connected to
wa@20vot1biee1 waf er, wherein the printable sem coth:JUUmO06/021161

ecess| AERfGE B8 89808 SIRALL P SReEuhEAR of exposca st

wafer; (Gc)mmmgtgt lebst @ porticrbbfesaie sidsuadeer ofesidrrstiesebl fedtures; and
ran fer device having contact surface, wherein

(4) etohiger Refwern wseidh reRes3haaiures: WheEianaiohing @Pphtsalélﬂ@g <110>
directi ﬁ§”bf30§5?r'<'sl‘°§ | ! t
roctehSTbE Mo GARAL RS, BIQH S8L prptae somiconductr
element.iii) noving the transfer device in a manner resulting

in the fracture the bridge elenent(s), thereby

transferring the printable sem conductor structure

fromthe NBREF DESTRIPTION OF 7AE BRAYFINGS: [043] In
enbodi nent, the present invention provides a

[044] nFEIQhGA ﬁr@wdegs?e‘aﬁham@twacrpss iseativre visshdliegrata dtustrating exemplary

method%lo?'tﬁe'g)régent‘ ﬁél’éi gki{ngapcrﬁ}tggedﬁeﬁﬁg c?ﬂ tﬁrt elgments

comprrsnegrrlbbonlsl ot smg@l @'y@t@tllheae‘llﬁi:@t fromes bulknslidohi wigrer @beMgM (111)
nng ﬁgtt 0 said r| ntabl e sem conductor structure
orlenta% proyides & %ﬂ@ra%qs%t,tmgm erqressing steps in the

I
presentﬂfteﬂto"ri]‘i? f§ égr'rl'%er%gl?& ggg{bléggﬁﬁﬁqﬂ& rcup{slfif%‘rﬁn bulk silicon
wafers.not her vvaf er; (ii) contacting said printable
seni conduct or el ement with a transfer device havi ng a
[045] qqgh?@ﬂ CoprolRies a ¥Waes QeptiGRAILAGK sBREMBEE p é%sﬁﬁj”%l%ﬁt m
surface and said printable sem conductor errent c?
Illustrat@eufabﬁeatmnanewogéwwﬁdu&mlde|serfems obre@asslee tertargs are

tr er.,device in
partial? 8t iBF ornbletdy A Rt o Pl 5 Bl s o Tl gk
schemdtiagrrebysdi mgld&fg%imHIthin@ fabticatdy Meﬁﬁms%h%ﬂt fHe side surfaces
structure fromsaid nother wafer to said transfer

of recessog featureh aree9MPIRtAlBa8Ad contact surface having
sai d printable sem conductor el enent disposed thereon;
[046] (Flg}lredEthot/ldeg aaarrdagermfrfeabk&dsfwtwesdm@t 011 ®lHeving a trench

posed on n act _surface w saidr ce| Vi ng
configuid P idestied3tioul Sele Siceislinngy Hepiacees g faalltes shown in
Figure @We't‘étdeﬁHéé% h‘éfse%%'lftjpﬁétgﬁrﬂfdg?%rﬁ/ th@apie ff%\él' feSctive ion
said pri n | e sem conduct ément , ere| n sal

etchlngpandmabmq@@hrmﬂmmf@nefel etalrmask. Figurefth pexvices an image of

ecosssSRALER 3 503N ES “SPEh SR GTARER PRy sce surace

refiningsur f ace of said substrate. In one enbodi nent, the
present invention provides a nethod for fabricating a

[047] Hib8! %g'a‘?wﬁfﬁ‘ BHHH%Eﬂ{anﬂnﬁ'{BmgﬁoleaﬁPﬂgw@é&%nﬁé‘ﬁﬁﬁir‘ﬁ%&e

rovli ng a Sl con
semrcomnluc&ort sttuctoresrof tihlapresjarﬁm\@rmehmdmwﬁ@a rintable Semrconductor

neratin it recessed features on said
elemenfSiE hia bridgs eiae. EliddesBranis aes Bestionad disal daeach other
in the s@uct%?é Qlﬁ&ﬁﬁ 3 ufr@QIL\uaﬁa 5 réreﬁene R S HE] B%%imal to
de sur es of expose i con
each other in the structure shown in Figure 2B.
[048] Figures 2C and 2D provide images of bridge elements connecting a printable

semiconductor element to a mother wafer.

[049] Fig. 3. (a) Schematic illustration of the process for fabricating transistors, diodes
and logic circuits on plastic using transfer printed GaAs wires integrated with ohmic
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wafer; (3) masking at |east a portion of said side
surfaces of said recessed features; and (4) etching
whedwasn12sai d recessed features, wherein etchi PgI/OSMO6/621161
along < 110> directions of said silicon wafer, thereby
stripes{ pitepaced from 3 sirgleciystallne Cods waled Ut SEM limegetof an array of

BRI EF . . PTI ON OF. THE .DRAW NGS [ 044], Fj
Gans Wies; ELOATE FERe! WG Hoboast ppaneqrgliodhdanifier wafer. The
partial WireUsdicatddnsy ﬂ?é@a‘%@'hés ”ﬂHBﬁQfetlethé Eﬁ’agé@m% ndlcatmg that the

i nvention for mak mg printabl e sem conduct or el erant
GaAs wisgmparesserpratashisern the baillnyaterc Mhst inset presentsiaraefstaming

oy SRS A O Aot 080

individusl amESFEﬁwm phases! length v 69 }frﬁfar@iegfméaémg’tﬁ api5i mhafairmed with
em conductor elenents frombulk silicon wafers. [ 45]

the Gags dliresarey shewnde dbhiransies partediahalPEA swbstaients .thlcal
mlcrogi\j\ﬂﬁﬁcﬁsa“rl?ﬂ-@é@g S@Hbﬂtl#;} dﬁ%ﬁégﬁ QQ’E‘TaQﬁ%éﬁaﬁ'h?fhs@Fé Qﬁ&ﬁ that one

erein the side surfaces recesse ures ar
electro@epadaidnynecMercdumccmmea @ ;ane rensikafdhe I\?\n@srwhllldlhe other

ctecrof YA A0 3 ARG BT be ot T GRS o2 il orming

Schotti§ éiﬁﬁéét%f ﬁ?()%fhcélqg%‘%éﬁ%ff@lt S SStrRES \Aﬁt‘ﬂ"(ﬁ%{fr%bgllé! ic gates and

masked [I' provi des an i mge o0 rece
individya M EE sﬁn@unt@ o3 flatsurfagea(e) medain therdurged ahafbof a white
markerg@nerat ed without side surface refining. The recessed
fidat ures shown in Figure 1E were defined by phase

shjft photolit hographé metal |ift-off and reactive
[050] ; Big- 4: Eharactedmaiis pls@anerire My Towithe aatedeagth of 5 um and

itrs T8 [y M0 55y 00 85y PERRET S

Curren‘wivohage (iee.s s fvacals Ehd)rauneges {)ﬂhé]tréﬁswor ghfovem th Big. 3c at

aiferor gR¥ 1R LYo Fioct Teble ThiarRaing, GekforeReroBr 5 (6 3.0 V at

a step @marv S(b?‘g'réhéﬁéf amelcﬁ tﬁ@%ﬁ%ﬁ%&br i tﬁ@“s‘é‘tuéggg «é\@op of Vos

enents ge el enents are posi t1one
=4V. Tth@ I@a@trsw‘aeiha dertvat;vepf thet narsfehowrve; reveialing the depemdence of

o rr oG S Pt YA BB B o S o o

tranSISt@ﬂth[bI'wm‘el ’RegthieOe5 paf. berrdt@p teltM, Ihe %@Qfécké&e% from 0.5
rintabl e sem conductor el enent to a not her

waf e
to -5.0 Vi stepgf 035 Vi 4d) k¥ iebaacteristics of the esdabieated AUTi-GaAs
Schottyf 6ESS sfh%wif\gﬁ‘gb?ﬁzé%tg grc%@ﬁbﬁ.;.ggs di odes and | ogic

ircurt's on anster printed GaAs wires
ed vvlth oh cstr.i ared froma
10511 Plag B XerGuut brate (e A lidlnaiad® (B, Sskow it chpracteristics
(c) of aRTiRAH& All MESFETS have a gate length of 5 um. The Vyq was biased to 5 V
versus ground (GND).

[052] Fig. 6: Circuit diagrams, optical images, and output-input characteristics of
different logic gates: (a, b, ¢) NOR gate; (d, e, f) NAND gate. All MESFETs have a gate
length of 5 um. The scale bars represent 100 um. Vyq4 applied to these logic gates was 5
V versus ground (GND). The logic “0” and “1” input signals of 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 V and 4.1 V, respectively. The logic “0” and “1” outputs of the NAND gate
are 2.90 V and 4.83-4.98 V, respectively.
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GaAs wires (wth ohmc stripes) with their ends
connecting to the nother wafer. The partial wre
w0 naboasitred by the arrow | ies underneath the arPElEs2006/021161
| . () ' ' I At
053] WG (4 SER A P2k RS U5, BESEP A ihonel engi
of 50 ph arwed gamléng’gl of@lium dodU/PMETesubstate, Isho&shngvieagh itta®isistor is

formed il (I BN RaRRY Wicsh (HGHARTVERAIDO 5. o VAFRUEbs) curves of
a trans&?dr%ﬂo@\ﬂﬂlhr(a?fﬁ%nm fooddfﬁﬁn ‘é!hbr\/ésilgéﬁﬁé str&r% ?5&?2)@, OVata

hown i n transf printed on a
step ondi Veal heﬁn@ebgln@pa thﬁ trangfiet nuGeAs tBistoarsistodinoitie saturation
re |on§> T sh The insets show that one el ectrode pad
9 li’?ects the ohmc stripes on one end of the wires
the other electrode ( 150 nm Ti/1 50 nm Au) pad
[054] dﬂGe@t |(§, kbRxeetiments! (hlee)zand simulateds (sed ¥ reshite gf RF responses of

e B MESPE T el B2 RO By v
measumﬁdﬁ aregn?ndmfied 'with pﬁo@lngﬁtusrff@mat(cﬂi %IZc(b)Wn gntﬁdmset of (a). (c)
Dependgfigécah/e P siats bergh: Fiog! rf?@%@@%ﬁéﬂrgemeﬁﬂnﬁm@aﬁwements on
differenit %ﬁgkasqhe%%gﬂe@qﬁedéér}i%rgﬁg%ﬁ Efs?@?n{)ﬁ ngths: (a, b)

nmm and 25 mMm aes(a

o551 Mg & P RNE AR Sty PGB Y S std Bgac-wire
MESFE(Wlth gﬁéqmgmmﬂpp@bhm/nmﬁsu@rﬂéér@?@pﬁt.c%r m'iaéé of the

OV at a ste (b) Transfer curve of
setup f@meiﬁﬂ@,ﬁqfﬁm@ﬂ%t'ﬂw phiectn of sutfacasirain (p@gitlua aod negative values

corresp%“d oy E?gnéll'% ﬁfd o) eéé\% &?%l}é% %ségcﬂ?gs $h 18)3R8 sSlurated current

revea e depen

flow thmughsoaru@totdranfabvfog hd\bate VKo Et@Ye ahd (c Pty OR/OFRidurrent
current at differ t VGS for a transistor with channel

ratio in jthe, gatyrafiomiegiqR o -to bottom the VGS decreases
from0.5 to - 50Vatastepof 0.5 V. (d) I-V
[056] CcIFi&Y. déx eBchsernatic pfoaeise flasr dfatingleatrgstalisilidon Maksn fabrication. (a)
showi capahi lities

An SF6[‘%€%# g (a‘dlsg(ggns(aersdﬂlatag g§0dﬂ‘{f§‘% I(LXEBEEHP oXigation gyd angled
evaporéﬂ’tﬁw ORI M fambagaeémhé@lcﬁé s@rgac(é“s) (é)an’a\auy RS ROH/IPA/H,0

MESFETs "have a gate | ength

solutlorbua@%rgutsdhg S riphosgs (d)rloosa-sechimyal StEMz]n%egof p@rtlally undercut

. ' ' i mages, and out put -i nput
nbbons%@f%%l{egglé% |e§mﬁ%fr%gbb$erent | ogic gates: (a, b, c)
NAND gate. All MESFETs have a

[057] alt%glﬂe r@tpmleffor@erm«)crq%@pg@an@cmi@cmw siliean geoeratad by
anlsotr%%%r\_zﬁ? %kr%lgg?%‘gﬁcgh Rngg&gh&gﬂﬁﬁﬁa&é"@ng%{%‘o V(?r'i %@@I’Sﬁ%@ﬁp with
the undaensidélaxiposed. dRibiens ads il 8o B0 nPn drick, Zals\/fneasured at thelr edges

and boygRliritardin e midels BIMmeSs o Fae HEuBrsida o1 o 5RG nminick
ribbon feR8hking Ranéstdhile %u&ﬁé&%tiﬁtréﬁudeﬂeomm@ﬂ/ﬁ%mzo undercut.

[058] 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. (¢) 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
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are 2.90 V and 4.83-4.98 V, respectively.[053] FIG 7:
(a) SEM i nmage of an individual GaAs-wire MESFET with
watmn/mm ength of 50 mm and gate | ength of 2 POm/Us2006/021161

the dongf a1 FPTaR i JuaS1STAS. () PaSIoBEIPrCEls BRviblpoplasiie gD dhat
houses i%sYﬁéo%JﬁoMbﬁa\néféfréS%nféBn% agsi stor shown in (a).
romtop to bottom the creasesfromOSto 3.0
t f. t
ose]  FIf\1EElethi cParrcteration S an gy sile SEg foggm-oate
transistofeh & PETVITA Qﬁﬂétreﬁbq $00 U, W31 60 DA, il AF ﬁiobﬁmy 868D cm?V's™;

and si rmul at ed ed) results of RF responses o

saturatiqmebylity éowEsﬁw v traaskrr@héfﬁct%&t@m(‘éwgohk(/).@hﬁmng ~4000
on/off ra(tlg)v%lﬂﬁ@sg% fgﬂ \é g‘%va fl-g(;ﬁe gﬁé‘ V&%S') %Uﬁ?h?v&fa?e Ay L’(?ﬂ‘aaﬁgct}@t %pcs

[060] Py L eomaic s o (oA e ct s SaSHa e o1 Tabricating
high elegﬁéﬁ fihbilit %raﬁers'&&%r{ﬂgikmé Gwd dileRkiopal els@ash g{/:a‘sgz %g% formed

racter zatl on of nmechani cal flexibilit
betweers pzaN Gadsal rirteMESEE(b) HEMHS gaometrymgt plastic substyaten(c) the

Ws-Ga feSiga EehiE suRbERed il 1By bafawerelRs b &ritot s GaN riobon.

Smart ahré@&bbicvacmng ORI PIsURIEEs ragkd ﬁé@é’tﬁﬁld WenshNeslements.
conpressive strains, respectively) on (b) the

[061] ﬁé’tﬁ gt gglaéﬂ[a{lgﬂ@s rgﬁégh %P%%;b%ﬁoé%}%ggm}:rﬁ Pfg\ﬁ—@@g{ ll-lgms onto
plastic subetrat@t urati on region of VDs = 4 V. [056] FIG 10:
Schemati c process flow of single-crystal silicon

o6z IGERR EBENESHIR e R SREPL T S 50nA 0P

Freestaadigge@ialévmpon aﬁﬁem 1} MAHTett:mngl byt thepadai differencedhativéen the
ctchec SRS SR bide B SO A R i e gt
step of ?KAA‘Pﬂéﬁl‘sQ{rchl&éﬁ‘ﬁth&f u_rnUEFl?iﬁg Si( @) AreSERRERgS bﬁPD*MS slab

bons. Atomc force m Croscop

inked wrﬂn qursf@alﬂ w&mﬂtwyﬁ yare dhr yenlsfarasy (ﬁy\raﬁE%tm@@ﬁ @f Wé'tGaN

transferﬁ%f}é Iyp ac?gs?e%ﬁ?ﬁ) Jﬁé%%@l?ﬂ? ggﬂgﬁ%os eg%'a%g‘éb?tgﬁncgé] olorlzed for

ease of Vidwihg. 130 nm thick, as neasured at their edges, and
bow downward in the nmddle (b) AFM i mage of the

e G e b

su bstra{eOw-]a) Bicallicregrapist ofagiual dlexibld \WarGadt dewaesf%mhem@tlc

e G e o (on & chnees ke S8
GaN ba%B? FHE’N/WQ a Bqﬁhgétof gakboatadd@tg=2u4ey a0 ahgy T etchdnh@l length, the

bons bond to the sta and can be renoved

Channeh‘wm!m ahé gam wrdtbyﬁ e devige averg 20N/ nat bith\WnicankOolons
respectlveﬁl. crl}théJ {ranéf%g characteristics, measured at a constant source-drain
voltage (Vgs=2V), indicated the transconductance of 1.5 mS

[064] Fig. 18 (a) An optical image of the actual bending stage and plastic device. (b)
Transfer curves obtained at different bending radii (and its corresponding strains). (c) |-
V curves obtained when the plastic sheet is bent at maximum bending radius (orange)

and flattened after bending cycles (blue).
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fromthe stanp to a plastic substrate (d) SEM i nage of
near - conpl et el y-undercut ribbons anchored to the donor
wowedoen3q7e) QOptical m crograph of ribbons renovedr/US2006/021161

[065]  Efo 18y 0Bee pibdees HowthemategtUHEIRE M“cﬁéﬁ@f Prasent
inventioer?%élElﬁg?ﬁLﬂﬂl%\ygr §|*ré§/§Sﬁpﬁh@B@&mkgﬁﬁhcta Gle

ectric acterlzation of a single-crysta |ne

000 S AR AT A Pl 6 0 e
sectionaPfieW @, dOR HYPRI and b) AR STBMCPRIE(a1d BWétfcﬁf ng (c and d) after
characteri'stics (VD:O 1 V) show ng39 4000 on/ off ratio

metal prwielchoﬂ @@ethelsdﬁf» siréagess (&aﬂu@ugh &) ebpr K@i etahingfar Zgein (e and f)
and 5 mﬁ'ml ffoﬂ&tlvgp T@ﬁal cled ﬂ%q Fig. 14: Schematic

I'on O terosttucture GN wafer for

[067] {’&?%ﬁ?fb&%@%?h v tronag%%éﬁt @;%%grssfp@ip @gq,éljg rray of
four-laye?"e&;@'(@ﬂﬁ mn‘sngﬁéfe@%ﬁrog(\}?éw(’ézf%”@ey PeFs de&’lr\‘/lsew SEM

sti'c substrat
images Gfdbﬁdcmelaybpectﬁd‘lmaashownbml(ai)ges at the end of Ws- &N
ri bbon. Smart ani sotropic etching orientation is used

[068] F@{1 PKsrol Idee b RPHLRG rAsh Al (Blapd)ioM itk o‘l_‘lréleaééd flexible Si

ematic illustration of steps for fabrication of
(111) ribpgnsad REMPEM itba0eH gfshhmnbém@tm in@e$2] Fig. 16:
(a) GaN wafer before TMAH wet etching of underlying

[069] Eig Z&?}roﬁrdeleqta;igq’b}p?gl |%§leslbdﬂahgnem$ﬁl(1TFMQ:Etkﬁirﬁl”trmferred on
Not e t col or | erence et en e etche an
PDMS sybgtrate. &) Mimageqf o dpbags rep e @Eray)shei sm@Se@

i AP S TP N s

four cyclestdi tramsfaatihg fioet & single &i ¢hip. der waal s force, (f) An
SEM i nage of ns-GaN transferred to PU coated PET. The
nmetal and polyner areas are artifi CI ally colorized for

For med { TORTALEMDESERS? %mii:ﬁ THEWBENTONA. o)
o701 Rarfflp ¢ PRLARGE, e el bofite s Sty oY 8%ame

number gpﬁé@ﬁmg’ iri Mosdthin dme Bizgwing48iers (¢ )he same wlerasnifin\ddition,
based HEMIs at a range of gate voltage (Vg= -4 V

hereinaftes, theipllowing dafiitians 3Rt h, the channel width and
gate width of the device were 20 Wn 170 Wn and 5 Wn
[071] {Rrinteble’ velbigs tbdhatEhials, stosfuges cdmmcm:d;canpememis and/or lntegrated

functiondl ENRoL AED SARRHLS BhTBOE eSSty P aHs e ap Garizing gnir
mtegratlﬁg)onﬁf‘ oPRitd §Qbst¥é‘f€9 Yitbut BRoSSUre S the8dbdtents e eytand

astic device (b) Transfer curves obtained at
temperaturfas éremt toeperatyrasdess thamar egealdo abeyhédddagrees CelSIUS) In

ai_n C C
B R I e e B e g
components and devices are capable of transfer, assembly, patterning, organizing
and/or integrating onto or into substrates via solution printing or dry transfer contact
printing.

[072] “Printable semiconductor elements” of the present invention comprise
semiconductor structures that are able to be assembled and/or integrated onto substrate
surfaces, for example using by dry transfer contact printing and/or solution printing
methods. In one embodiment, printable semiconductor elements of the present
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and flattened after bending cycles (blue).[065] Fig.
19 provides a process flow schematic illustrating a
woredohosh7ef the present invention for making mJP(ET/USW)GC/OZIMI
rintable . .sem onduc or el epents.

i . f
inventioh G lpiReah R TIENEE B EYSBIDe ST T Ayt b qelic

semlcon‘éiucfbr stuchites C1RBRE MBIy 'p‘?Wtéth s@mléandi)otor(éleﬁié‘ﬁts are
b) after SIS-1CPR E and BCE etching, (c and

connecte@tap substrate,isvich@s a methgravatenriacss, or(mortehbraﬂ@wella)*nents In

s confid el By Aoeaifidhibiy® otmphefle Solidhsthl

features(tBat eOiedREniBaIN 6 MEscaed Sfanﬁcdrﬂu’lﬁﬁorsél@h%n@é ogﬂh@cbresent
array of four-|ayered Si 1 ri bbons

mventlorrmﬁwb@wngﬁae@ @r gﬁae@) mah aﬁ\ﬁ%@\ptsémnaﬁ'abé@trmﬂpn ©f dopants

and ma;{o ?g@ioh ?/??rf giholt%lcl) 30;0 ﬁﬂz?ﬁ‘a 3‘505&1%%8 ncTucﬂng %Zand N type

dopantsr €he gseskritlievariloa iStlued ﬂrii@tro!strhbknuned p(’ldtade _‘aém&iﬁlﬂductor
elementﬁl}‘@glri@e%tfletggteqﬁgql a%%gssieﬁﬂ@?\%] %eég‘l%)aré'gg%r tl{e‘ar?@&%&ual to about 1
micron driobﬁé’r'iﬁstiidc%%ﬁ%rfrﬁébl@ %eﬁ%cﬁ}b@&t dlahfontd H&\)nmé M)t \dERYBne cross

four ribbons fromthe array shown in
sect|onabuunerg$lap thessf thanfaresduiel to pladuidsmigroni Rrintakle seoieerxductor

cments 45T Y 4ot e RN T QA B
processiﬁ@ﬁﬁﬁ*h@ﬂ’ &y Obulk It MEN L PNa $ BiH pnetl @irydtalting @ehti€onductor

drawi n like nunerals indicate |like elenents and the
wafers gonegate rﬁf@?g gppeantiong! highipmeerdyre gmeés@wtﬁghmem sinone

L I e e
composite strattﬂreﬁh?vmgta smhlwogsl ucwempeﬁatmmbommécs%?mebleast one
o rated functional .devices that a
additiong| Q0 POTRETRHPS SELvcs SHER GS SorRHICA LRI af Glectric layer,
electrod%?é&ﬁlﬁéﬁél%rﬁ?&bﬁd@étof Qttrﬁcté KPS &%) @ém‘Mﬁeﬂi%HtonPi@% Ufrfone

e substrate to nmper at ur es (I.
embodiment @natablwenewctu@m eiemeqtmcbf the paesent mwt@@gcrmsrlse

el b e O R S e

evices are capable of transfer, assenbly, patterning,
[073] o@geeﬁ». smtignah@mﬁnsm efess tm@eﬁfr@r@ronwf@ SiPss seatian of

G
devico, it LA IGRaBEH O oEr el SRS Al Ryt wigh
thicknedsheading,sand dianvetst.i Bor e:xamples pruslabie:easrdtmhduotor elements having
structures that arg able t E ssenbl ed and/ or

a ribbor; $hans AePBAEISIZEH HY 2lerd CrasSrseckigRal Amegsians;
thlcknes*%Var?H Width a'?%fr%(a% Hrintdl1é %hﬁé’orﬂﬂﬂ;’t&f eléﬁ'le\"ﬁé ﬁvag a

I nting nethods. | none enbodi nent, printa
cyhndncaéainamm dt&:cbaraetemmdtm/ afengtie apd dse ntossv&acttlooal gdimension

dlameteﬁ]?@i ¥98|IQI ?ﬁ?Hé{ ?/ﬁg?glalmns pol ycrystalline or

[074] “Longitudinally oriented in a substantially parallel configuration” refers to an
orientation such that the longitudinal axes of a population of elements, such as printable
semiconductor elements, are oriented substantially pafallel to a selected alignment axis.
In the context of this definition, substantially parallel to a selected axis refers to an
orientation within 10 degrees of an absolutely parallel orientation, more preferably within
5 degrees of an absolutely parallel orientation.
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sem conductor structures. In one enbodi ment, printable
sem conductor elenents are connected to a substrate,
W(sumh/layza not her wafer, via one or nore bri dgH?T/US2006/021161

ments. Ip.this conte of this description,
[075] Theﬂ%rmﬁ dlexifle’ {]%d g@w%@rewﬁee sam@ﬁwwpu%wnﬁ@e present

descrlptléﬁ%tr*dr RferBahe ﬁbﬂ%@?gwtﬁﬁhﬂ ¥trGORE A& or device cor’%)onent to

em conductor e present 1 nventron
be defomnﬂbptmla «nur\(mpslmbpmwjthbmvtmcmrguhgca ‘ednsfpaha‘ad)n that mtroduces

significag} ST BUEORS SiraRee EpC e DRRRIN SR e U df e Malerial, giructure,
device orA8vieCoRFSIRARNTS an BX@nYISFEHMbOAMRIN] HAekiBfd HEesal,

m crostructured printable sém conductor el enents
structurehglgvitg ertdaviesscompenenimgy decdafomaed interencivad ghepe avithout

introducd el B84 E Lo 0 Pl e WERRTdof HaEi-Rgations

larger th@hQﬁ%q&@Dtd avadt dosreimsli raord Beterablfop sorL@bplicatiensldrger than
cron._ Printable sem conductor el ements useful in

or eqUﬂ'ﬁﬁ@POHbB{ %ations conprises el ements derived from"top
down" processing of high purity bulk materials, such
[076] &Serhicghdpaior't iefensytetaalyl materiakthat ena ucateriakvihbie issan insulator at a

very low3gBascaliiey L T o8 @ HDToraDIBEN REHTon ML &

temperaﬁﬁf@s SPRBHGE 900 Rl N$tH preBentd&Reiptioh NY&NbF B2 term
conpri se conposite structures.having a sem conduct or

semlcomslpetoaus ntemdesbimbe ceasistendwithamsstofdhis tatwiin ithwart of

mlcroelchrélg%% ag]o 5&(39!:8%\5@%% ug! ﬁgc&r}@gg@rs é’%&ﬂiﬁ’g ﬂﬂq BFes%%t invention

may corfifiiéecelRehett eentitonticit®, sucthay sitieoh] germariuef ardi@ixenond, and
In one enbodi nent, printable sem conductor el enents. of

compoupe seprieanshictersy sueh af sEa M semppriad srRKFRNductors such as SIC

s SCBEIRGRILE LTINS SBH31aSE ISHB0RENE, A, Gash, G

GaN, GaiP,maSbl, s, NeNeand P t dreudilirdtiertary seimiaonductsrsalidyis@uch as
devi ce copponent O

terial
AL Gar 85 SPURIEVES SRS S BR G it Cah G FRo270, Z8BRsZNS,
and ZnT%‘“gr&JFﬂVL%femESﬁd@fé@t@CIh g%ﬁa abLevn%%;eeﬁmwsrsuch as

aving a ribbon shape are characterized by a

- PbS, PhiTerayichSafdlayso semisandsistars sueh agifhindilofs andibafeawdde

cemcorfth g5y S L bR SoBAMEARYEH e i

semicorceors endtdxtmviic %Bﬁ‘u@dlﬂﬁ@tcﬁg eihdteireldopeanish ohe dr adreaelected
(alternatively radius). [074] "Longitudinally oriented

matenalsnmslusimgswmqoaﬂuyt%énaamgdw-txp@rﬁqmug matgralsiasten-dyredoping
matenalgnto%]o@faten rf@?lcfél'e ‘é‘bétth@él g%;kﬁerjci@@ %éfﬂﬂjfcgael gR8RSpMliction or
device. S tefm(kmmoon@llc&UBiﬂtcﬂJdearcrenmosetetmdtwabsd:@npnslhg)a mixture of
par al | el 2_9 Cﬁ] sel ec nment axis. 1he copft ext
semicorighiciags andiar pesle s m'%ﬂokPCB%frrﬁﬁﬁeé‘lastBS%fU o in some
appl|c:atg)‘ﬁ%‘ad%‘tti‘?éJI lchit § e‘?l'h%n nﬁ’clé‘@e Cbﬁ{t%?% Abt PRitdd 1) &, gé SIC, AIP,
rees an absol utely parall orientation,
AlAs, AleeGaNalﬁqP MBahsnGaSh, InP InAs, GaSbh, InP, InAs, lnSb ZnO ZnSe,
ZnTe, CdS, CdSe, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, PbS, PbSe, PbTe, AlGaAs,
AllnAs, AlInP, GaAsP, GalnAs, GalnP, AlGaAsSb, AlGalnP, and GalnAsP. Porous
silicon semiconductor materials are useful for applications of the present invention in the
field of sensors and light emitting materials, such as light emitting diodes (LEDs) and

solid state lasers. Impurities of semiconductor materials are atoms, elements, ions
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5 degrees of an absolutely parallel orientation.[075]
The terns "flexible" and "bendabl e" are used
w@ensatusl y in the present description and re¢EUS1006/021161

andior res)apae NG TS IRATLARS TBEelipUNETIRSER Tt dopants

prowded%&ﬂfh‘é%@nﬁ‘i@oﬁdGétéf‘ﬁfa@éﬁ@t 'h?i?uﬁf‘é’é atd lh ek materlal? present in

S|gn| I cant straln ucha straln characteri zin
semlcorfcbjuctqrmaueuaistwlmﬁh ainar)anegawely Bnpamttthle eleatidsal cpeo;mernes of

s S SRR B SRR SLEESAER g, e ot
including ABRY ATtalsRH R ydAERN IRPuitdsdindluge! M@ﬁat@h@tﬁ@m‘ﬁé&‘féﬂhe group

I ntroducing strain |arger than or equal to about

of elemagtie behuenry Coppersivleag sin tatnasioslic abigs caliem, §®dlelquand all
ions, coh%oﬁﬁ&é’ n&/ FcofiH arge{%ﬁ&écﬁ‘ferabl y for sone

I catl ons an of equal to about 0.5 %
material that is a

[ng r}i m conduyctor" refer th an [
[077]  :Giped plaCtioRIG PeRoTAANGES andy Bighierioromnge! i used synonymously
in the pr%@gﬁﬁdégcﬁf)ﬁmn BHY r%r‘i@ dBdRed a%ﬂﬁ&ﬁ%éggc%rﬁggb&&%rﬁﬁ@ elpctronic

conducti v ty at errperatures I'vin
charactetrhaélc@,r suobms fisld afﬁept mobjlities ethoéshdid vokagess and condaff ratios,

prowdlng ﬁede%tjlfedgfmmcg}ag Conﬁl St%gétg%}; g,ggféf ﬂ@gﬁnﬂg%ﬂtﬁ%rsampl|f|cat|on.
Exemplar9 Pringaisle ebaficortreiar elbmenbeoPthesasehtMeartioPnexMbiting good
conprise el enent sem conductors, such as silicon,

electron@e@mmcgmau hawe inirinsis dieitbeifesinnokitin oiraten bes or equal

100 S SBA  HAPYHIR S, SOBLPL G520 Bt a0 o

Vs, Bichaplaft ’mans%tBrs BNheCiﬁt‘ébenﬁaﬁéntlcﬁaékh@aHg gdmabelebﬁﬂéﬁcz
-V ternary sem conduct ors al | oy

peﬁorm%&a%wﬂg%&dhﬁfv;&ﬁv é%?%@d Qjﬁe&aﬁlqwhyresgéﬁatctbﬁa (eS| B%W&g 00
cm? V! @ﬁlﬁref&gﬁgtors edMlic4lics 9@%\%\?59 grngc‘gu a| 96 2¥But 30 bm? v

group sem C uctors such
s and amr@lnﬁefemﬂrpfm&br&nﬁpplneajmnsg&atemﬂ@tboequaldohabmt BBO cm? V-

", Exerpioan- e igom SRt oM eaugraaeeRg et e
performér%p@ ﬁ%%%ﬁes@% fItdddisiess BRI SNHWY@fSand)BE oA™Eoff ratios

d with one or nore selected materials, including
greater themi aondidot 80°. havi ng p-type dopi ng materi al's and
n-type doping materials, to provide benefici al

[078] dPlastic”irefdrs b6 apg rsyhﬂ!&tm&ﬁfnaltur%\w o8c@trivig maiepial @ﬁbd)rﬂbmatlon of
r device. The term sem conductor i ncl udes conposit

materlalgﬁh@trqaél ke midid of sheredrigengrallyovhen heeigds apd Mdened into a
desired §H§é g@ﬂ%fgr? | 'Jsbﬁl?ﬁfﬂé@é\ﬁ#@é ﬁﬁd ﬁ%tﬁéﬂ?bﬂhe present
the presen

or 1n one applications o
mven’uom rmcémrle dmut lan@ ho’dhmltednto gaymets, résing addtoe)lulBise degivatives. In

the preseaggesqrmgoni @Esterm%stlczﬁ@tegqgg?amﬁ@& @fgpo%g{astlc

maternal@%%g%mgon@gﬁmclﬁlg?Tgstggkﬂ;th 5'9330% ;H*Sb'?e Ca;g?ﬁges P%Iéh as structural

enhancemsddlem@ fibearigl m$tm4@eps $tabiligers or additives which may provnde desired
chemical or physical properties.

[079] “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, copolymers, composite materials or
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silicon sem conductor materials are useful for
applications of the present invention in the field of
w@emsosE2and |ight emtting materials, such aspe¢T/gk1006/021161
. em tting diodes d solid statelasers
mixtures ﬁ%?ﬂ'vm%é%aa CQBGS.WHI?.H% gf%ﬁtomflemﬁrgew\%t%wr comprising at
least on& RISGher. E -
stong bRAk S, EBRRAREIS Iy e 880010t Loty ot or
elastomeriopiaderials o Eiaféomers uwfdhmttbe prasenti laVentIanpmlaynmcéBd@,rtmt are

ot it Th&P8b TR, SR S 63l haSEe SRIES Bhatprias polyolefn
polyuretR&ie® efdrfspl@dticSR s te f1ads! c;scsryarﬁme%r sthﬁeu@n%béﬂgl pEfmPut

are not limted to OXé car bon,  and netal s
polybutaidiafies mohisotutvignaspalyslyrepabutadiene-styrpoe), ioairethanes,

oyl s P, DS Bl SR e

present padthedsn sodi um and al | |ons compounds and/ or

conpl exes thereof. [077] Good el ectroni c performance”

- g I

(0801 e Ay RS, TR oo o HENIRRAMANHT capgBid ofeceiving
and/or rejoor@tdngaan clémert &l arcay MIemelmés astich rassﬂnrctablesamincasductor

field ct no t hr eshol d voIt s and on - :
elementys Trangtprd6Vinf st Hg e sbSreRdrySER BREER Pl ansfer
devices GHeﬁﬁHq 6é Or PhErB Jontalt 56 aBEs BaFANE AERtd ik P' dlfﬂ‘rformal contact

ary printable sem conductor elenents o

with elefﬁﬁ@@é-mdﬁrﬁv@ﬁttfmf@xiﬁhﬁ|W9$@tg6©@0é5 @@drczmmcosmons are

R
pertculf A SREE PR YA QU A ol SR ot
elastomémTEtaanDUsafatfdbm:ant)‘aemm‘ftinbf‘;ﬁbcéﬁsiﬁg.uw to about 300

cm2 V1s 1. Exenplary transistors of the present

h L

(0811 {RGOGLET Rigts & Shotp SR En T i AR oPE IR SErR ot 2.

substrate gset fodevice faktiationggreatershan opegtiar etabout 36 spaee inches .
applications greater than or equal to about 300 cn2 V

[082] ‘Dévide fieRNEkHR "n%lﬁlﬁ?’f Rl ty tﬁ@W.em&mb.mgtdlf%ﬁelectrical

_ greater than or equal to about 800 cn? V 1
device, Ecbrgs atsansisiors ascompuied uhimgpuipehturrentelata carresponding to

x i bit.lng good el ectroni c performance may have
the elecfﬁgf%}\h{:g vol tages | ess than about 5 volts and/or on -

off ratios greater than about 1 x 104. [078] "Plastic"
[083]  HqnipETBLCIGoL aie ol oriRctpstahliphey htvaph isgaces, coated

surfaces”ﬁf'tgfd é@u rf?;\%ﬁg ﬂ%@fn@%é@ﬁaﬁf c)i/ s‘?treb%éretotﬁa\khlﬁg '}H%‘f he useful for

or shaped enera en heated
transferring, gasaedMng,emfgﬁh!zmg ?rﬁyk g‘r’rpgrajtmg strastures (suf ag plrlmabtee
. evj ce t ho t he .present invention jncly
semicongorFlerguts) DA SIS BOTater 0t Ope SFRSCtaRBRPLFgtact
involves %eﬁw'a\éﬁiécbﬁfc adébtét"t% of @ﬁ@BF niRE bhitict 80rfaé gﬁ ? ('&:;thormable

plastic is intended to include conposite pla
transfer gdaviee italthe ovanalishiapg of acsubstrate suidesor the srurfaceomfeamobject

such as By o5 G5 BT HPAHOBoe OREEh oeh el s
involves RBiMidPo 9y sie atlapiatiod of basior aho® cdiy&t Mac@&%%rédrﬁrérmable
transfer device to a substrate surface leading to an intimate contact with out voids. The
term conformal contact is intended to be .consist.ent with use of this term in the art of soft
lithography. Conformal contact may be established between one or more bare contact
surfaces of a conformable transfer device and a substrate surface. Alternatively,
conformal contact may be established between one or more coated contact surfaces, for
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[079] "Elastonmer” refers to a polyneric material which
can be stretched or deforned and return to its
w@raiogisiak1 shape wit hout substantial permanent PCT/US2006/021161

deformatigon. El astonmers commonly undergo substantially
example.$lpFLS \inga rapstansmate)ib PAbtg semisandsicton glément

device Jo'ﬁﬁ;#ﬁe‘?ﬁ,%d/bf‘&@ﬂ&é AR BBV LRBRESS Of LPONBRRSbIe transfer device
copo pol ymer's

yners, conposite materials ormxtures o
and a substrate putfaoer AlteAativelyreonformaleontact may teoestablished between

conprising a east pne_el astoner. Elastqneric |ayers
one or niGIEAr3, St el EONaBE T EAaR T & ST MBS AR g G and a
substrate®uefacal coatdd AfthQRIaterisd 8lith ab ™ rAesfBF ARASHall SYIRNbA&Bresist
may include, but are not [imted to, thernoplastic

layer, prepakimsrdayer, dayidethie fillaoefvidi s, ol efenic materi al s,
pol yol efi n, pol yurethane thernopl astic el astoners,
[084] rRlayamentacceri/haifes touhdablity SVEansfdryhethadi @vice to
pol yi sobut yl ene, | y(styrene-but adi ene- st renet),
transfer %@@l@@%@@’nt,pﬂfcﬁgﬁ %paﬁﬁa@}%sgﬁuzogidppt% nent, to a selected
. . K i i | i
position o s HERITe o e BPafaft o QTR eyitefifipt ey alch g Fiectrodes,
or relativeto 8 seltactetbregien obapecsiving sapfabe e “Goodgdacamant” acdimacy
rel gcatin n .el enent, or ;array of el enments, such as
refers toPefticai 4 By EoR GabTEE QLR Eherano LA SeRLE a selected
position¥8lativé td BnbierRIcwR@Mr deViNédrPohd®! dtdelRBf e &ed region
transfer devices, having one or nore contact surfaces
of a receidipgsiustase with gpaiial ienigtions fionine alsnluisly eprrect position less

than or EuTI30 8D HRIEES IR reRtALF ioss Rt ql 12D MR er some
applicationgraget évisn miord peeferabg fesk thiey b eqaalnird giicronsetior some

. elastoneric stanp useful for contract prjinting )
apphcat&ngc a8 W@.Se[‘b@i/]ent‘@bpfj%"dﬁse%@w?%? eerapfiging At deast ongrrfptable

LV ce of a substrate used
element}ﬁi&;ﬁsﬁ%&?ﬂ(}:Wg%?cﬁjcg@?%ﬁﬁ?éhg?%%é{:ﬁt han or equal to about
. .spuare inches . [082], "Device fjeld, effect
10851 HRME Jotereiiur ndasti 6l houMeIER peleisrbBRIT ol e, such
as a pat@rACi @bl ¥¢hGCondilidr Aemanid, MFhAsRIredad £RIBRWIRSsurface of
usi n%pout ut current data corresponding to the

a substrates copdfldetityieters tp te@pfer of af snlected pattest of elesiants wherein

the retafiRpSftiafi h oL BARHORS fTRleRUR AGER 0L BB Bedle o
transferWor eRamye WdevsiafdpatibiodevistiomsfsfrindingiuapeRendnts fdm their

.. organizing and integrati n% structures@ésuch as
positionp iy Hiexpfleciespatinin @ee kssd é’i‘r@ﬁ@g}‘abﬂﬁ’ & paremgtess, more

preferaiyIds84fian ch cBfil SRR hangiRglepemal contact {nvol ves a

roscopic a of one or nobre contact surfaces
mahl e transf evice to,the

of conf o r veral |l shape
0861 SpndeifuRietedo tiuebportiaraton Rbergn s bilipatsiitaces of an
elementS 4G6h 88 pRinkIBI8 sBRliSoREBIGTUIEMER L briRigeB8fnent Br BOR! BRL at least
aspect, confornal contact involves a mcroscopic
partially at¢dachead onneiffixeddran anotherstiichioe, suetf as esmothes wafer or bulk
material” %ﬁt%f?ﬁo%rcut refers to a refers to a structural configuration wherein the
bottom surfaces of an element, such as printable semiconductor element, bridge
element or both, is completely detached from another structure, such as a mother wafer
or bulk material. Undercut structures may be partially or entirely free standing
structures. Undercut structures may be partially or fully supported by another structure,

such as a mother wafer or bulk material, that they are detached from. Undercut
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transfer device to a substrate surface |eading to an
intimte contact with out voids. The term confornal
w@oewbAasn72i s i ntended to be consistent with useP@f/UstWwe021161

termin the ar soft lithogr . Conforpal, contact
Structureg 1Ay SHAHIAh AU BTG COTPCAD FoRaoar STBGMRUCh as a
wafer orzcﬁtbélaﬁﬁﬁ rﬁéteﬁ?E%‘ﬂfSGFf%@é 8tHek fHle Qﬁydrﬁ%u%@eé. For example,

strate surface. Alternatively, conformal contact
the presenyinyentien ifsludgsentetiadssnd coropositions whessingutindabieact

semicoriigh S eienehRL A AFPb o) Blefentd Hic 5RRedRY 0% Batsnat ends
positiond@ bhGRirHe BB iiest thafNHEP bolew ma&%sqgi%,egeé IFRd @A ad 2B).
a conformabl e transfer device and a substrate surface.

[087] @ tl%rf&%\'/v}ﬁg Hescﬁ@%ﬂrm%emt ci etgﬁs Sf{r%b&¢ﬁ9§sd deyice
et Wween on€ of re bare or coated contact surfacés o
compongnizoaricdomatiidds of thesiresedtanvestionnaless et tibidih irabedes Uo beode a
coated with material such_as a transfer npterial,
thorough explgngHer of gqeql%?y@@tyrepp@%@ IDKeRtiqnay 6 M{IIFB? @ppgrent, however,
t ki maifial i, " " oo
o those af i 3 bk uohfiithon B o asmals pRSMIGRNe spec
details.t o transfer a printable el enment, such as a printable
sem conductor elenent, to a selected position, either

[088] MRivERLAPpiRdPRIcthcts #id QéVIess fif\fabRcAMENREbR,
such as electrodes, or relative to a selected region

semicongiuctprrededrnisngnd asseibling priviabls sereipenductas @lgraents and

_ ; forpi
patteme T B PO B R e B EER L B Py R 0RF el for
fabricating lcm@eqlédl&y ipgriatabl? @emi@cmm_tmcmembpw froml Ia?]vi ccsttb_olkla

. selected region of a receiving surface with spatja
Sem'COW%ﬁmﬁﬂ'a&f%ﬁ l?rlﬂ?é'dz?_@so B eBBWW@EF'Orb@&C’tW'E’H' Céss

. r . g 1l . »
somior ey n et 0 U A0 N B SRR 93 i hr o
printablersemiqomeiuetcaalglgmieatssfromammotherguater toaSranisterateyvideoand/or

receiing 9P B3BL LTS it BeB Sl b e b kEPoR YIRS present
inventiob@e%égéblg%ﬂgérﬁr@m@h@hwﬁknaé S@hic A Aptoelectronic

_ idelity" refers to a neasure of how well a selected
devicesgact array st davigasmen flexibtenplastiasylatiaies of printable
sem conductor elenents, is transferred to a receiving

[089] HiddraceA pfovides b sthainatic Cesxd dactishiview didgram Hllostrating
transfer of a selected pattern of elepents wherein the
exemplary|raetheds g he PEsRe kY CBHPR FRTANAIIAG RSMEAbIispraiGanductor

| i N0
elemeni.‘\;s,ner | ns?g%gtﬁpigbﬁ%Qéﬁﬁ%n@%fd??lblbgglgaff gLngllé gfys%m% con from a

eviations o enents from
bulk silitdreivafgrdmvingag11 ) erffentstidre cFigdrepdBtovidese flew sliagram setting

ot oSt AORoREORELE RSl EbE b ind St ypocs

for gendtafihg Bﬁﬁ&é‘bﬁﬂ sERHONAUCRIricimBhRIfRIm buesiiedh warsrdr f aces
of an el enment, such as printable sem conductor

t000] - AR yrEe S, EA WRRSL D aler 2 Fifehstfipdvin a 1)
orientat®in 100 igpovisledh Sliscoh Waldhdoovimivirig a1(1 1) drientation may be a bulk
silicon wafer. A plurality of channels 110 having preselected physical dimensions,
spacing and spatial orientations is etched into external surface 120 of silicon wafer 100,
for example using a combination near field photolithography, lift-off and dry etching
techniques. In this embodiment, the spacing 130 between channels defines the width of
the printable semiconductor ribbons fabricate uéing this method.
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material. Entirely undercut refers to a refers to a
structural configuration wherein the bottom surfaces
W@fzooamoalzerrent such as printabl e sem conduct oPCT/US2006/021161

[091] f%lnf Hig e G f@neigggegoﬁ oglge%l?ygg tt&erm;%/ lioxide layer 140 is
grown oW%fh%hn?{s i %&Eﬁt@?hﬁ'surﬂd@@qrﬂuhrsé){a‘r%lérbsfsr}é‘ﬁi%gtiﬁe (111)

partially or entirely free standing struc
silicon warfieiet @t Next, @onasled Sbds/ depogitad omtheyside sudfaicgs of channels 110

and extqu r&aed fzor ?Qroéxq?ﬁ%l?l{sﬁ@ %SIgdZeg?g{E%Be?mo%apor% on of one or

more maSideiatetizis BUSH HE @SmBRY ob oribimsitRdsf raéfalx eHe @B/ @nerating
connected to another structure, such as a wafer or

masked @neinmashedhiggiansdhe silicosuwates 4900tTHis masking stepenesates
masked ?8@@58 an&j‘%ﬁe %ﬁ%@{rf‘ace‘sfbj%douﬁﬁggked ﬂ%’gg@l%ée‘f?o WP GRS

composi til ons erein
surfacesseficiammdlec110. he rmmentamdrmonhnddges ehtbmiihents wherein the

) onnect ed [ a |t| oned on rfaces
entire Sige RUFAEPRA %r}“e'?%ia@@ﬁe By a/egnasie (9,6.0.5g. 1D).
The ext@rﬁ%gfanas% M‘eﬁ(ﬂé‘ﬁdfdﬂgbr?’mé‘&dg FalBE) iAboni! BRISments, is

et a| s of the devices vi ce conponents an
controlletbbyl adgleocﬁf etvlatpomtmeoftmam pratenials aihe “shaddws't dast by the surface
der, to pravid

featuresrg.ﬂ ﬁ)rdgrrg)ql SuFface ﬁggrﬂfr\}\?ﬁﬁgy 960 Eﬁﬁ%gte'gg{%p\gﬁqlpmﬁﬁ%%ﬁme flux of

mask materfals erh@fdéiifh hB5idT thid trefithed b ahBghe rév(eeﬂtldmmrédtr@gnons
practi ced w thout these speC| fic details. [088]

160 of the]e@ﬁtstwfacssm lgast inwanb defiaa dheithicknessiaiithe @ﬂr\te@é@ i ng

semlcor%‘;tﬁcﬁrarmbgm S(géﬂeg%t%gﬁtgl:esg :ng%eﬁﬁpg mloggﬁf,e g@gg regions of

thermal piidet lapére14C 5 rearaledt griordd eeitionabptozessingt fortexample using dry
surfaces. Methods for fabricating high quality
Chem‘c%ﬁt?h'%i%’@me@onduct or elenments fromlow cost bul k
sem conductor materials are provided. The present
[092] Asvshdwroim %gsmsmm((pm 33 amdcidBydumhaskest regeins &) ahithe side

surtace 1 035 P10 DB R LRSS RBRLFb0 rogos

170 of tM@E%Ire §d?fa%e§ ro%ﬁéﬁﬁelg el\d'oocﬁreaa’rﬁécﬂl‘oﬁ’@élgﬂ atchéd §u§mrﬁate¢chmg
he net hods, devi ces and device conponents of

betweerpcI@@@mls onowstireterantialyalang s 130> gisestions atths: ag!hcon wafer 100,

eroy QLIRS B RELH 17 sREKRFBAEFAGT DA IR oMol 110,

The dirdcBi8Alof Fh@eto flohtprid 0>t ctioas esetidmativaliyshoect bypthe dashed
vi ew di a%ram il I ustrating exenplary methods of the

arrows ‘Br@é@!’l@ qf (@LHE| 16h mn%mme'rﬂ?nhﬁakﬁ'@@@ﬁ'% gledning system is
chosen Eb?mtéhlﬁgme'ssﬁo?%u[% N Sc&f‘r'gl Q"t“‘?'ig’rclnfebﬁ@ﬁ’?éf e silicon
srngle ¢r

[i'ne SI I con roma icon wa
wafer 10vThg sele(ctmutyldm therammmplomcrﬁmgy syﬁemaamxﬂ the (sl ) mrientation of

siicon wafgE A0 Breides g biyc diath o et R e BiRakEthradentd as
dotted ||f\€r1 7@ r@f%\‘glné‘ﬁmg%?@b FtHing 8Pb AR a5 s8hesEttheipresent

mventlon mclude a wet chemical etching system using a hot basic solution. In some
embodiments, an 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).

[093] 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.
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[090] As shown in Figures 1A (panel 1) and 1B, a
silicon wafer having a ( 1 11) orientation 100 is
W(p)rz(mudmll Silicon wafer 100 having a (1 11) PCT/US2006/021161

In one egfbo%rtg tﬁge %&&ﬁg@m&%é{é@;{g@&%;éa@|oelle%[rg}t!c;ntsyof
channelg'ﬁﬁrb?rb@%?ect (ﬂ’%ﬁb rt\?ez ;ﬁg:F ﬂe‘gﬁﬂ%t%}?@%ﬁ%a?%&fﬁﬁﬁtable

into exter na sur ace
semlcorzeixjatqu rihosisr2 O0thabatsi coatriestechatbond oehbre ends to the silicon wafer

hat ol i t hography, . lift- and dry, et,ching techni
100. Prifibidsshangudi oo 2t dfstatedley b hisdent ki iay be
flat, thm%fd' Hﬁ@éhér‘ﬂ@aw fibtinief dptRnRIY, ﬂhé%ﬁsl@Q%@F@HG\Féﬂ for example
bbons fabricate using this nethod.[091] As shown in
via wet @Qj‘olpélsemklr(%f@ﬁbmqwsand 1B, optionally a thermal
oxi de layer 140 is grown on channels 110 and exter nal

[094] Reféreing td2Re flbardigganpirerigurd1¢By bpﬁbrﬁéll@ the brddant method
silicon wafer 100. Next, a nmask 150 is deposited on

includesithe sieReT &ipasiee Priptabia gﬂ%%dyfmraﬁ%@ﬂ@m%fmmﬁhg giicapevafer,
for exanﬁﬂ@ bgfégnﬁ&%‘ﬁ Sn URlsi¥mang lsf%ﬁ‘n ﬂ?%&%gfﬁ%‘%etnods, contacting
vapor as a

ation one or nore nras mat er | suc
the printabtea&kemrcoodnbﬁon atanoentsfwithedrakastamerie siange fracatresigne or more
ked.regions the sili

bridge e EOREEHAS TS UraPle aivacy Beor Smeias Jo i plicep wafer

100, theﬁétsiﬁre%wtf@qﬁsfegrsfbréa %ﬁ%ﬁ& di g6 pRAtebid sefiddipugiotelement(s)
surfaces channel s . The pr esent 1 nvention

from sili¢ore wadkyst @Tﬁb’&h‘ﬁrﬁéaﬂtgmﬁhléﬁéampt hiletheds of theduwesentfiavention

include e, SPRRRALACoRIRIRR BeRERih &g TBRINESY et sfcon
wafer 100'® & @fastorbec etamp ransike® deneedi nents, is control | ed
by angl e of evaporation of mask materials, the

o961 CHBRENS. 569550 10 43564 ERAAYEE RBFEHEH Flhoas, furher
comprisiniy thbestép ok refinishasd theag derradl surfaddef trepsiticdrBvatdr, fdrexample

by surfaph GracRRSind PiedEde . dro LS OftnIiey FLchis THigRIRgehining ote.) that

generaté B it N85 oP Eniddth @ktbfﬁeﬂ*éhﬁaé@'@f SHBEH witer 106 bR@ shown in Figure
generated by these nethods. tionally, exposed

1B, reﬂm@gm@sdlcoﬂ wafer 100, enabirs theyfe rlgaimari prqceﬁa\t@begepeateﬂcmultlple

times, tiﬂe?% go %l@ﬁmépg Hg[g?{ﬂ%t%@x | oH(iucggr ﬁp% mmcaa!smgle
silicon wefenstartihg magerid®, unmasked regions 170 of t he side
surfaces of channel s 110 are etched. In an exenplary

l096]  EAE AT BlavidER SRS Scr@bfatnleorid R tEsil HREFam

illustratimg Edbrivatibatmetands hdreneihthe cide: sunbacs‘semfe'etesééoyfeatweg are

. 11 i recti ns of the |I|c r 100, there .
partially el OB L g e BT, 1) REOYIRES A Glaps Sougal view

schemaﬁ@b}“@&%sﬁﬂj é‘i‘é?l‘gm 9 é@&aﬁhg fdkikatibAPnEthbas emfthte '%‘i‘debsurfaces

h front 10> rections is schematically shown
of recesseé ferts reslawy cangletaly pmtaéileds Ast striwuireFipBre 1D, arportion, but not

al, of tn§ B PERlervs2BeS RN sle Bl upRySdc bR Pahgotidnt the
method fHdl@ddd BreSprateédifg Stdp SfWtching material underneath the masked side
surfaces of the recessed feature. The partially masked floor configuration provides an
inlet for etchant such that etching may occur between recessed features, such as
adjacent recessed features. Methods of the present invention employing complete

masking of the side surfaces of recessed feature are beneficial for providing enhanced
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waf er 100. The selectivity of the anisotropic etching
systemand the ( 1 11) orientation of silicon wafer
wa®enswei des an intrinsic etch stop that is PCT/US2006/021161
schemati cal |, epresented as dotted |ine 175. ful,
acouracy APAGH PO BB RN EPE CaR el erIon g dpekros of e Printable
semiconduefR HlehBMEN InAhd %ﬁbH&'ﬁ%n tW s et retothletely masked
systemusing a hot basic solution. In sone
such thadrie bouedary, ofdhe giashivatiors hgprens en dihe feorsf afithe Mésessed

pr.ocessi ng,st hat. .generates .a printabple.
features] 16 B0 QoA TR g 120 PEPER 15 Py I<iRsst b the boundary
of the pas¥fleftiondBuf Rstbad By HERSi§hi fR5oF thé ABol oNNEORE ek -and the top

[093] As shown in Figures 1A (panel 4) and 1B, etching
surface pkthgaafechannel s generates printabl e seni conduct or

ri bbons 200 that are entire undercut fromthe silicon
[097] WatenethOds lof fatricating adintabié setriicortiuctdrcelbndinteobthensesent
. . sha efué%nd spatjal ori entfati_o_ns of channels 110 are )
Inventiog g eE GenRrisgithe StenceidRiNGodne ceomety. Ahypisal dimensions

t b L0 1 Qrafhi

and mo g g e e A Rl o P RS eplfes Al bo
carried dliGat aPyiputisitih éhs éatiratidn processi dftergen2datiareakthatredessed

t he present nethods be flat, thin, and nechani.cal
features;qTE, B0 ToRRRERIARTY or {HIBasm ok MesRHEb RS Ea g slements.
In a usef @M RIivient, Wefinih TR e Ris68H ReathiRERI diesd oliPFHdr to

Referring to the 1l ow dh?pglram in Figure 1B, optionally
processingestppe ynolving Masking ppdisdy arieenpleieibthe sidessirfages of the

recesse\qg%ée]tp?%. glr:i@?lp(j} “\Iglr}grgglygg ! ig@%;\cfftr%{:%%g% £ g?l!(l)ljre% ﬁrl‘t) gi (111) having

exanp cont
a trenchséanfigurdtivnegermrbodywitimdutaite swdadeandfinivgy.t The pecevisaliifeatures

.sem conductor elenepts with an el astomeric stanp.

shown i g&ﬂi’("@ rﬂ:sWSﬁ%_de'”‘ggP)é PBP?%@B'@@@%QQWHY@&Q@”@W%@ and
. | 0 .

reacivelif SRS SO e ATEr SR Rl P grovices
an imagpraf mecddseddeatuwrendtusi drl 1¢ haviegtd 8Enth conBguratom gaaémted with
. 00 ta the _el astoneri t anp. Methods of ,Lhe present
side SurTERRdRTNGN. 119 (RIEORES AP RRENELYY b UG F T8 iaposs by phase
shift phdt@ﬁtﬁégﬁag)hfy?ﬁiétéltm{t@ﬁ bRgirss@lvelibA3EMAg f FeBRIY by S/8otropic

wafer “100°to an el astoneric stanp transfer device.

etching [role®] K@plt saduition , yandt subspeesrirmemawaé af msiali eteh mersk. hilys sample

s also ialod by Apleffines] BROGR AL Sl S borbb@fiporlf eS8

figures, WS fidorsferid sidemplfachy ofthef tegrohiisdn Fgured! B BRPMOrE sthoothly
: ol i shing, grinding, etchi n%, m cromachi ning etc.)

defined fmth@é‘mﬁ@@daﬁm gvrfagas ¢fithe Ashiches it Eigvie 1&ur f ace of

silicon wafer 100. As shown in Figure 1B, refinishing
[098] &dfinaninvihfsecortext, refarald emteied readovat ptdoessingafesisfates of the
eat e tiple tines,

re mu t her eb rovi di hi gh -

recesseg TeiES. DT NRAILS SURCIHAIL 1OPTS 9 HBORE 9T BALISS. Refining
includessbr%%@siﬁg'réﬁﬂﬂnéj\’ﬁf Siodirr rbfbsERLBEILAE sulfd86d aRl@ bocessing

1C provides a cross sectional view schematic
resultinginoieees$ed)faditarpsadraving more uniform physical dimensions and surface
morphologies. In one embodiment, the geometry, physical dimensions and/or
morphology is refined via anisotropic etching techniques, for example etching using hot
KOH solution. Anisotropic wet etch refining of trenches is particularly useful for
generation of (111) silicon ribbons capable of register transfer. The advantages of the
refining processing steps include: (i) providing improved definition of the trench floors

determined from the crystallographic axes of the mother wafer, and (2) providing
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illustrating fabrication nethods wherein the side
surfaces of recessed features are partially, but not
weomwphiatrel y, masked. Figure 1D provides a crosBCT/US2006/021161

: ec _| nal _view schepatic ess di agra
improved|deyaiigaf fe Flckr SUTAGES T RS fioneh Wihe o siloraplic axes of the
mother\ﬁHféraces of recessed features are conpletely masked.

shown in Figure 1D, a portion, but not all, of the

| oors,of t recessed, f eat.ures e .al sp nms ke
[099] hquge%?rg\oaa]ﬁ%tpw 8 SRR IR pRiCCM BRI Ctpritlable
semicorRiueibratrueiur8s Be tHERD RISkl invBARGH 88 nblh@ ﬁh%léé&ﬁlconductor
surfaces of the recessed feature. |aII masked

elementfansoiwociigegeleaianiss Prigge @emantsi afeeqosntmne@lt@a to sagnother

in the stFJ@ﬁrgeslgébg\}rl{{mrlﬂ‘gérseggﬁ%;n btﬁ' dr@%eé\eﬁ?%%ﬁssgﬁed%&qﬁé@&gﬁrog(irﬂ%lhto each
other in lthe/etmlatowe stigWoiti Rgiuco 2Bl eA ehowakn F@gmésQMEarsd @8, printable
surfac?s of riﬁessed feature are benefici al

semicorghgiar oG LS 200 SORBRITCRYMERE SHBEPaFUsIor HlapRRnt 300 and
bridge e?je%ér‘ﬂbtﬁﬁn E}‘i’djgesélgﬁ?édtgmpfaré '&ﬁgﬁx’?\'eﬁk H%?ﬁteﬁ%gg?%{?erwents that

prlntab e semconductor el enent I'n one e
connectt bpticrially integfalyeonaeet, semitatdilcjomalsinedt 800 Ho tnathet wafer 320.

In one efibdiReit Sttt SEmia s ASBBRE 38 ot Hidoer e bRl 10 are
partially @ ehfiRsly URB&RUt froRPinced war B2ot e chewidisédintdint tmﬁnaue

passi vation, but instead by the height floor the Tl oor
semiconglucidielementc3Re hiislgetelemests 310 padanelher wafer329 are a unitary

structuré Os%@n & a§ {ﬁg %%ﬁuﬂ%@?%h@%‘aﬂ&&fs'tﬂp‘i;ftmae

resent rnvention may

urther conpri se th step of reflnlng the geonetr
[0100] FiipiaklassepncictrSTamentsI o nslydBe! exienddessthdo along

Iongl‘cudfn‘%f'}*ék'lé?540uét??d;l LReRd vabitH @@0 r E&ﬁ%ﬁ%@b A Aes Tﬁiﬁrsl?%nd second

any poi nt rication process
ends 4oaftheirargmwnactanﬁodjndgeeeleemadio f Baidgeedemedip31®extead

lengths S8Rt kb idBhs BZRE 3 B cobgoihent SiBitin Eigures 1A and 18,

bridge e‘leﬁﬁéﬁl‘s%nﬁécﬁt@%é@ﬂ%ﬁ% ditRé Wigth érﬁjlélaér‘b%@e@ﬁénﬂrdré’é of the
processi ng strﬁps i nvol vi ng maskin parti al

ends 406@%@1&@!@ se relemeotss3¢l. Aps pmwelgs}%;gures 2A and 2B,

width 37ffoe§ftt?'ﬁa§§ (?IEH%%ES( 3ﬁﬁ)§rﬁ§l}%et§a§ Wlbgﬁ%ﬁo g R n?%ﬁf $$rghzonductor

elementge30@riatraciiitatd rapistetedianshct.aeaddifion] sumicbheusioe erseshts 300
features shown in Figure 1E were defined b phase

have sugace AreatelAXROSEY GXAmal seTages et atst rgerdhasdes sydace areas
|
of expoénéﬁg?(ﬁéﬁgé gggaq%d %H%ﬂ‘eﬁt? HRga Foﬁ’r eces@*og%%gm and transfer

S an I mage of
methods of Bie mreskérji)mhavtlom theda émﬂnsamra‘l iadpdbeatasoof tgeigereiemdznts 310

and pl’ll’l;{\ﬂ%aﬁ%i’lﬂgqqs Eacei ref seéﬂtgquqggtez}ge}ggSrngé{séﬂﬁ”pgls?ered transfer,

assembgmscgbm RRpEAON BT phkadle !;érmco%&ct@%lérﬁa%lm i on
hi ng, refining by ani sotropic etching in hot K(]—|

[0101] ?ﬁe S @gﬂ;ﬁg@%spoif %rcfegitat?yéﬁw lg%ﬂ%rﬁgﬁtoaﬁ%lgg semlconductor

elementS30IPRArApicdelechisd §HANH doentatRprmstbiesand/of dlineg eransfer from wafer
320, for example using an elastomeric stamp transfer device. The anchoring
functionality of bridge elements 310 is desirable in many fabrication applications wherein
the relative position, spacing and spatial orientation of one or printable semiconductor

elements corresponds to a desired functional device and/or circuit design. The physical
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figures, the floors and side surfaces of the trenches
in Figure 1F are nore snoothly defined than the floors
w@naesswiel surfaces of the trenches i n Figure 1ECT/pPS58§/021161

dimensicys, speld st S50 B8O et & Fidol.JBentais, felstied seh that

semncon@ﬁcfd?%léhgﬁts%félﬁ&?ap@b‘l’e bt RIESsPlipsieesseefwite 3 tva®ser device.
Refining includes processing resulting in snoother

In someramkediaenteimiense is@chinves @n&adur@rfcb@)s@hp@ alevalthe dgtted

lines sh%ﬂ%rﬁ?r‘gﬁ%sd%% ‘Ng% Zgggﬁbﬁgﬁgﬁ{ fgr §§|lnf o%{ﬂ%lﬁgy 5ﬁsc ﬁ'uat the force

requiredeaiistiturerthe biridge @emehf%1mlwlamm@hfwmwﬂ$e positions and
ol oégsls refjned via ani sotropic etch

h
spatial of '@egﬁﬂoaa efironciigiay flemenks 380 aks gt MStW"y disrupted
: ion. Anisotropic wet etch refining of trenches is
during tr%‘grgftéﬁ’cul arly useful for generati on of (111) silicon
bbons capabl e of i@r t ransf.er e ,advant

[0102] fghets,p@?lgleq qﬂgﬁén?ntogg g?l’é‘lBQSItIHE§ ga p}'(yﬁbcapdmglJJ ensions of

bridge ererneamsldﬂ%ny%ﬁm{ﬁéhdi%ﬂ fhiekk @e Qbidchey rnrtﬁe%??éérﬂ%%nnon to
determined " fromthe crystall ographic axes o

provide highryecisiongiegistered(transiern\riglras 26 rodetD gedvide imageoof bridge

elements Sodbifgly BB St ot (55 mothpouefer. Primtable

silicon e%rﬂ@ﬁ@%n&%néﬂdw?Bnﬂl(;@\éléiﬂeﬁmwng PRNEIA eldrednts to the
di agrams of printable sem conductor structures of the

mother (3 uafer @f@eﬁ"i‘@%ﬂndﬂ%?ﬂ 3Cnd he grametippbthacpiintableuct or
somiconfh R o A PofiadeRrRyRTEAEino Bt 0% BIATED! Ao Sy i
Figure 203 t!ﬁe gunmbRaAsemrd:obdud@e etdmertdrsd hridge ekimerdroathfirmation has

to each oth n the stru re shown in
rounded . SIS BABaRS DL NG alGe B ossera) Rpiairy of these

element§ @@bﬁ@ars@%é %uﬁ;f fdlfélé'és%sth%g&urﬁQB’I@rée?ﬁceﬁdjL%tépél%ment with a
sem conductor el enent 300 and bridge el enents .

PDMS tmnisthyelayicendmirdablessiligan elemgnte and faamowhbridge eleemmtss

connectipg bR E e BRURIAE rdipel LM G EE8 spgwn iy Figre 20.
GeometghWagdidetinéd by Hob KM entifopieiediny. Alseifin dG8gard2D, the
idge elements 310 are partially or entirely under cut

br
printable $@W1QW€’H§1'|0" fisneentzang bmdg%ﬂl@n@emcfmnﬁ@ﬂatlorp hasshBIecormers.
The shaﬁ%ﬁs(\so&%&eé) %@ggﬁéﬁ%e’%ﬁ%t??med& ruc%trWé‘l aeﬁri{d B%%gmg points
and, thusj e@hmcecthetaunmy)tmr@eawﬂmﬂ;eoelemeats bie withea PDOM® @ansfer
Print abl e sem conductor el enents 300 | ongi t udi nal
device. ext end | ength 330 al ong | ongitudinal axis 340 and
extend width 350. Length 330 termnates in first and
second ends 400 that are connected to bridge el errents

1B, bri ngl(ﬁi@"ﬁﬁH@lﬁ@f@Qﬁ Pta@t;bmstrhw% the entire

Wi dth and/ or cross sectional area of the ends 400 of

[0103] pri nAighed seave ehaésorires wifbrinlegsriod olknisisontadgtmgenerated
from higﬁi-(ﬂ}gliﬁf s%l@-%ﬂls%a%ine wafers by the use of photolithography and
anisotropic chemical etching provide a promising class of material for transistors,
Schottky diodes, logic gates and even more complex circuits on flexible plastic
substrates. These devices exhibit 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.

i
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wi dth 370 of bridge elenments 310 is snmaller than width
350 of printable sem conductor elenents 300 to
wo 20613072t e regi stered transfer I n addition, PCT/US2006/021161

o104] BESECHE S UERS SRR BB R RS ¥ moroanic
semrcon‘éi‘ﬂrbfdﬁ Qrabafsctiob henapgaslosrd ik fahctiomal asdsed(e.§r, iopes,
el ements 310. For some processi ngpand transfer met hods

optoeleqiromcwe eleaiEmnigs, SAVSIRYI et¢)thﬂte§en MSediio manyapplicetiees. For

oy 5B 330, S0 S5, AR i
Langmuirrmbaﬁelt tecistgudy (pr andr/orﬂtudrcrst)ergtoadllgmredofrraysr arichlrde] as
o it 51 g .
drﬁeren?%BrS?m%tc?%/nghss@é”é eﬂgg dt S[?rﬁﬁ(ﬁ’b G&g &Pﬁﬁé@# ; {s-Si) in the

orientat’ion or e and/ or urrngtran romvva
form of 32Hnd with ¢hiekmdsses wif rd 08mne laasitvoiokts rangtmmﬁnonnrsmetﬁ rmicrons o

nundredgia) migrors RRRIOe ARy RO Eakel. Sl EXEIeTine Bulk Sources
(e.g., s|l\%ﬁr(?r'r-'rrhstuiﬂaetor|c @@It\)véﬂ%r@(b‘-‘r'Hdll@ﬂrafér@?ﬂtcﬁ@ha‘%b 88\%" prroaches

rientati on of one or pri nt abl e sem conduct or el enents
This typemf meatpdabican be aseem fairicatsmBexibleal F ieehglasticdritr device

circuit design. e physr cal di nensi ons, spati al
mobrlrtre&as;hrgataa)w(énm 0é 1~aet r%e)hrgbrqwajléy ef theamafer pgsed source
| ected such that ctor_el ements 300 are
materialG{gy BT G/ e SRS SRR OIS ATy 31 HPaRgs low Surface
e

materialﬁr’vigm sirsilty gowll @EBpetttes), whrc’rpatret benefiaial feometiable, high
i.cations that he“fo d to fractur

porformghPy &Y 5P SRERF LT LD SoPSiEhdagHeaiT Aaeefh s Sfrabie also

be ausé’ﬁ%ff‘e'r@ﬂfe iISiRtdf Presurim ttﬁbltﬁ%ﬁﬁl drdsredicy Qﬁhﬁéﬁ@rﬁ
¢ el ements 300 argt@!notﬁ‘lj subst gntr y di srupt eg durin

nano/mrcrgﬂtgfcémres[cteiroggj arhe WpY Igveladum@edfyﬁr{ansgegcm@rtmg to the final

n al
(0. PEEDEE b B B A UE Hi e Sl opgeple win .
even belttee chaestaistics (et bperatingmpeediies Actgbvent with<Gaks, for example
regi stered transfer. Figures 2C and 2D provi de i nmages

due to i@fhigh iitgasielstestrirsmobitityest +880GeF i it abl. ePrevious studies
sem conductor elenent to a nother wafer. Printable
demonsdtiaté tehniquassior geaerdating ausiogjanisdateypc ehemisat etching steps,

venomG0UFEL M A0 e EEROAS 8, SR8 TRy cou
fabricatiohl S16p8| ByFefhiag thasit @bnfﬁcﬁé@ﬁtth@seidal;ﬁtsdﬂreeﬂvhﬂ@mey are still
defi ned by SF6 etchin sg“?}rAs shown in Figure 2C, th

tethereqhiq theawaiersand thendiansier RIRetheahtp Plestg eulért@teﬁtmechamca”y
flexible frﬂegél'es%ﬁrcr?gggg@ﬁ gelt@hlﬁéﬁje;%\‘tlj (ter‘réggﬁ'térs (SM@# @F?)d%tﬁstﬁulﬂlvrth excellent
propertreb eMhoess traasistns ahbiveurdlyi émalysrgoar géraasrethdwgrgahertz abdime. This

em conduct or el enent transfer Vi ce.
xamplp RIS hecaiture AulR <vER TRt FOm Mo Ao ge
assem%@?@\‘aﬁ?ﬁ QA K}er@u Qfe%’érﬁaleurﬁf?@ttfﬁn&ﬁbﬂdt RirBitd)¥Uch as

er areal ovvnrn Fi gure 2D.

inverters and logic gates, on plastrc substrates usrng 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 requirements for high speed, high

performance flexible devices on lightweight plastic substrates.
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Geonetry was defined by hot KOH ani sotropic etching.
As shown in Figure 2D, the printable sem conduct or
we@bk@aesit;2and bri dge eI errent confirmation has sPEr/psS2006/021161

n e shar S se corners concentrates
I01°51 Fig %4588@ Siheplon sdns, afag?r@atmag(ﬁ%as Hegsigtefs. dindes and

I h
s sGT8O TSI TE A W

generate\lrmlgnmémaW&Wﬂbﬁlgmpurﬁib/andbwell-knawe|d;:tpmgs prdfilesdfesm bulk

single o33fa AR welord" (v ottt b b oMo e” befifa tatyicating the

wires, caﬁagi@tr@ftm AfQR B &L B N 120, nrﬁlALghé 64iveet hd bReIBd 450 °C for
y the use of photolithography and anlsotroplc

1 min 'nﬁw@#ﬁ%’wb@t\%W AgWioNe)de an @péﬁxlgl hager:péééoﬂm Res@hs an a
(100) sefn(ﬁrlnéulgf‘ n,pgjf; %ta%ssqrscl 3§$§§)o§ﬁbfsﬁg§éﬁgfrée I[c): tg?r @n%?ﬁé YOI
crystallo@k@ﬁﬂc deentaelﬁneah? Ihiaive ?x@mblcﬁm wﬁl entth@ nase @ﬁt\‘anflstotrs , the
mecha aracteristics ar e ortan
gaps be%e%ﬂﬂeeﬂw& $gPes dsfies et 'engihﬁe iﬂp&h thodsaphy and
anisotro lcerﬂ”FernﬁiBéFétchfP\ tﬁefhérﬁfe%rd’ﬁstd? B3As wires wmr tnangular cross

croel ectroni ron and nanosca
sectiony (inssd of Fig 3B)ehrd widtbs of ~8funs,i wigh ends ylsatadonneo’r tg)etheo/vafer (Fig.
sem conductors .are attractive, s, for, ..
3B). THRSRCPRBRaT O Sas HssaptidyS ol piintdih the ekt Qe ¢rfotation and
spatial |6d:aﬂfbtnfc§fﬂhé$vlre%e@l§'d&|ne§‘b§' the 1&\ut @R BtdHEMASR Y é. npﬁ@t@Ves.st
ttern)aﬂ,'fﬁl cations. For exanplé, Si nanow res synthesize
pa

npeving the gmmm@a@g %dmmsambll@rﬁrﬁuTn@ nm)/s|02(¥>o nm)
via elecﬁ@?gneh{ é\%ﬁ)&gﬁéﬁ c%gegé 1 ?ung‘é’éesnéfcthgfv{n}'gsdﬁo??l%gyétr?)rmtmg.

arrays NG ransport channe
The triafdar blosstsectiof iehsutasahat thedTilSiOLFlfeg oarthelsashies of wires do

ot o B B e e B SRR .
Lammatfr%é%ﬁ%ht )) %S%dgﬂogﬂdmtﬁg@ﬂ’&%ﬁ%ﬁgﬁ e dgstgﬁgﬁﬁﬁl 1 difisce of

rom sever mcrons to m Ccrons,

the waferdeadetogemamimbedondiogbeiwybern thed smrfacsoﬂ@le@k/lﬁsﬁarnp ared the

fresh Sifs Fitgn, By & srdlereafian rg#teoﬁgg%egegmnf%g&g;dﬂegx 4Bl Bhg back the

PDMS stté(rlﬁﬁ @msnﬁé Qe ofﬁ@ﬂthee/véfé?ana (Peé@%fthéﬁ{ Bourhdft@ t*hbestamp
pastlcth device nobilities as

Contactmﬂthlsvmedsst,amp tthe pnlywhql@aﬂtesﬁntﬂhaln@)m sbagte@pated with

a thin BB REBPaaneh® (B hrRg 8 A SR B8 Mftmoand then

removmgrtﬁe d‘@’&@& bayef instrDade sdietientedvesaaderddarrags bf G@As wires on
sem conductor material with simlarly

the PU/ BEE@‘P@W@? agtillegiraded indieeniddiaframs of kig. §I64 g-hehT'@%Oz film not
only ser?@%gg ra%?esﬂfe"l‘a Er f?JO&Srgc{ Kg%r% 1@8VI5DMS byt it also

rrcation proc ss 'S rac Ive a ecause
protectsahbeusfatbef Be'ss wirks lfryonmpomlbleeurontmgllrtdmnr(eggdl By solvents and
tr‘ggﬁred or n| zat| on nano/m crostructures defined at
PU) dur during "dry transfer printing" to the

[0106] In thlS format, the pristine, bare surfaces of the wires and ohmic stripes are
exposed for further lithographic processing and metallization to define source and drain
electrodes (250 nm Au) that connect the ohmic contacts integrated on the wires. For
transistors, these electrodes define the source and drain; for the diodes, they represent
the ohmic electrode. Contacts (150 nm Ti/150 nm Au) formed by photolithography and

liftoff on the bare parts of the wires while they are integrated with the plastic substrates

37



10

15

20

25

30

(e.g. plastic, or other) device substrate. Al though
hi gh performance is possible with Si, even better
w@Ehb@sastreri stics (e.g. oper ating speed) i s achpPewes2006/021161

define S\%@{glffa gq'?wstﬁ%tg%p{ &ea%gdeg 256 9ate e o elle\gz?rpdg t%orI %%Q@E&F&Ts All of the
processiigtsH #@ ¢l §§Wﬁ55§l‘£ "O%EG@ A48 fe?étugﬁs”l?élﬁw D SV did not

ani SOthpI C chem ca et chi ng s eps nano/ m crow r es
observevartyrdethqnanfaGaAs ogEessieami tbasubstiateSadue i fsmatdhes in

thermal ghGRoN CoaERELE SLuRe: BoRBBIa et ML PaeFiors. the width of
the gatetélé&tmdeirdp@eéém$ Wed efitical imeRsion tférﬂcfiﬁftﬁﬂlqu ihet dpedatibe Bpeed.

| astic substrates, mechanically flexib

The posﬁ@manf this Alegrelaceivesndhe-sourea and d%aﬂ%ﬂﬁa&ve{lw&alrm:r@jant in
this wori?tlr ?hl%%le'%ar’%éﬁ ;F&‘&rer]eh%ﬁtatl%owmcw I?E]Ot él:bes%ﬁt r{ A0S sEl Yigned
e giganertz regl e

unity sna gal hs
high spe‘Eid MO@W(metﬁmm -serthzontbetoalield-tffedtdramsidior) typé Hevices, is

cntlcallyémpg?tég fo?\r,%{nmgc@%@g | S%Eg}% )é/plggg f%u:fg{ Ip@ﬁgp substrates

where pﬁédééuég?stra%ﬁhs %ﬂehr&r@u&ﬁ@ﬁg%ﬂdm\oegéls|e9&3@§a slflﬁht uncontrolied

[ asti ¢ substrates using se types of
deformamehs thad cg@asscut incthiealasticldvrirg peacessingy é)omoapmmtﬂ;ﬂple

wansistol 308 AHRE toBpuTi b SPRrotBee PR e e uibfum tpoic
circuits. W%'éohe%ﬂﬂp%%cﬂ{/é@ﬂ\l(dﬁ\qews that have demandi ng
requi renments tor high speed, high performance flexible

t5s, Fi :
[0107) AR hPDebIR hNEIRBLOBYEN) BB FHIERE Stoler Bataliel wires
that fornh lth?e_nsemtoohductd)r Odeq:)omledt bbg trangitas The ghawis! tengthand the
gate lengf i RGBSR RO i FoARSSAUAY r JGRPLIPaEies are used for
idi [ p [ I fim
N oy
betweemtifessouses and dfralbreleetmdﬁﬁ fohmse Selottkyormitact with nrmOnJ‘GaAs

surface fAiﬁ%lle%%gtfpraenNéé{l é@%aen g]gétj {9% gl?qlgsl.}(l%tﬁ?q %df}@\rl] ﬁg?ﬂ rg%ntdp]e ween source
and draf@pi El@dé@lkFlbaBB') u@fa \/015695 \W/I’th /oﬁn@éﬁ'lpé@ ¢h 6A8@hd and Schottky
sem -insul ati ng}% substrate. The cont act

contactssen ihseether.eFig apgdd (sdlowvr)magee;pga p@@q;@m. @f GaAs transistors,

diodes %daﬁgﬁé g%hltsatﬂg 7tk Sg‘ggﬁ’v\een&[ ﬁi@ 3 therp$f|§r6§§'?\§ltl? cireuits is

bent ardune théahatlof bemgtémarkoirmlicdtimoothadlexitiity of theset elecﬂrﬁmc units.
chem cal etching generates arrays of GaAs wires with

9108 7590 hoiites SHEAL G KAQRANESEC o Ryt 30 ox
qualitah(/élyghe 8&ne blé‘rezs/mrc(ﬁrgxem) amthosetfoased andhewgifer. dThe flow of

current o %Lﬁrﬁ])u%?ee@ﬁg dv\‘;'f"Pz gegwg qeﬁ,@etxtlsa Qyﬁ5e|bé€% &Eﬁd to the gate
(Vas), i. St ﬂ’ﬂa IBQ%IEcKéasés Wit @S &HEasé of e tlhﬁthi%)casBemB/hé‘@aﬂ\}éeVGs

et chi ng mask and depositing a bilayer of Ti(
depletesthe affautive Ganigrs vi.e., @I@é@@@b@?ﬁﬁ apéheﬁharnn@rreg@neaﬂd

cecreasbiingUFbAFTT Blnbdl e 0 LRBRLTE phElahy BB geiion iyer
equals thitheshiokndssefsuGhasdayef avd ttesflsle of current between source and
drain is pinched off (i.e., the Ips becomes essentially zero). As shown in Fig. 4A, the Ips
drops to almost zero at the Vgsless than -2.5 V. The pinch-off voltage (i.e. gate voltage
Vis) at a drain-source voltage (Vps) of 0.1 V (i.e., linear region) is 2.7 V. In the

saturation region (Vps = 4 V), the transfer curve of this transistor is shown in Fig. 4B.
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not connect to those on the nother wafer, thus
facilitating the yield of transfer printing.
wa.200bn3t7eng a slightly oxidi zed pol y(di met hyI SP¢"HK8209§/021161

f f the waf
The ON{SIRR ELEENHENR NG DEXHAUR HNSoRDFaBCs Are He ceDIRS LR Fig. 48

to be ~18P8nd LB8hN LS ries?ﬂ)&%vély' W@o@e@ﬂ%ﬁ?@&faﬁm c[xPr@ﬁf s unction of
See top frame o Peel i ng back the PDM5 stanp

the numper bbwiree (ivé.s the e‘ffa‘c%w chaenakwisith e t@adzet@ncaémtwwm@ource

and draiy 3.6 St Rilie! R VLY bR Bnb ettt uloy BabSsthep it short

channel$ @an prayiee rebtivélgtigh polrgntsetFuaeatipi, thélﬁaltmtédl%s BtVgs =
peeling off the stanp and then renovi ngat he Ti

0.5 V andaVes= fr nciepsgs fein dh {9 A EnEanshtaew cﬁana'?lsleagth of 50 um

103 P B 1t Qe PRSPkt o MPHOBhShors

with shostecrhame&cansmmxehlgrecmrwurfot oettbaxncbpﬁheat(éms thve O OG- current

. t,he PDVS but, it als sthes of
ratio tengh T GeFiecp ey B LB ALTHU  Rets Singh sfthR urent. As
shown |@Fi’g R, tﬁé‘%g& tFJi%ns%P\ﬁ/ﬂﬁ%'hﬁﬁne[ l@ﬂ\&@ﬂ of % Eu'i‘\' ig sftli?'b?ﬁhe order of
he pristine, bare surfaces of the wres and
several sfucrrop&mem@e%eapfﬁéd;smﬁﬁbrt her l'i t hogr aphi c
processing and netallization to define source and

[0109] dr ai Thel GaAS-AaesS ditky v of Pidstie @xhRst thehgpieAnbéhavior (Fig.
ntacts integrated on the wires. For transistors,

4D) of rQCﬁ'é@éS deedhe &Té@r@i exrget (h é‘%%%ﬁ%seql&%y Witk increpsing fesward

bias volt%ggq%wﬁl?%%rr é%ﬂ#rgb?m éﬂ% ;shng% ﬁ ograg%%t 533 Gs large

as 5 V. Thé {-of cﬁhavactehetldmfethpae Bzzhottky deodsisraan bmhdéecrtbmybysttre
nt e rated th | astic s tes |ne hot t ky
thermloraeﬁrrﬁéflenm Qe RSPt ghes FARUG 30tss H7T1 he

MVESFETS. of the processing on the pI astl c
sJUbsIge curs at tenperatu(®s bel ow 110 0C. Ve did
not ob any debondi ng of GaAs wires fromthe

substrates, due to msmatches in thermal expansion
coefficients or other possi bl e effects. In the
) transj st or qt(,h wi dt h of the gate el ectrode
with rJepﬂrésé"nP@It— jrl tical di mené¢bn for controlling the
oper ati on The position of this electrode. .
where Jtisbw%%gtém@r%kfé%raemaag gggrgggd%gs.@)@% ;Hgéggntégft FBOVbREGe (V), k
is the Boltzrnednn somsiantpas éme abaolutmt&mpéraerQned 298¢¢nrs1]heee:kpenment)

9o is the Schayiel BAiet ps@hﬂaoﬁ iy i & it 5 F@arﬁﬁsﬁﬁtpaﬁw e 8.64

A-om. k2 it da 8 B Borlo e s BRaSehuR RaNTRa Ty Bhf B3 (VF nse), the
satu ratlé(‘]h?% drERQY o%d%ﬁa@tﬁ@g@@afﬂt& ﬁ“é?e theﬁ‘n' r?ﬁb‘s frb'l‘?]ct Etnﬁt%lééeeﬁ and

|ons occur 1n trc
slope ofrthethasav myatlcﬁo(mmralggt fimé: of tHeemBe’enQ‘ hetquantigndf gdi cdestimated
. t Qget her in appro ri ener
with eq. (G cPr SRAIT FEGIETBPABHSE STHE SEAlNAOTbF RIS, of SENSHENs

hows ten para
metal and GaAs, i.e., an |ncrease of charge states W|l| cause the decrease of ¢z and the

interfaci?ls;g%eﬁ?ése B&tgla%]h 3@@“? EQBBhHQm‘%r?ﬂ{er |ﬁférf§c%_rcg?§g§@§tates between

increase of n value. For the diodes fabricated in this work, @z and n are determined
from the inset of Fig, 4D 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.
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that formthe sem conductor conponent of a transistor.

The channel length and the gate |length of this device
wa@e@eAf7and 5 mm respectively. These geonetri BGI/HSEMW06/021161

ed for buildjng the si ntegrated circuits,
[0110] {hese %Lbﬁ-w'rs%g‘eﬁh@ ,M%EE& rANGedipfes )arges nbegrmtath into
ai

ogio gat oD BB RS £ S Bl bR fty MESHE W with dfforent
channelzber@he Whichriwohel diffénegt Barwratimn/\cm’rerdsrfoem areinverer (Ioglc NOT

gate) (Fighmand BR)cTFe e iohd ifeninghald e (aloth bave coanne
lengths @rc ’nm an&i59. urAEredpdcifely M ENRERs wadthd oFalbogsihiAa %fte lengths

transi stors, diodes and sinple circuits on a
of 5 ym. sﬂb%dealg@ repyltsinga sairatien carrertfeem the doadirarsistos that is ~50%

. Al 3
vt of o B BB W, Bl A I e S350 s~
curve of ke elmtbhmgetranﬁlstosmdheﬂhéa\f\ke@mb&&tﬁcb MnSEds-omvoltage. The
exhibit qualitatively the s

inverter [fuRagpgied e Sahyas etsve feortmﬁ/dm IARSGMAEr> Vilhen 2
large neﬁo% g@g%é{)g@@& O‘?Estl, ﬁgﬁféosﬁ% %%o g{%%w'té%@f?éﬁ@ (Vin) to

turn it off,the NeltagEoﬂthH elatpaisnwie hvdde@qeaksethef Viy@gic 1 rhlglhnpssitive
tive VGS eteséhe effective, carr,i

voltage)?qecgbse Eh% %'ﬂPr 13- § O AT DCERRRFID) Vie NS H"edﬁW'tCh'”g
transistcfF AR providis émgé%hrrbht HfOESIS boﬁﬂqth% §\Mﬁ3h@% fransnstor and the

negatlve enou ep etlon ayer
load transigteknébe \of: Jerreasss toaylow mtwmoltamlmlcww@mhe switching

vansi b EEERGBNIGFrA o 15 B R0 sBLHb o B P o

5C shov%élﬁedfam@‘eﬁ curebN$ie m%r@e@éxl’ﬁﬂnt‘s yatatiesmn Vdslmge gaih (ve.,
nch-of f vol tage (i gate volta

(dVout/d\éﬂ)alﬁvﬂ_ dei)dighhe thag ém(tva%ﬁed@gl@ sfatys qf Q{/Zut is ﬁ%'ﬁ@ﬁrto voltages
suitable {fﬁrgﬂuflﬂlar ERcdit %té’gra iGn b %fd%ﬁ%“é e 3nf BFér(cKQﬁOmpcf‘sled of

e transfer- curve s transistor 1s
Schottky-dipded Badlsho®@ViDFg.c3D).ent rati o and naxi num
transconductance are deternmined fromFig. 4B to be

[0111] THPbiA s“é%%@al'f%vide%%@ﬁf%'t?ﬁé h Jﬁé‘ﬁepdreih%e'rles yields more

source-drain current is a function of he nunber of

complexipgiesfupitiens, sukb a@flﬂ@&a%Né‘ﬁ\H?ugeteaM Fa@rribeawfaAtgeée shown in

Fig. oA Aol ol NERSEE e R BB, Parvh 5 e iR Gpintors

Turning ®Aithee Isaneﬁingq teBiIo P der Vel Iat aw@yrﬂgm a@hqwsmmt\fonage
For exaggr the saturated /DS a VDs
(logic 1)=cap nyovidera lesae cHFrent fiowghrmghdhe tdlr%iﬁsflvsct)&f ﬂw; tq@d transistor to

& af
oroun (901 o 1l BRI ) Bl IATEGR O M fhosive
output voltage (Iegier b) csirt e ablieved balynehsn bath mlpptﬂ arerﬁatg’righ negative
curr.e r certain ap |cat|o t he OV C ent,
votages; odic 09 i dependenca b iiscaunebontie Mot or e NOR gere is
| &t el k&tidmsr & WAND gat h )9
shown n”?@‘i@l 13 r¥ trtFB} g«%@‘,ggltr% }drtvl & chantrgg ef‘FFl%g@ oﬁd‘GE he %erent is
large threughlalldrandistors drly wdfenskatbratitching vangisioss aea/wmne«b pn by
applyingvr(\‘?éhOgos'itlsve\coltages (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 Vyq (Fig. 6F). Further integration of logic gates of this type and/or other
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[0109] The GaAs-wire Sckottky di odes on plastic
exhibit the typical behavior (Fig. 4D) of rectifiers,
w0 2@6/1347ke f orward current (/) increases qui CkPG]T/WBIOh6/021161
rd bi as .vol t.a reverse

f .
passive ElTEHE (¢ GrmlP B URnPPOROR dRONR0 Sl bpfiziedna promiggeior high-
speed, Ié@e5ar¥a eTé‘&Bdch sgé‘@h?é’éﬁ Ela%hbcs of these Schottky

i‘odes can be described by the thermnionic enission
h.is .ex

[0112] jbgljj'bgbary ::é‘W\F AviK \NI Fisr%e %eé bé}?c\:’\’s %réat\agts\]fapgﬁ?tggéﬁ%g “top-

down” ptdtediirssmmid h@ﬂ@@amyr btﬂl@tsmbﬂ?él‘éhis‘i’al\wéféré ProvadeRh ihfsh
bi as voltag V), Is th | tzmann constant, T 1s

performamp@ ‘apstsble e;emlﬁg@algﬁtgrr @a@@rlaé and @@lmlwqw easy path to transistors,

ods IR g 2t BRI LTS Nl i
temperafurepracesstlg sepsGeds. fonayatmmasftol;rgmtc{]wtaabmbmr{ﬁbimastic
I nset the sat

substratggang e Yo SLE RIS Sradkb oy TeariPEPrRng Weler derath aseays of
GaAs wf(éfﬁ?'é RSy éé{t]lﬁ*e%‘%ﬂtthégﬁpﬁa‘éﬂedé%@ Ibgq_ et &R THeR!H ?fodgsés wires

e stral l[ine o Inset he quantlty 0]
as the semlmdunwwavtradmvedor laee algaeprinidd elentonicanwit dgmeneiihg
requireniinyl 8F qRELa i ehead bebinn ¢ GaRs e High RSt FiEFar grobilty
(~8500 6V &' phAd BashatamRReTRpplicatiths@ABnvEnfonal High freqm}ger}gcy

i ncrease of charge states will cause the decrease
circuits, di)MESFRd siult @@tgeG@As pffeasinplerpiocepsingithar MOSFETSs because

o WIS P34 g2 s HESESTO 00 o
paraSItlda\mIaptca(ﬁc}tanHééﬂ%t devirciandraset angmnemmr:éwrv) high-speed
ttky barri (512 neV vers and |l arg

operatlopd@&‘rqASnyE&F{%fsr (S qossﬂe PER 4t thf @99’6@6?(‘{)%{?@6 pﬁﬁ?W'ng
reglstratyhs i tP)W ﬂh s an \%?é?@% ohg p|‘é’éﬁ@su strates.

ices can Dbe I ntegrate
The relatinely Highy costngt(éaAs mom pangdexitic Bi)carid diffidedy tegenptaing

compleripfBry titd st adiswire deiiber s EsePL AR s b thtess, the
relative éQé(@Mtﬁrwﬂlbﬁ’@ligh DEFogdde t%'\@sto@aﬁd‘dlo%@s thghé’aﬂ @é%unlt on

and switching transistor (botton) have channel

plastic Sgbﬁ@@ﬂ% and iipakiity Bontegratedbpee cpmpppentgiatafwagtienal circuits

mdlcateyggﬁn %rgh{ %nﬁfﬁl&aﬂ%h gﬁte?e&&rﬁﬂﬁ:t g%rté)rfnsw% ﬁg&ﬁan(?&ﬁ '7@Qibil ity,

lightweightaoasstiotiort hﬁd comp=hiofittyt With |arbetdrea spviritiHg-ile processing are
transi stor, which ensures that the load |ine

requiredi nt er sects the VQS = 0 curve of the switching
transistor in the linear region with a small turn-on
[0113] #EobeAgentalSectioneTheGa/ls wates (@ Ina, Bethisleerar BA¢Has an

bi d
epitaxial SEHEsk - Gie GRAS (R Lty et ieEatiqetatEnala g and Hp)
grown oh@&ﬁ)‘ﬁ’) %Eml%tﬂétﬁf@@%%rwé%ﬂﬂwbu%;ﬁ’ Md!ééhléF bé’érfn ciilt'%&lal (MBE)
é of the out’put node equal s
depositioh fya %ngh vaguyhm shambtiere Then lmﬁpbwmseh @nnrdaw AZ

photore§|m$%gt{ ana Aai nEoOE 2bo fgrr] pogﬁ”(/g E nega\ﬁvg |rtnlé[c11rhsg,t he
respectively), which are carried out at temperatures (<110 °C) compatible with the
plastic substrates, i.e., poly(ethylene terephthalate) (PET of ~175 um in thickness, Mylar
film, Southwall Technologies, Palo Alto, CA) sheets covered with a thin layer of cured
polyurethane (PU, NEA 121, Norland Products Inc., Cranbury, NJ). The GaAs wafers
with photoresist mask patterns are anisotropically etched in the etchant (4 mL HzPO4
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transi stor on and provides a large current through
both the switching transistor and the | oad transistor.
wab@eh300k decreases to a | ow positive vol tageP(CT/U§2006/021161

(5w MO 0 14 eSS B IRt o

water bakh; AF b mefa8 BRURVhErté@ 8eE Shosiior 24 ARy &Y Bldchon-beam

exhibits a maxi mum vol tage gain (i.
evaporataf(Femescali Mhesvaporatis) os stpmpedith mohﬂnet gemmee (fardi min) to

prevent B b bubitites FroPd pheifite bR Bl ARk hEBR Sid fonasiied.

After thdsanplescneRodksll, ¢épSetiny theyevdipetftion(&solin lé depddited more
3D). p[ 0111] Conbi n?ng sever al pgew ces of b?mts tylg% in

metals. parallel or in series yields nore conplex |ogic
functions, such as NOR and NAND gates. For the NOA
gat e shown in Fi g. 6A and 6B, two identical MESFETs in

rall el
EXAMP i ther

2 hi gh posidple p{&éﬂcasabétmgsc 1) can provide a large
current flow through the drarn (VvVdd) of the |oad

[0114] Thereoinshined use @f Giafs WERBWithr@yictdondadta fcpnmeedaﬂ'opubulk wafers,

soft ithoifeniP by ek g e e Vs P Ravie

mechanii2ily fleriblg Bavsistord tdbelomeghbh Ve cobt glaetc sU @streﬁeg) with
The dependence of the output on the inputs of t

lndlwduglaziqquessgqqgmn,the gigphesiz range @nd vwghmg@m%rpgﬁ o@?nqphamcal
N
vendabi§) 5187 05} e ORIl A Pl ol youts

that aretfatmmtl ' '@dwit:a rao@estultmmyﬁphlcmatm}uhg:regolhh@mﬁpdseglst/ratnon This
vql t ages ogic.l The output voltage, ex
examplq g3 ihgsithe PiRe i A MegRaBS | SareHLSUGH P! RiahsRel gAmance
tranSIStcﬁ'B ”%te BUIEMEFEM SN EQHQM%&NH&@ﬁ@Wiﬁ&ﬁ@S b At limited
her i nput conbinations, resulting in positive
to, hlghﬁpepdmomwrag@thna)@n@ chputaimnar aind éhe errwdging riasse8Rf large
I’F#thher gnte ratlon E Lo |.c gates of this type and/or
area eleg rﬂ@\cpsé@ é"”%?fBﬁteg rPQ' ,‘ resistors, capacitors,
t t ff th f hi gh
0115 L e e o b o S E i with igh
mobility SgFTRSuEEartldf feHidh el AL eOE AR EbABMA HREAIS of these
types oﬂ‘mr@hrtq v@*;mrteyhlgbldpleedlomhtgrnrcﬁabmlandﬂ{jr@ommﬂammeap?bm’ues
er f or manc abl.e' sem conductor materia
F'ex'b'eéh%‘ T tEangision aFe'Vpa%bUHBWHhtVS“?V%HQr%%Pénaf&r'a sughgs
|
Ao B B B R RO i AR pOISHEDA a s 58 Sfive
crystallife stjicoh oanawires antl rolondsiruchmedaibbonsr exhibitenythakigher mobilities
substr at es and the use of PDMS stanps for transfer
(10~30Qemht\"hg )Whian hoserafpolyarystaliing otgesc Win dmare! cey - v .sin
features of the approach described herein, The use
generaI)eaﬁ@vwwégoréssha%e@@ﬁﬁ%mtm%wwe @r@bfﬁroi@!ﬂg}% Cﬂtﬁta“‘“e GaAs,
| arge area printed electronics wth de

which ha&wwé%mrgﬂaﬁcamtmn ﬁ@bﬂ%@cﬁ@@cﬁu é/‘( ﬁ) ?%%@ ag
transporq cﬂanngl rforn'F I!:‘I:s Cet éggmgp il lfmé{al semiconductor field-effect
transistors (MESFETSs). This example shows that with optimized designs, similar

devices can operate with frequencies in the GHz regime, even with modest lithographic
resolution, and with good bendability. In particular, experimental results show that GaAs
wire-based MESFETs on plastic substrates exhibit cutoff frequency higher than 1.5 GHz
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(~8500 cnRV 1s 1 ) and has established applications in
conventional high frequency circuits, (ii) MESFETs
W(bmols)tlsumt h GaAs of fer sinpl er processi ng t hanP®26FHI&021161

for tranS(q Cr%?vﬁl&t he NEE@%S%SS}“Q@ me élgtrcfha%\gpgérg 'g§¢' glcet@%rllc%? properties
~ f
for bendABILBRBRaCE HINRET 208 mPahkt subsPaRce iR E e
simulatiqressf d\vécesbenavior aogrekaevelbwibtthé expéimentababservatiogs, and
istratian es N that can be achieved

operating GLF eI G0 SN [ G TS BEaER AP,  The

relatively high cost of GaAs icorrpared wth Si) and _
[0116] dhetiasia fepricatiapesteatany iy sicdiasie thaidasgrieed elsemdang s hut with

opimize GRS Ko IBHLASE. FRRSRER PR Brab LD 1485 Sperton.
GaAs wire &3 st v md&m)darchysdmh iritegrated ohmidsiripes ¢forpleaisthy annealing
120 nm BURSREATENY ALY TR 9881 Co o LTS e cemosBnatsrel No) are
fabrica’cd?r)‘"e fgﬁr‘gﬁ? gg qU steprhsirk\)élﬁlét{hycs @la?!gsﬁ(‘téqmm ! 9 wafer fith é’ﬁ?l%&?al | layer of

f1 exi ht" constructi on
150-nm ee@EpAs ithrough yphaetalithdgragby andaanlsmtroma: nigernided etchmg A thin

bilayer #fﬁ%@%@& n%qe)gildfaﬁgsnécggp %HB S I K&%ngﬁg o Serve as the
adhesivé Rlye? o @écﬂﬁéredtﬁ@flﬁiarféfé d;nmt%obéyﬁas (VR t@)adrb§&‘t the flat

concentration of 4 grown on a
surfacessefrvires g himig cmta@temom cqn’caasu@a’nqmd%e@r@ﬁarcsu@ﬂmarlly those

d

at warfh o B, SRR 50B8 AP B B B BB R TG
removedb By 4liging ﬂ&?e Sdrapleddaq: ’f ® HRpsslutioy @frﬁbs@etﬂétdw@ surfaces of

, .respectively whi ch are carried out
GaAs wqr@fh‘g;e_r,c%w (qutlo_ml %?@Hﬁﬁf'?'b‘-’rt@p% tmadgiton, tggtth@ thickness
(compar%?s@fﬂ tﬂe ctkheging Eg&%kﬁ gﬁr/lhﬁ 2 n\%/ﬁé@%{?%&g{eﬁ%@thé%%ﬁegfve layer
for transT@m'mninggn S8y pmﬁmsﬂd’/vbd;) atAhisshiS0s lapey eesmdisintehredatively flat
surface REpiRsiia RpRvBEeTREPRIaREET) Riget, SRAVEEASans wire arays
are pnnféutvbﬁtrp’fr@ S5esthAte B‘F'lé lspna&éﬁrtﬁm la(&?r &"Bo‘?)gl]ré r@?g#w The

In the etchant (4
en hance(das;u nﬁa% flatapss agables @@p@ﬁltl,@ecof\mm gah@aaleomdeﬁmntb@lut cracks

along el T GRATECARE Byo Rrovd BB iR Sy BNapaRce L

operatioh sp@esicstiJevicBde evaporation os stopped to cool the
sanples (for 5 mn) to prevent the plastic substrates

1171 FRRTo ST PETs 3 PEY el 865, SER) AERSSH S pica
transistorweitrogatel |engman:ﬂ2 po ay shewdapbig.t7A) exhilst DEt tadssport properties
similar (G BT S dl oo eirep e EoabLY-f EogbaVs gh gurrent flow
betweer{: %rgglasnﬁffﬁﬁngg%)%?na ﬂﬁﬁ:’[l@ﬁ o@@é& YhliRe Wdsh(iR88M @nd as a
function of source/drain voltage at different VGS, for a device with gate length of 2 ym.
The pinch-off voltage at Vps of 0.1V (i.e., linear region) is -2.7 V. The ON/OFF current
ratio, determined from averaged measurements on many devices, is ~108. The devices
exhibit negligible hysteresis (inset), which is particularly important for high-speed
response. The devices show good device-to-device uniformity; Table 1 lists the
statistical results (with device number >50) of MESFETSs with channel lengths of 50 um

and different gate lengths. The DC characteristics are almost independent of the gate
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soft lithographic transfer printing techni ques, and
opti m zed devi ce designs enable nechanically flexible
wWa e@essEepnrs to be formed on | ow cost plastic PCT/US2006/021161

length eX5ei3 At G vicR it Sk! baté et Ut Somombah s NOFF
ratios. THRNGR 'lbh{;ﬁh pld a%ﬂﬂ&&%@%o@t‘e@ﬁ Qﬁ%té}%ﬁi‘n? the operating

incorporate materials in sinple ['ayouts t
frequendiad ab cesedbed imthediedewingi t hogr aphi ¢ patt er ni ng

resol ution and registration. This exanple describes

the el ectrical and mechani cal characteristics of

-performance transistors. The results are

Table 1 Sﬁ@fdﬁttcahfeswlﬁ%pﬁ@me@@ﬁx%@tea AEm MEBhBIT 8 gvithodifferast gate
lengths limted to, high-speed communications and

conputations, and the energing classes of |arge area

el ectronic systerrs ( macr oel ectronl cs' ) [0115] Large
fl avi hl

Gate ?r;cr Ghanpel o §§§“r?t8firredp \va'FPfﬁl ghPB‘Aﬁ’FF {rgtio Maximum

LengthsenResistaredeor s eureertf i ntwaiage be@aisn@0IR4VORIMstahductance
appllc Iallons of {h se typeg,of circuits reguue hi gh

(pm) speed ni caty and/ or ‘Conput at °(%r°d’a"p§ bilities.(1S)
Fl exi bl e thin @Ve*0 vansi stors (TFTs) built wth

 anorp pol yct 8031 | i ie43%9-d8s and ®cA@iTcogeni des? 96295
5

pol ysi.gi@2n 35 wekb.5as s'z.agl_rezsrytf)gt algl 10 _sib! i con 904£337
nano es.an tructureq ri ons, I bt muc
10 p gh\e\%'g:ﬁ@%l [iti é? é) 0- 30%%6#8-16/ 1-s %'%i'%ﬁan those-/hZJ?f't185

15 pol ycrgsa.2l | i ne1aggani c -klsoeo 051 ms (sB0M2 -V 1-s 149488

"All trangiptosy wese faime witbripspaipllel{aass mdresy@ncta chavaehlength of S0um.

high intrinsic electron nobility (-8500 cn2-V 1-s 1),
can serve as transport channels for TFTs in the

[0118] The ﬂrﬁe‘t;ofﬁgn&wéggg%mﬁhegybmh oba dev&lelld@é@leed for mlcrowave

_ r tars . | exa
testing. %ﬁg @g %gesd,egruc rerppraﬁa?q)se’\y\(% %\ I@%g&%ﬁ% \Mhﬂi gate lengths

{ t

of 2 um %ﬁs%ggﬁggﬂ%gbfhgﬁ%ﬁw@gﬁm Ef*@aﬁ PFBrg pace |,
configurpd te imatththe Eypet phitet B pretsed. §is teh owasheemeatishe drain (D)
orminl 47 U VB o e P B B RO B MR s or05 v
coupled Wiftha &t Bolwenst b dBm Aviih haktdh SRIesentI0ERse bﬁ]p\lﬁ}%le of 224

el ectri cal propertles for bend radii_down to ~
mV with\ffeQ. -Theomeastiraraentys satriast @y usirg HES$H 10§ Ngtwprk Analyzer

cahbrate%‘ %agd I-% & ?)‘éﬂ-‘(i g ng%\hﬁghgérda@bf? (‘S‘ﬁloh %gng_:g%ﬁﬁhrough)

experi nen serva and “operath

techniquenot BeCasdzaieiiCiotédt ] 0 Ar100BdBSesdistate [éJibie@b ofieerdraili ¢hip
fabrication strategy imlar to that described

covered dyilgger Himmed gale ﬁasemssfwgaghé/w&@l FedlRstariasgogiggtions. In
other Wo%aism B3 B@fl&‘?%sthb mﬁﬁﬂ% ?g% s\?mﬁflﬁg?dggééﬁb?ﬁ’%atlon is

thought bamiecfest oppes Sifice thvecbdhbratmmea!dong vligtGout rimrﬂutﬁeﬂé’.-@rrmaddlng,
B AT R e
probe. I SthePansils \Bh@isiti ddinsdit dr bbohtakepad are included in the
measurement. However, impacts of these parasitic components on contact pads are
negligible considering the fact that the wavelengfh of RF signal with frequency of 1 GHz
is 300 mm, whereas length of a contact pad is 200 um. Since the contact pad is only
1/1500 of the wavelength, its effect of impedance transformation is negligible.
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150-nm / 9- GaAs t hrough photolithography and
ani sotropi c chem cal etching. Athin bilayer of Ti(2
woegobB3122(50 nm) is deposited on the under cut PCEBS2006/021161
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vields 15 G Ty A byl B BByt T ABrapt oate

lengths, ¥él ei(é‘rﬁPr $hié bﬁﬁérlrﬁ@ﬁi:aﬁrs 760 NPEZ) §HMESI%E'EW|&1$@9 lél‘rl_g% of 5
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hows 1 e curren oW between'source
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transcopqGiREn{Incle PupUbIaRee (Faoh G B ersomasESBidie (R,
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| arger gate lengths exhibit somewhat | ower ON OFF
height: rat| os. The gate length plays a critical role,

g the operating frequencies as
(H s rzigb%d kA eNBoI }fvvl ng. Table 1 Statistical
depletiof e:ZEI B, o :}E arryg)t ers)extracted from MESFETs with
dlfferent gat | engt Gat e Channel Saturated

in the efuagdh:0f f ONV OFF rati o Maxi mum Length Resistance
current Vol tage transconduct ance

H

depletion

C

depletion

- 8r80

with an assumption that the depletion layer works as a parallel plate capacitor. The edge

fringing capacitance and the geometric fringing capacitance, are determined by:

6
Coope = (5,5 W)(l 4128 ‘90) and

r80
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(mm (kW (my) (V) log(r ONVoFF) (n5) @GS=0 V 2
1.50.5 1.40.5 -2.410.35 6.20.7 796295 5 1.30.2 1.60.5
WO 2004880726 6. 10. 5 904337 10 1.50.2 1.30.3 -2. 5HO1/L&2006/021161
5.80.5 772185 15 1.60.2 v:&é(llJrokfg -2.690.05 5.30.8
8l.s edormed with 10 parallel
C geomernc Giiég % p@éb/é 8’”*%&%’" C| eRgiN 0 ”} 50nm [01 18] The
inset of Fig. 8A shows the | ayout” of a device desi gned
respectlf/éw 60N e 208slinngre thaGidinanid hgthef éitsdr stiurcs brdgain pad.
tains two identical MESFETs with gate |engths of 2
K(k) is aﬂrﬁ”ﬁﬁ@%ﬁ‘é@ﬁf@| of Brdirakkibe @d nm with a conmon gate,

and probi nI,zpads configured to match the | ayout of the

e ZRFS PLoPE s In%}‘ae nmeasurenent, the drain (D) term nal
d(rghreid at |4 ver sus source(S)) and the gate (G is
fverf® bias of 0.5 V coupled with a RF power of O
dBm y\/nl ch has an equival ently vol tage anplitude of
=kg3 —t.h 50 W The neasurenent is carried out using
HP8Ba0tKet wor k Anal yzer calibrated from50 M to 1

Cos Care%eéiﬁﬁ.é%@%t@%@f‘a G AT hetshlie e gl R WA .

capacitanezepivhile Gt ater @nd OnIyI"nqmtam\tbe edgeiftilgihg apatitameeednd the
gold patterns

geometiofringltd GARACHERCR: OB r:‘}%,c‘:-ﬂ‘oé‘ﬁcﬂ%t ccn| 1} Gesonriiht be
ignored VE@BQE% @1 %‘Fffa@ﬁt)n ﬁ#@% i) t i%“sﬂlt?aib'rﬁbéitéégés' Because

per ect open. € Ca ratiron i s done

| they arevmubb stdlller thaer Cagrmemtvenidn imappriopriatef fortba @ate length of his model

account§RE e S b A5G e RSP MG BR Rl RENR i vaation n
with gaté ‘Péﬁg’%ﬁt HP?@C b ustehdaBufdte(syRADIN)&iftNEalcligRy Rlashed

acts these parasitic conmponénts on contact pads

ine) fr of G ME@FéET@owgh difaregt gaie lerains engichaRgel length of 50 m.

This mo@ﬁéﬁ@&é&tgh ﬁéﬂ;&@ m}é\égtr??act ?ggﬁ’fg& yg:&d% ﬁeé%?e length

or by fulthér Gstmiaiig thédjes$groﬁi thelay&eln tie Gaﬁsvmmﬂieelwﬁfbrs its
ef fect of inpedance transformation is

I . .
01201 914053 o e Bt b IO cAshe sfdon wie
based MBSFEFgiwith gatbilsngthaftis ymeXhithis texampl@gae iexBmioe the behavior
d ig. .
o e N SRALE O b BTSN o Lol 5L s oint

The me§§urteh?erft§ BEHSBCYS fall DB efdttiidt chBRIctéHZAibhtasCh flirkiion of bending
gain beconmes unity. This quantity can be determ ned by

the substmtea(pm Fig.raAxinto eencayednd-genvexshapeswitmdiffesent radii of

curvat P FENERG o8l B8 (LR FRAEI IR AR Rl AP maces

of the be#t $drfiplbs 5T HettonveRishddsnticaee epUasefices indudetensile (assigned a
know edge, the fastest nechanically

positive value) and compressive strain (assigned a negative value) on the devices. A

device similar to that shown in the inset of Fig. 8A is used to evaluate the effect of

bending-induced strain on the performance. The saturation current (i.e., Vos =4V, Vgs

= 0 V) increases by ~10% with increasing tensile strain to 0.71% (corresponding

" bending radius of 14 mm for the 200-um thick substrate used in this work) and drops by

~20% with increasing compressive strain to 0.71% (Fig. 9B). The current recovers
when the substrate is released after bending in either direction, suggesting that
deformations of the plastic substrate and the other components of the devices are
elastic in this regime. (The PET and PU are expected to plastically deform at strains >
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flexible transistor on plastic and the first with an
ft in the gigahertz regine. W also estimated the RF
WO e®posEel of GaAs MESFETs according to the snmaPCFBESOE21161

20 e S o BBt Sh0M, LSeTBH  BE o0 G

wafers r&b@é]ttﬁ@totﬂéxnamiaeéﬁ 8 wh a8 Senady lagphé@aﬁiasqaa@tr@% &Hze case
with the experinental result yields

similar torthls exaowle)ganocavseksignibcantishifts indoandzaap %@r@y a\wd Malence-

band splﬂt}ﬁ% %Mfatyg{é '\/‘Egr}z_%% st@ﬁs gé?(@%{sg r;ctd{a %%n?z%‘?fmnﬁ@’gﬁ/%ereby

increasiny trietdtal damiér conveharbtion (&lenﬂroms/aﬁd ﬁﬁld\dﬁa)']d(éﬁr@.ncﬁ@me

In the nmodel, only the intrinsic rs of I\/ESFET
current flge B GiRETASH SANTRSEERING SITABSARSTeARE lhe BaPqrsBPdreeY 250,

decreasé [ﬂﬂlé‘ EB ABREAGRI T‘h%?% gﬁ@%ﬁle"f\% 'c%tn%%téﬂttvﬁthBSQNQtlons of our

are consid negl i1 gi bl'e. The transconductance
devices. (lnns):t,u iragirguoihe bepslireg proces$ Rmﬁ)an S&idi mitreoscope gontirms that

rone o e Bal e e AU 7L AL BobfE by Pl -1

device o‘e%r&db?cl@ﬂ\eécdws 4R todFt@ve fastrRgl of frrmvipes Wbﬁﬁgrdmhe gate
e intrinsic capacitances associated wth the MESF

electrodea);l torewites subgtantialswides hamhagepised; hatel(ayger! 0 1B gedths) the

wire ek S0 AR ATETS i H R, SRREF s, (G06)

fracture COY &ntHededmpkrativalp hiah flexuranngitityd dths equal to the

surmed wi dt hs of the individual GaAs wires. The

[0121] g%:&é ﬁﬁ% héb(@g?%ﬂ%ﬁref‘s' %}ﬁ@%ﬁw S%E@f\?féc% &\J,dr%ﬂ@ B(v bbs gﬁ@ 20%,
variatiorishie tderﬂ)rdtﬁ)}aﬁ rétid gtetdeteridimedanainty bmcha@g@mnathethF currents.
The chalggpagf?& ea ES%&%@E’BH&” ﬂaﬁ vgl$ﬂgg E}{@étg'q?{c]il thayer Bﬂgrrgfs di€ldc&tions
and surt%%@%‘éféé’t@‘b?ﬂ?é‘ﬁ Gé}@s &?@Fﬁ‘iddc@dfw StEHiR BnigRPESHtEBORESO the

are determ ned ereo + ) and OCgeonetric
variation eﬁtb‘@c@FthLyrenisbthﬁﬁramﬁlswooBﬂfh tansile jgadgompregsiye strains can

el t.h
ncroas RFhlmBhr Bt hREPIRHE B SirtbE Al i ok e
current §GPe GARGS | THE Esndiletstemn gbheraged additionallilesus el as electrons,
include all three kinds_of capacitance; %
which alspdneisapednQlincerente fg@MPrassiendiraapaR | f@eaﬁanahlewer the
c
hole co Wgatngh 5 %%é g%éel{"g tf?éaW %@r?%rﬁ -of ThE MEESEET B tdién R expected
to be hlgher than that of an unstralned dewce The compressive strain has minor effect
on the OFF current of the device. The corresponding ON/OFF current ratio, therefore,
should decrease with tension and remain approximately the same with compression.
Fig. 9C gives the dependence of the measured ON/OFF current ratio in the saturation

region on strain, showing qualitative agreement with the discussion above.

[0122] In summary, the results of this example show that the bending induced surface
strain (in both tension and compression, as high as 0.71%) does not significantly
degrade the performance of the MESFETSs fabricated from the modified procedure.
More importantly, releasing the sample in its bent state returns the device performance
to its original state. These observations indicate that the GaAs-wire based MESFETs
on PU/PET substrates have mechanical properties that meet the requirements of many
envisioned applications of macroelectronics. In addition, these types of TFTs exhibit
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ignored without a significant effect on the sinulation
results, in nost cases, because they are much smaller
W(b Imi)ﬁllﬂﬁepl etion, which is appropriate to the PEI/BS2006/021161

ngth. This model ac u for the behavior of the
high Spe\ﬁﬂ?é’%f? lag firQsessuia Bﬂ%ﬁ% Fecommynieatial dadcemandothed

applloan?g? El% hrb '?n&fﬁ l%eﬁgl%fag{héf 'h?ggﬁgﬁp 4 é?ﬁ}lb@%ng%ﬁb‘ééﬁgmhty with

large are&&r’megwmtprdcée‘pmgate gauEet e8gtresofdhd dismdhviastadesnoftGaAs

of , 50. el.in es that ft can he . .. .
compard] o SBE HoRY FHI L 14T By Al g BB GorSrigeiibyto buid
reliable Mnb%ﬁﬁélﬁérﬁ@?ddﬁszh%héﬁ@aﬂ?églw efc) haQe!radgésy inﬁbdrﬂ#hce for

not her’ waf ers. [0120] W& have reported initi al
devices trtaéylﬁeewé@ﬁ ar gbbenreindhe slasses fof thinshberdahle anadetsie Wensity and
t of 15 mMmm In this
|arge—ar@e?8‘?&f|{\§Et§5Fg?e me i]?)cg?h?tr{)seﬂ/g\)bor of the high speed
deV|ces in both conpression and tension, up to the
fracture point. The neasurenents consist of full

MPL?_EF actri CaMe‘dP\%Eeﬂ;%ilﬁfgle%@&%%@ﬁnﬁa TiaRslsoR tﬂ%t @Qé‘@ht"r‘&hm

shapes wi Riblbirfsf efrSiticon Bdiived FramBudk Waferghe bend| ng

ovaan G A e Y S P A el ey of

thin (sulF-RisraK ¥ ribsoEks éﬂéﬁg%ﬁﬁystﬁﬂéiﬁébﬁ sRete® bwﬂﬁjg@asmcq)aﬁemmg and
posi tive val ue) and conpressive strain (assig

anisotropiegehiog of ultesiliepn (Hé)@@fe@esl)ewcmmaéen@rwaé@ sueh ribbons
printed ({rﬂgtthlﬁrbw%h #hti) éqn%ﬁc%vsr/] g gge(it &ll rp%ﬁéﬁl%g a%d%gwﬁlgal
ﬂelellltypeEfﬂ’étt‘thEI’dB’illceThﬁ)bﬁiﬁibBI@é e@aﬂuawdnanhe(]mear regif®, arefas/high as

i ncreases by -.10% w th increasing tensile
360 cm é/t Sai ﬁn@ @népfg&at%sweﬂ &poﬂtﬁ%@de@ehﬁ reRyepaRl igyastani steps

overs 418 8 Soerd80 s et SHEmAES Bl

electrontccsy@tems for( StruptugBheallh monitorss senserso despiayshard other
ubstrate is released after bending in either
appl'cat'ar‘?ectl on, suggesting that deformations of the plastic
substrate and the other conponents of the devices are

[0124] epanementrelates progerties grhrorgly useatiefomefasigresnak low-

aimensialRhdighiaBiesBd f il SO Ealong bt ymhithcSisficboy

microelctbmehibatRl spsteals dithbther arda. Bor @asmplie, W@hl-p@fﬁormance
external |y applied uniaxial stress (the case simlar

flexible glgclipnis deyices (€)9- éraaﬁlsaséar%smpé% circeinglenspts: atc)pan be
construéi%(?‘ﬂgﬂ@%%? n@nﬁoﬁﬁ}gst s ‘Jt%acuge§ méttﬁé Q:%s{ @aﬁrﬂ@d or printed

ensi ecrease t
onto plastiesgfysttdies.enin, iigreaspeaty ratieentaderddls suctuzes allow bendability,

T T Y N e
matenalb 'ﬂﬁ‘ét%?éffnﬁé}%nﬁ? geéléna R indik d G £ RSl H%S%L{gt hESbF

'ow. These phenoffena are consistent wth observations
sem:conductmms oa‘évirttﬂgumg raltemaluveaﬂgva@mﬂ ardesdietinh prposseeiles

polyinorlipy<daife STga b TR aRRCWERA sk BBy Hay RBRirEnely Bie
perform&hdeainnerabof %amér%]oblllty. 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
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devi ce degradation occurs, due to fracture of sonme of
the wires (or cracking of the gate el ectrodes). For
wowrmed3webst anti al |y wi der than those used herBCT/E8SI06/021161
O mmw dths) the w res depond fromthe astic to,.
demandQiogArBaaastasies 1§ TSR AV iGe SeF 26t 60Stal the wafhis{3iicon on
; I dubeara gidyvel y high flexural
msulatonf %gﬁ%kiéﬁayﬁﬁ(ﬁ%ﬁl rdggt?a%use the’ drzdl ng strains change
satura ed curr es n 20% r| ations
01257 ffhicRapplerile FParT 2 fﬁ@?éﬁhﬁﬂ@f& Sl i Pt R RSB anta type

of thin lerﬂﬁaﬁEEtd?l(TFWHﬁat u'§6§ a‘ﬁbﬁé‘@érr@ﬁls B%Hicéﬁ'ﬂib%ﬁhé ghithogub-fhicron
he val ence band and t nunber of di sl ocations and

thlcknesgass fageediérat low1-69St tmik S Ivegfers. i Wuerain ithse depeription of
the proc%bgﬁétﬁefgf%@?ﬁ{@ Fﬁ@% %’@Q@%ﬁdﬁ%@éf& E,ﬁ Sitrfé% bR plastic

substrate$ VRl ¢lastoareriostaagze Weeprssetestruztural shmtermsoamﬂthe shapes
surface d fc(:f(CtS thu i ncreasing the OFE curr

of
of the rihhansy taiciBickngese AR SETaEe AIqTPGeIRees: e%leSHlﬂ’laf MgggHrements
made orggtﬁéﬁl%ﬁbéﬁ‘?l'& C-Eo &Y sSoRREY Wt‘h thiebd ghn I‘P%e i %@rﬁ&h gpe field

npressive straln
effect mbbilitsrs ¢ft880hahay/ ¢shesdtoniff iios s 4@00esu|t the OFF
current of the MESFET in tension is expect ed to be

[0126] Fi@hmumétaétebfaa&)p%mmaﬁéd man n@ﬁafcesehmT(l&a um) ribbons from
ressive strain has m nor ef ct on he OFF current

the surfaﬂe @f‘rﬁesdé\ﬂﬂdévaf%@\ﬂ@mcfi)ek}%rmiwg @W—dﬁ:ﬂeﬁm} ehe pgdess begins
with oo BRIELRE ST UERGAERT GBS Bfkar B F AR 8 pipome
etching {PlesseffenaeRIE spdtetr) @ OnsxesuSEg, IO\, @WWHIRFr;mww fond5

the saturation_region on strain, sho
sec.) to grRduCRR aripy Bf f ¢ hairadeets |H8hWéF!f‘oU%“v\4r @%F ' strtacs (Figure

1(a)). Tlﬁé‘e%ﬁg(g g«?eér\eﬁiélﬁ Hes!dufhes %?ﬁﬁbnégﬁﬁerallym

ed sur ace strain (in o tension
um). NeghridOassiod theraml loixigle isgrowi brithedeafer abt 180 Whi Tmoanetay

depositio SisHsuPF BB Sy oReHon CRABY XRATFIoh o dABp gl & hm),

provide baﬁ|a$ eavér@gbrbfltﬁétraﬁah smeaé,@farc%%L(F@ 0B). dBpYé GRadows’ cast
performanceé to its original state hese observati ons

during thm angled eNapordtionsaatingithe thislkwmsspE SFE ribhomey Phe conditions

of the tr?% St ; %@m@ea %ﬁglgcﬁ%@éﬁwét‘o@ aggneglgpcﬁf‘%r E g\ﬁat olﬁeof the flux

of metalftﬁﬁfh@ﬂlﬁcéﬂ@ﬁt 66thid ghéut;wm% @fd, theesforée %ﬂé&lmfonﬁﬁ'&‘(ness A CF,
exhi bi t hi gh_speeds approachi ng those suitable for
plasma etsintdRiscain Ghs.desreaOnand B REMLagsHPEaPod 0N e power for &

min) rerﬁ%xﬁ{%;@o%ledfd i hh%ly a H\dt%ﬂ@oﬂhbncﬁn'ﬁtl Y KSHABA by mass,

ar ea ronti l'i Ke
100 °C) pndersds thge @ivisonsegline ett:h fﬁmrteadybnt;bs lrdthsaaﬂvwvt digestionis while

preservigp b1 L aees figh 1A ahd aeiocd Heassrey'd BBGens that cover a
large pdrt?éﬁ ?@ §O%9'BP’(P%TBH§;|%Vw9férC Wh*esetcﬁ%‘éb?(”l‘s“ciﬂsx Hedio IbdVe each of

have reduced Tnportance for devices that use
the nbb«ms aschnred ith e wafer attbe ends oé thetrenches (RigntiaAland 12B).

Removipg g’ug %s)qeslfﬁrﬁ % @n 87 /ba6r7gwt°/%f i%awgt'err fol Iot\/\f‘eat Bfﬁ—l Fa&?m%)ré?es the
fabrication. Ribbons generated in this manner are thin, flat, and mechanically flexible
(Fig. 10E), similar to those produced using previously described approaches with
expensive silicon-on-insulator wafers.> " Atomic force microscopy (Fig. 11A) shows
that the thickness ranges from ~115 to ~130 nm across a typical ribbon. These
variations show up as slight color variations in optical micrographs (Fig. 12E). The
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EXAMPLE 3: Mechanically Flexible Thin Film Transistors
that Use U trathin Ri bbons of Silicon Derived From
w®eiok/1saters [0123] This exanpl e i ntroduces a pgpESWN6/021161
thin filmtransjstor, that_uses aligped arrays of thin
roughnegs la@_-rﬁ?ewesiab_m AU % X} HE) ©giary et the mdqrg,'sﬁ Aropg @ dhese
; [ ra N
risbons, Al P R 1280 O S R R 3Bl h i 84 BT Rhed
surface gu¢A nmodrahe umdiersidel obatrioboni genarakedi foor st 3@t emfarn(OW 8 nm)

measord B $5utebeh b eh 3 M MBI RER 8 i s
roughness € af int&8sMTheaddtirés o trhthtsknd88 vanBlibrissadd, tod@sser extent,
on/off ratios are > 103. These results represent

the roughmrpsstiamariit bhesedasraughacsdin thesrenghgsowbich o ther gauses

ougmeBS 843 e LR BoTREE LB RRLE peroing e i
surface gaakgrcan rddaes thesritstish tidlatesayariatians. s we[shbn the following,

Conf i nenent-rel ated properties and broadly useable .
however, Sransfsieh ¢p\dcasawith DORH i RASISIMERSE CRAIRS FRNSrYGHREWEB |br§’@”3

fabricatédjﬁsiﬂg%@@%ée%% &088sdribeRi B&EfPNI €S, photoni cs,
m cr o€l ec

romechancr a systems_'and ot her areas. For
101271 {58 PtEns e FansER S Aratn P BRSHP ST =6 oy lagh (95%)

yield prihﬁwg%@l‘tfde"ski?é@gum%ﬂ% Fig. 2. TSNS the prirAspocebskePDMS
that are cast, painted, or printed onto plastic

stamp isslapynatedergaingiithe wafejhard e pecled bagkhowiakly to retrieve the

ribbons.z f]'H%gi&é% §? p?%%e%grgfi%j@l? '&(hgegll}élcloﬁ/ﬂgl Ptgdﬁeesriéﬁit&the stamp. The

stamp, thusdinked)" Y Bica M2B@nd ¢AEY 080 peindte Wisborat isy temtact foadnother
re inherently fragile and brittle i

 bulk. As
substratges“sibbsm REBEdgPe andfl Csepnted il @mrtgl%?R%T Suhﬁﬁ?@f@m%@be
. LUt i
used 0 B AP oK P At SEADIPRGALIAG SETR G BRSAELAY T a0 o
gate eledtrepea laygnoff $0htepoditadeontpehé oT Qayate prior teepristingf serves as a

gate diefgic,qoneDlye i A LS EaRTEr GHies P fibdhe obegs sink
into uncghfc?f:‘»@-% 5Q8h ﬂ@%@ﬁeipﬁﬁq%d%ﬁéﬁ}Us%ﬁﬁithhé@ﬂ?@bf thafqlﬁee, leaving

pproach provides a evel of control over .
about 2 go oé diejectdpbeiveerdingaimbomsi bettoriairiages @nditbedh@. Thick (~0.2

) Ti <Rk A S cabla e bded B9 Bpld ekl GHEk G algfotn x 100
width) aR8Rest étbhikg waih BPMJCAbarscHdigl dermedcdrmadte fer 8 source and
coverage, Is |imted by the per-area cost of the

, g . € . 0
drain elegirades. (Hiasedeitasirdatr dewees dispiayt epararterigiie nstypp enhancement
mode MBSHER g%'t‘é’-ﬁﬁo?ﬂéacﬁm. eﬁ“a%sis[t(ﬂézq%}]ié\)% éﬁ?bﬁ’ rSGETBE €1 0% with device-
report di fterent "approach.” 1n particular, we present
level mabilttigse asfdetdrminéd Lsingrstasdadaequatibng formihe opeestiant oHaedetal
, arrays of silicon ribbons with sub-mc t hi gknesses
oxide sqiBlcPYaSier B SlFet bensBte. |42y FoREe vagbetr Vs Siaga and
100 o™ 1" @zflfafon AvaAhted o Ve eswdmeeﬁld‘bﬂmﬁbﬁmé RUES
these structures and transfer printing themonto o 1A
themselpeashould be about 20% higher than the device level mobility (440 cm“V™'s’
linear and 120 cm?V-'s™! saturation), since they fill only about 83% of the channel due to
the spaces between them. The ribbon devices survive when the substrate is bent to
modest (15 mm) radii but degrade seriously at sharper (5 mm) bends for the 0.2 mm

thick substrates.
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substrates via elastoneric stanps. W present
structural characterization of the shapes of the
WO 2@basis21 t heir thi cknesses and surface nor phoP@OUER06/021161
| ectrical, nmeasur on Schot t barr.ier

T

101281 LSBT S PRTRB T 125 G UG BIAIG b kg St aiefor

producm?ol.f)ﬁﬂbfj@gh?lbt&?stgf sﬁ&fh GHNYds B 2BUK %hédﬁ LSSI%Wafer
0126] Fi | ustrates a top-

Refinishirtgaiheduile waferss swﬁace(a:ﬁe;r fabgicatiasbpersnit mostiplé eemhtrbas,e

producinfy ey 3r AyghndbSLs Bt TS St o e o Sppcliads ot of
starting ﬁ’@@érﬁéll oy by fib fHlseavssbrizyorBlagtic dehoretratathdirSise as

| asma et ching (Plasmatherm RIE system 40 seem SF6,
high-pe rrrﬁmer lexile Semigonsiisiarst dihess devices ans! thecwategigh to
fabr|c;a’te""’fyhrca?léa(1 fébﬁé@ %?g%r.lécq%%r‘gsggq%%g beé%}gw@é"lr']&t’ trt]J'ie]?aé'o for
applicatibne mlmditesqdﬂ!é ithves dlrlmenmodahorol’ﬂefelmgernebimsnstegmmf@i other

10 . Next, 100 nm of thermal de is grown on_the
featuresxﬁﬁﬁfgn?ﬂeaq'%e@&é@éc‘“% %%@0’6’@;5@911? lican erﬁqo?m lcpbiomed
approaCH% angl ed el ectron beam evaporation of Ti/Au (3/30

provi de partial coverage of the trench side

surfaces (Fig. 10B). The 'shadows' cast during these

angl ed evaporations define the thicknesses of the
EXAMPLERBons. BeadebrAGANMIgh Hledthen MR Trghastehs (HBRITs) on

angl e of evaporat| on and the degree of collimation of

the flux Gfasterubsieis ol the extent of this shadow ng

. r e ' .
1251 B DO0REP e eSUSND 1 RIPG8S oy GEA1 B omering
field of Mé’u&oWd@Fropwse ha$ agnjnéssfnm)emam%@pm%e@dv&%hdq)agt several
hot KOH sol ution »1:1 H2q : KOH | PA by
years, wﬁbs%eve{zejde@“@g GRBBYBEE and H@"‘%%Beﬂ@at'%ﬁé eépeﬁteﬁrterhe
commer?%‘t’%?ﬁ? Hennéél'efuﬁré1Wcr‘$'e7é?,§rtdn%‘§|rc‘,’tfﬂsl\@ﬂ{’h%&rf&aﬂgaétaﬁs are

anes (Firg. 100 roduces free-stan

critical conmplomests bbthesesystemd and eewcmetfmds(dfﬁa@mgtloof—t é&pecnally

| k
printing St Wil Sty B8 egeihlS AifafoEe s nE ardng reason, fohSigeable
attentlorpﬁaé Beeh rgﬁ’ié?h@épr{rﬁale férhs @ﬂge&]?@ndueﬁjm%ﬁwbéw &gﬁﬁf’d‘(e.g.

Kl ZI™2 W% in water fol I owed
pentacea@nmlytm@phen@% ater) and i nr@maw Keutisag pabyradlicen, mﬂrgﬁm@

v SRS BE P Bob i TRSJAOATR 1P Ep i

results fdegevicoe thtegrataon @astictsubsttptsdsi Meeir current range of application,
silicon-on-insulator wafers, 5 7'11 Atomc force

howeveryiig PBe daphis darogly IMilgd Ry EYRINDRIR PPRERPLIREHISOfdGYiRes made
from the%é%'@mnc&ﬂ@u&tﬁrs‘, 33 QQH@?F Rﬁ‘/\?eﬁfe{:tm §&licd hiddfties BHFPequencies

vari ations show up as ht color variations In
of operatiphi §ie havereognipsd a(rk‘avgformzﬂj printabledngigaséssemmiconductors,
re

et S B e T BB S,
excep’udh‘é!I;_/Lﬂﬁli“%hS ¥AbMRance deVi& oh Bath é&k@vér@"@)napéhéﬁgé Bl%%r

or the underside of a ribbon gener rom
substratan dVVschavmﬁlscp shown éhatnysingdisube @stabasie, fyayréenelpn@dsiewces

can be mage %%eseor}:mlc%g&cto?w A% a%'tﬁeﬁ ﬁBgQa&'entR/ tlra?r‘ll\'(?erré(!!1 'S a flexible

substrate without diminishing their performance. This approach exploits the high quality
of wafer scale semiconductors, while rendering them amenable to printing based
methods of fabrication. Among these materials, single crystalline pus-GaN is of great

interest, as it has superio% material properties that include a wide band gap (3.4 eV vs

91



10

15

20

25

30

roughness is of interest. The source of the thickness
variations and, to a | esser extent, the roughness, is
w@2006113072he edge roughness in the trenches, whPCHUSI006/021161

1.4 oV e Teiiia b6 BRRGRRt N TR e QAU | aEBans)
high satﬂr‘é@ibhtc‘érﬁéﬁ*\/él&gﬂﬁﬁ? 50 g7 'E:ITP?OOS HOF ekeS of ‘GHA@t b goodthermal

owin the f Wi ng, however, transi st devices
conductinity £1.§occrpe ved. ﬁW@m tahGBAs) olsadditiordtheihdterigsheoiss

integratip 1 ¥ 4T AR CEAPA BRI RRES S0 §R xR daffe materials with
a high céﬁdmtiolnl bﬁncﬁ@ﬂﬁﬁt%ﬁfgﬁan&@el@cthb ¥8shorRienassalith Bhédttdafger

ocess, as outl in Fi 12. To performthe

denSItleqahfmq inhept. @e@s@% A Pravgest igse irpahiver REQRerigfamage GaN
sutable OSARLG AR rhgF TSRl SEa BRI BHEY derriied sven tb°

process r
electronicadevicds fof widhess cominuintdatios] falfizolditight eaniftingtdevices, and UV
12B and 12E) can print the ribbons by
photode&pﬁqrg%@rpétog?ﬁﬁtmcg CPfate. Ri bbons printed onto an
| TO-coated 0.2 nmmthick PET substrate can be used to
[0130] Birce thedhsiderhonsipation ¢fl axAliEaNAEaN dighyaleetrdR Tsolility transistors
l.asti th_l s.the eletrode l.ayer of
(HEM TSR fgfe fad bbbn sl Gt GRS By oS e in ey These
efforts hé% Veﬁ:stoa@e\aceg@b@m%fte@@étéu %n@daﬁet?'df%u‘b@trfa&fsl iidwatigg
i bbon transfer ring printing, the ribbons sink

sapphlre rﬁIG Shaod AN sln. Bissexampleawerdasicribe dhe faricationsy firxidle
AIGaN/ G elro3iiigRie hith Aetion pBIIY 43RO THERIES as shpwn the
processtsuenrhaized im Eig. 140, chesrodéssealame sabseglrently tramsfereddsfrom
e 1 (500 B RBREEA oG-l ST Bt OB oo
This wo@ﬁﬁ%\/%rescé)&é&?rfap?loﬁgj’f r&SeRPEL ?pcff allﬁtré r&Y ﬂ|gﬁ| r?ecrfcfrﬁ\%ﬁ%e HEMT

ese bottom gat evices dis y Characteéeristi
devices basgpendrdiarnsineitre tibdesemepRduclar matedalsatrito IplaStIC substrates.
Transi stors achi eve on/off ratios of ~ 103 with

[0131] FRY.I 1BbEErhatiEHm nmsu%%esﬁt@si@wugbmdtheswwncét@mdﬁm HEMT
equations for t ﬁeratlon of a metal oxid

devicessEe pEeessstarts wethd efaramtionradras @mmrc‘scorntactag i/Av/llo/Ag) on the

bulk GaNj'}ﬁQ%@gﬁ'éctYiré\\ﬁ(#fbpéé{ﬁ aﬁ%n&&r% \émlé fp]r}ohglﬂﬁb'@‘%éhﬂ:nand lift-off

steps (FidLergs)l VRPE&IWD@J(ICIEI boamd Zﬁ%é\l}agbfﬂ twémadeptdmedeu isepve as a
| evel m)bllltycs9 V V 1 Ilinear and 120 cm\
mask fog gubgaauesh firy giching. t'ﬁ@?ftof“ihpgrﬂ:ﬂtha%étﬂ“"%%%‘@ de PECVD

oxide deﬁ‘f?@‘tﬂ@ e%%“ﬁetﬁ@s Hvﬁlrécﬂ’ 852N GihpBRE tltwffleéab rvé '%\% tﬁé Qgg@ g\tk f{>r

evi ce survive e substrate
subsequmnt m)\tmguﬂFlg H68)dafienstapmegrthe dcp phatoreialat p@P qry atehing is used

to remoys IHsesbsel Gall, Eig Qo IR e T EvEE Srimayet bylils ICP etching

step, but Pemrmféethicﬂer PECVE 8Xideqh @*%@ﬁnauy matcﬁb!o% of the GaN
single-crystal silicon r| bons froma bulk silicon

Anisotropig ngae@hlngaaﬁh fhetgamﬁgwyt a@nmmum/wowmées(mwddb(l%m D)
removeé fhber ﬁr?oaér\y%]g e% e's'%g éa%’ﬁbb&hé’ Adm the mother substrate.

During this strong alkaline etching, the PECVD oxide serves to protect the ohmic
contacts from degradation. The remaining PECVD oxide, which has been severely
roughened by the plasma and wet etching steps, is then removed using a BOE (buffered
oxide etchant) process step. A new smooth, sacrificial silicon oxide layer is deposited
subsequently on the top of GaN ribbons by e-beam evaporation. A print to GaN
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produci ng tens or even hundreds of square feet of
ri bbons fromone square foot of starting material.
W BoDs/18ele from t hese ri bbons on plastic denonBCT/ESEM06/021161

fibbons, e Wardioyns cenarird HiEh & oty cimetvisiorans (ol sieh i, 158),
and on fgéfﬁelﬁkomgroﬂmwé thethdraug8trateead ddnipibll RaRsfeE bf Bl §£GaN to the

also for applications that require three
PDMS nsdohtanmcbn“alms 6mkhét @labgeﬂwul@rmma@glrwm apaty(etitvieneterepthalate)

sneet (LS o Fet B2 e BBt B8 s v o

is used t@%‘ﬂ\@&ﬁe fy @‘ﬁg'del FeENnYi e kEhe RIS ¥Bbits it the transfer of the
Transi stors EMIs) on Plastic Substrat es %0129

us-GaN plemenisdo dhel plaéﬂg@uss@atea Ehe ransies leavesimBlogsisiie on top of
can ofRL A bl 1 BT AeAtobih leongelied S e

evaporattein thbatgaef FReMSERis yieipped witht BOEev'Eln@fmdala!tdp rmgthe process
consuner and m IltgF% appl i cati gns expect @8{
involvesdhardemeatian ofxpuree/fFn Hegreannegiens AN¢ seap 9%1}% igetal contacts

' WA lyeMg a standard liftoff
(), B oo B AR SRS  otandara o
processf(Big.itddt)i on - especially printing - will likely be

needed to manufacture them For this reason,

[0132] %nﬁbmlﬁmh@ oR§hanNpbsifioh @8 tHeRsedthMEingt - G@mﬁéﬂ !®moving
fornms of sem conductors, and both organic

underlyipg i 4Cigues 19bMWe ﬁd@@imﬁ\'éQGOEIQSFY)Ofdﬂ@rCPSiWﬁﬂcS%'GQWUC’EOY
-5 5 HBl5 b s IR 080048 o o RO LS o

narrow blﬁtﬁgdst @.ef two B@aknﬁﬁpm?tegaﬁ la'tcbrdatecm aplaﬁm\ms|rsEngsﬂnEt)m the ends
ei.r current range of application, ho

of the GG toxaguiaye i el Bled fiansiania BN IS afipuRaraRt &Fio-

15E). ng e e%ﬁ?re??@t%sfehg%ts\fg‘?@zc m)bl R{‘v@H?érﬁ nogrer &CHedRUL design

elr owe ctiv Ities and frequencies
reportedbpravimrshyt.i She fMétdna\tleatenadﬁtﬁitm tranvsféroprocess praisifoubd é be

C.sem cond ors crostructure
vastly olRfArH G JaRoH < s | g8 ey ekt perat) SeioR gl 4 Sf gonization
of etchn?gj‘ﬁﬁi%t érRﬁﬁlth UHimPsch Qéf@értﬁ)%r @\qwﬁéréértobﬁiﬁérate us-Sc
onventi onal "and or ganl C yner S strate have
ribbons ausablgrfompnmtm T he cugents' nsrrowsbraﬂgsaglie@gnﬂa farjess sensitive to

eeing S5 RERAEEE S0 O AR, I SR EHG i R0

images SV GaNewsick fsken bkforabad iafter TIVAK apisdtopiasichingl$tes,
approach exploits the gual ity of wafer

respectiyglyi cOidiEiesany colgis 10d th%%agﬂaﬁgmh%?ﬁ ﬁ‘t‘i%‘?PJEﬁde&lai}l microstructure
are eas@é{j@tlhgl]%shgﬁlgqn 'ﬂ’?éé&ﬂ?a%f , Tﬁ r ‘l@é ﬁ@?\B%r %c%\t?ﬁﬁng electron

Single cryst
mlcrogranh ¢BEM),images takmsabntmme@natamtm;emf the d'méAHi efshingattep that

cuts the) RATHING S o MR RAL e of Bioy JOR A gt 574 afgp of Fig.
16B poggﬁawfnugq&%)them 7@#gy %\ﬁiédft hORattips bf Bis Wi tyat(P-ieHing

m s' GaAs%, and good t her mal
process, one propagated essentially only |n a direction perpendicular to the orientation

of the GaN ribbon. In this particular system, the 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 whete the ps-
GaN was transferred with full tension of its on-wafer registration. The image of Fig. 16F
shows an SEM mibrograph of the printed structures where, the final step, the ys-GaN
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conductivity ( 1 .3 Went 1 vs 0.5 Wenml 1 of GaAs).
In addition, the heterogeneous integration in the form
wo@RoosigEad GaN het erostructures yi el ds devi ce greEm®s2006/021161

neterostifiayisefeniers eré GaRREgey dn s Phf Sorg o euiostalp. These images
demonsﬁﬁfésﬂhta‘t gankier Bastd ohltBe 1neQrdw %@i@lﬁecﬁé-éaﬂ@ﬂgﬂrf dbB§ Bt damage

tractive properties nmade GaN slitable for requiring
heterostnmturehnlgﬁbpﬁs equency and hi gh power performance, such
as electronic devices for wirel ess conmuni cation, full

[0133] Fiy.017A babt1 78 pidsenbrepeadartativeogticdl imhges 6ep§@am $ased
for optoel ectronic s%\st ens. [0130] Si nce the first

HEMTs gapiiansier tothedfELsURsaIN: Ga wgmpl@ eRtras ceﬁesp@mq/to the
various ltehﬂg%ﬁltlé’ EFC#S%WB% scﬁ@ﬁlgﬁc B?‘ # IP ig, 14B. In
Ivity area hese effoFts

search ac ocuse
this geoh@my tredlattivedelectears clianmme) is fﬂramda!beetWem the\twoiatinyic @bntacts

(TGRS Aodfiaicte e ik Sate B PuiSiuis Fomtroishl B e Sopobiy (NiAu)
gate coﬁé@%@%ﬂ%ﬁ%ﬁl‘éﬁﬁfﬂ W Hﬁﬁnr’%l%dﬁ SRLIAE R WidthYof the dewces

transi stors as s he process sunmarl zed

shown Im'-Fgg 178 aredls10,cuess g tespestivalgg mme;prewausmf@eﬁs

processgﬁg@t hqd lgegltact% 1t)(a\tl ﬁ%m@%@s” gqrgq%%g lb@%@ésuﬁace wet

etching, WRé ‘ﬁllm@%b@ﬁi%r&hd% aévu@és fqoite Al p&edftéran earlier report for
mtg(gratl ng Q%lzg(h performance HEMI devi ces based on

a printedh 8- q’cw@t o vp 1¥/stonilsdaahe). dianhf € shaws typical drain current

-voltagem-l?fztscb ﬁ%t[g:@to?sthe éfysﬁc% Ehggﬁéﬁaﬁ\gr | Caﬁ"o‘é@lde% the gate was

ste use ion
biased fl-dEMT—3dlev1 Vaa stél';iseofp’r UcThe deivimet exhibitdha niexifamdtdioouoent of ~5

e S R A S e
charact%g%/%l OXI é\'écgﬁaﬁﬂ cﬁn‘aTrP%ltaﬁe%& 4 5' Mew@e exhlblts

aye e Ve d eposi t ed
thresholslemvtegas(va,) ohsk7 Moansardei qatinof 40 a@dcﬂwtragsconductance of 1.5

Phot ol i t h ' f the O and PECVD
mS. ThigderasonficgBa bt PRRAREL Wik e SRad o\t HEOHRLY Bt Brior to
transfer%%\eetraﬁséd]ﬁmeénc@ dfr2k6 8. THBIRMRE protesd !(a:gﬁeél’éltﬁ lead to

B). After striping the top photore3|st

reductloetlaﬁﬁlﬁg/altse QE@Qtht@S?/ermve t he exposed GaN (Fl g. 15(:)
The C layer is renoved by this ICP etching step, but
[0134] MektmeblanibaldflexibilfRizCVheGaleHEMPS wesstmrﬁsttlgbted usih@atbending

on top of _the I_sotropic vvet etch|
stage, aﬁ@ﬂwv’ewg a&%ﬁ!%ﬁn&%hw deeriemal) @30%%5 measured as a

t
functlonrcﬁrﬂe ed ésc.t‘l%g =2p %ﬂ}qjﬁtgéiﬁ ﬁibr§i?e?1d§§*’refc{(%i§to1 1
cm (cormspbndgxg tbkﬂranﬁmﬂjhenrder ol 46}, ovepobsee vene stafie tesponses
contacts from de on. ,The,.remai nj ECVD oxi de,
i the MEARLRPH RN SRBHUERvEr eSS AT iy Adofiralon: “Kieh Tec shows
a seque‘(ﬁ%b (ﬁtcﬁﬁ'eﬂﬂvéﬁﬁ%ﬁ{ 1\ ourAe MR atBbtAdha p%%ons of maximum

fered oxide etchant) process step. A new snoot
strain andafter its relpase.| Asowteskabeve, dheimpacisdpurd el relatlvely 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.

[0135] In summary, this example describes a process suitable for printing high
performance GaN HEMTs in flexible forms on plastic substrates. We further

demonstrate an efficient geometry of ps-Sc that facilitates transfer printing protocols,
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subsequently on the top of GaN ri bbons by e-beam
evaporation. A print to GaNri bbons, the wafer was
weovbasted with a pol y-di met hyl sil oxane ( PDVS)PGT/EE2006/021161
r enpv J fromth

and sma&Eg&tw{@ﬁfa&e ﬁ,gcpré'f{aalscivlt%gqg icia lq)ﬁgsllpg/ Yok qEqplq Wet etching.
Our resﬁ@'@xdg‘és?ﬁia%'d@egaNTEtﬁnolb Bﬂavufé ﬁﬁer‘e‘éﬂh? %Ello_bﬁﬂhlﬂéé ok

a poly(ethyleneterepthal ate) sheet coat ed
developmgtne@@eparaitqmanecr(qelg)ctrpnicgde\a@eﬁ) sieh, ast hlgmplenf@rmance mobile

comput'éééﬁfiﬂﬁg%%eé% BRSO R (Tansrer o7 che

GaN elenents to the plastic substrate, The transfer

[0136] Meilyeds: Gl mpmtawsmfs fgbricaird b HRterostrigure GaN on
silicon ( ‘[ (ﬁ@ \ﬁ’é’f%(re Vlglr‘grg)‘fla %?ﬁﬂeﬁgﬁé%e g%%,‘g% de Hpg’ée‘?ﬁgég tor AlGaN

layer (1 E;ztr\nlm uBGEped?@éN baﬁ/eslagpr (1.6 tuine, Lmdnpmis arnd/AIN'tfanslhen Iayer

‘ Tat r rai n,_interconpection :

0.6 i sl 0 B4 SdbEaistan BOTEC ERTRALfred Bynededapukihissarposed
area is cﬁ’é’ar%obﬁﬁﬂg %Y?@Qb@sh%(ﬁﬁ&nﬁﬂférﬁf %@%%rrﬂgo %céﬁwaﬁééw 30 sec).

tof f process (Fig. 15F). [01 To maintaih th
In orderm aghneae lpwsiontant resistenees, raepﬁtcﬂedmﬁgt nttr@amramtcemtact area

using a SRR PERIE shftenh i on oratinE P2 &ion sep. A

Ti/A/MopR@\M6/60/35180 RFPReShcttenh tdlﬁﬂb)lrﬁetﬁl myewsclheﬂiftﬁapassrt&w
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Electronzbpapseaparatipn i xpdie %ﬁm@wsTu /r\l ﬁiﬂé M@4@I'%AUM@S depesited by
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annealedrat IB50€ € for & Or sur in seratpsd mesmghahmgamtg sygherovesinegnan dpeambient.
The PEGYB oRaBlesurithein. A0ans: S0 it 48 Yoot e sirlghe! 705 scom

NO2, ZSUaégla)ﬁdQ'frf et ME-Bidn el ibSrafifs 90 nrﬂ_ﬁﬁy&%rérle%eposﬁed as the

nut desi gn reqwres a StrICt optlmzatlon
mask metemlmig)rtsubee@mhtHC&mtyhIugl ﬂmﬁmléhograpdiwewebemhlrw (Cyantek Cr

etchant) S By pFBee FuRERRT BT R ol G age Waa2igl) 8fing the ribbon

geometri@ssf thersaNi agaef Eérﬁ(t)\ﬁﬁg i1 bﬁét@r@%néﬁ‘ Wiieaeeton&ICP dry etching
illustrate this latter EI Fig. 16A and 16B show

(3.2 mT@rrst 2 arcmrfalged se¢MtAle- a/ea%eﬂ4traméﬂﬁ B&%F%VWQ&MXPOSGd

el ARRFOIPS] § G0 BLREoAER JABORPPAISL B s

(Aldrlch,n’IGO S o ming Bhe sampid i dipsed mng(El@oﬂ eNHﬁF tHHEsfr 90 sec o

remove Mg PG IDISNSERT PiHeueS) NEkEINEA FRBSLeH SIQs Byaigeposited on
top of th%fGéNenb%'é'egltﬁéhGﬁﬂl @%]%PJSI mh6D & C}Eg ﬁﬂ%‘iﬂ MS%ngSylgard

I mage o I'ine are
184, Dowfccﬁngxg)]nﬂ*ﬁblpm/\bhehmelajed $Wa$at peel rate >H.Qhinys™ to pick up the us-

GaN it SHR RN ShB e M b iFeg 6 Bimigaca 84

poly(ethghern%@érepfhawﬁépgﬁéétﬁ(w@ 100 {rien eticiendsat m@nﬂblatsh@s)%ted with
. In this particular s stem the preferenti al

polyureteaaﬁu(ﬁgl HNerland qntl@ﬁbadh@\(e a03)dl he sampte istewposedto UV light
(home—b]ur]q% %c?ﬁ'é %gﬁ\?es me?éurg}%rﬁg l1‘7'3 EW cn%(f:rorﬁ The/ %b et the PU.

Peeling back the PDMS and removing the e-beam oxide by immersion in BOE for 30
sec results in the transfer of the pus-GaN elements onto the plastic substrate. A negative
photoresist (AZ nLOF2020) is used to pattérn the Schottky contact area and a Ni/Au
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bl ocki ng mask. Fig. 16Eshows an SEM i nmage of an inked
PDVS sl ab where the ns- GaN was transferred with full
wao ewsi1snT2of its on-wafer registration. The |rmg@r/U52006/021161

Fi 16F sh r r he. pr
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it ot e B P e e a1 ha
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ribbons ldeleliottln@actlwﬂ oheapiliailyferass dusgrdrye Tl Bwyermsface tension of

oranci EFREEL oA BE Pty BRI epgeet v
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nmeasured as a function of bending radius (and its
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m (corresponding to str
inc., BeticladiaePie Mey Ntheyrdphic pm&pemempinyddaAqumUredlst i.e., AZ

5214 andy APk ORF2G20 THo a6 BeRbi B sinG ERBRPINRLY-« Ts Cars
wafers \§v|th ﬁo%&%@?nﬁ%ﬂ%ﬂq@&r%lgbﬁcﬂﬁcé’lﬁﬁétbhéa $n ﬂfe Qﬁhbﬁv(ﬂp mL

after 'its rel ease not'ed above,

HsPO4 (aﬁpat%)s 5200hdHoA0e(30ettdb), aedytmue:@uoraﬁ@d wader) r-smu is cooled in the
1ce-wat<-'ér t&atEI gﬂe ‘i@%ss a%/rér:? gtre ISSOltV ‘?ﬁth a}éllﬁt{érdvlfl P s%iutf(:)ng(ﬁs%é@

Chemicals) in ethanol (1:2 in volume). The samples with released ribbons on mother

wafers are dried in a fume hood. The dried samples are placed in the chamber of
electron-beam evaporator (Temescal FC-1800) and coated with sequential layers of 2-
nm Ti and 28-nm SiO.

56



10

15

20

25

30

suggest that the ns-GN HEMI devi ces are not danmaged

by the harsh bending cycles. [0135] In summary, this
wex@napbie2descri bes a process suitable for prine¢HgsSivgbriiet

performance GaN HEMTIs in flexible forns on plastic

substrates. W further denonstrate an efficient

EXAMPEOE®EL 'Y Multhqy@ﬁ A2k Privthblel SéRfcohbiatRt EleMehfd DB&ved from
~ protocols,and smart-material Strategies for renoving

sacri fici B (1%4)&Vafers: ani sotropic wet etching. Qur

130 8 kS Y4 6 A S5 BB proving

multnay@eaneaw prirtaplecepricenductor elchtatits eerived ﬁbrriiSu hil §pwafer
er f ormance nobi | e conputlng and_hi gh spee

preCUFSQf'd’ﬁﬁ{ﬂﬁl@LSat Frigures{2 pEpides gpggq:quefd%‘gghe@at{p illustrating a method
o the pERRFORVENRIHGE Fiaif PEALAS Sfa o ARLBRISHiUH for
elements hAsesHoayreinsparfel Hil of Vigsieari @padilicbnrwafét ﬁaan ay(em 10 ibﬁentatlon is

provnde(JA% gq{gglt ngf?cpglcgfgﬁe E/\garf@lr AT tteuggi &%@9@5 res stant mask
thereby @Bﬁél%lﬁg'nﬁéske@r}e@fﬁﬁs%aﬁﬁrﬁ@ aﬁfﬁeﬁ’él&ﬁ’s s&&@%&%%%@ thBiiéngths

expose area 1s | eaned using a p
and widthel i pratanie ﬁerrmnﬁuotor anmnsleéhe naﬂtﬂawr 8I(Da$eh) thel example

shown %Fﬂﬁﬁ%“?nﬁmhétﬁ‘??'ﬂ% AReh A BB Rl R PaPt

sma in a RIE sy stemls erformed prior to
[0140] ﬁétsilownz'ﬁtnaé‘ﬁ %t’@@ silisomiwaley igogtaned P@W@gﬁ%mlmmcﬁ*fﬁéiﬂd

orthogor%ﬁé” hg’bér‘ﬁ@b dEL AL %W&ée."fhé'&? ngﬁgg%t%l?m;ello,yeglqenerates

on- peam evaporation |Is use

. recessedifeatites hdnihg contowesd dielecsirfaadsbyn tharseful esnisgdimant,dhe side

The contacts are defined usi a lift-off roce
surfaces e dPEoEd TBALSS DEVe @ Sptee sRrtaly Vapah Fomiasprere
t
having & pblﬁfémyé gfigcgﬁ(égl‘ %QPﬁefuﬁwi% g@rﬁhrfg%gén@gf?ﬁ)engﬁ% scalloped

‘contour pe6TtEE Hndias a cmﬁowemnﬂmw%deep:)nd@ed pGesead ol theESKhﬁ@amfaces

of the reﬁéggqcf %aguqeg.rl %ﬁgﬁ%ﬁ ggﬁ r r e?{fﬁ?o@-'ngt Pedce%ge(ti eatures having a

selectedRbutitoli ybﬂ@ﬂ@hﬁ@lhme SES-IEPRIE wd(mg%tghln?sg%té?ﬁﬁmdwdmg cyclic
Rl E processi nng'dSO mlrorr, 40 seem CF4 0 14 mn

exposurgexf ﬂ'ﬂfésﬂlﬁ@n wiekda rgaeline ioneaichantigasesand ei;ph gesist materlals As

i C
shown f BB 86 85D P Shodhd DenSahies CFFAM, B 5100
structures having selmdvély coatoned isite sufrssthdsitdnealnatdjhbent to the
derlying Si is then etched away using a TMAH wet
recesse%? F%S solution (Aldrich, 160 C for 5 nmin). The
anple is dipped in BOE (6:1 , NH4F:. HF) for 90 sec to
[0141] Asrainwrt inepaPECY DT diglicke 1anithesproeesss@ silican watanhaving recessed

features AR TIE St Ea B EbISCtS Sehanogh of BB cikh Irkieioat gk materials
such thai'tl@@ cé%hﬂéﬁ Sidd8hifabew/of 8 Rbesubd %hthfestlﬁ%l)%é‘ﬂt@ fly o coated

eel rate > 0.01 ms"1 to pick up't
with dep@sémrme erigh elanDW%QQ% of theeivantion theeseiec@mqnéourrmﬂle of

e s SRR S BpREL AL AL FABEL B 1o 3 Ind B
distribution of mask materlal on the side surfaces. This processing step, therefore,
defines the thickness of printable semiconductor elements in the multi layer stack. For
example, the wafer may be exposed to angled vapor deposition of a metal or
combination of metals resulting in deposition of material predominately on ridges
present in the contoured surfaces of the recessed features and substantially no
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pol yur et hane (PU, Norland optical adhesive, No. 73).
The sanple is exposed to W light (hone-built ozone
W(Mtlomawmercury Iarrp 173 MV cm'2) fromthe topCT/USMO6/€21161
PU. . Peel.i n

PDVE, and the e-
depositigy DRSPS RN PORON e G 1 25t IeLaNadows; ae hdges

present Fdr%@éfn%le @b rédtasEl TEGIDNS 0P ﬂ’%‘&ﬂe‘%ﬁ%lﬂs e RrBRible” casts by
trate. A negative photoresist (AZ nl _OF2020) is

featuresus ékue selestad esntouhprofitsh such psoiigese ripplesananztadioped shaped

featureset;{g%é)i% %IﬁgaQn?é pg&yqe m'ﬁ‘cﬂ%@@&kﬁg?shéf thel gr?ﬁatﬁ??saemlconductor

e|ement§ﬁ@mmunnawrﬁrmgﬁusamf\@dl@ dapoéior natenglks i¢ K¥h&fidiardde to its
hour s EXAMPLE 5; Printable Sem conductor Elenents

good adhgrangsdorthe Bassd SUiFeR SBHaGAG. i th Ml ple
Epi taxi al Layers . [0137] The present invention
[0142] Alscsihmdm imepavestid afffigoed i gtherwalenid rextesuibfemtetditd anisotropic

ething, fak AP Vil XBHeiTe 15 G ain FOITIAB SLEhias KOR dRegions between
f
the rece%?@fﬁtﬁ%s ér@"@téhefﬂ %ﬁ@ 'eicﬁ\ %EC% a%n epggﬁg&w@’bﬁ&hs of the

e epltaxria fer is
silicon waferitiverehy Jagricating s mlaltmy@ arsgyemf wmtabl(e]s@a’r)lconductor elements

each of yﬁn&heﬂq%lgﬁélag qﬁl&& ?%AB)U er Lol I%ﬁ(ﬂureys The present

inventioh fHdHidss metioddRhaisirhetthing él@hgok ﬂﬂ>YcH1ﬂec@@ﬁ§ of @¥ees&ilicon wafer
with thickness of 120 nm and carri er concentrati on of

proceedatq completigmsbetwesatadiagerireppanest fesfures thaeabydrtiralyd
undercuﬂﬂ{%l Eﬂrlrﬁgbl[eha%rﬁ QOrTqD @f %léhflelﬁtﬂfs‘)‘eﬁ\%rdees!&fnﬁéa H'aatlidbove, the

em ca
etching éyﬂehud’ncr@nbntcanIW’wlth\ltHSH 1 %mrmﬂtatm @f tlae G;Imcog wafer

results if Relgeiar Sy B8 AT Bl U BTG IR (AR KA 11 AgERdons of the
water. QHGTIN YR Rod 1ol P LAERBNRD of RS or
selectedsior foamealigRerant inmajntehanpé elementss suct asbritpe elements connecting
e prin3B 5B o8 TP B UBL ShuletBhown

panel 4, BHH AR O HRe Mﬁhldearméeéoﬁﬁ&tﬂhé\énaabefheammconductor
rel eased ribbons of GaAs (n-GaAs/Sl-GaAs). The use of

ribbons &t thenoultilayes ey totheatiepn waler-t hi s step reduces
cracking that can occur in the fragile ribbons due to

[0143] Plaﬁeaﬁtdf ﬁ?um‘ 18 8hoWh ahyopftmih@\eprcﬁhyssiﬂ@ sley Mlﬁ@rel'rﬁhhe bridge
wer surface tension of ethanol R?lgared to wate
element§|agg refeasad fee Ehey Fﬁﬁﬂ Walft e @r §Xe8ie Vs \Naw@gs%tﬁmnamr other

materlallcr‘%m& é,refgge?q@é erb‘ykbt?é?fé? ttﬂ%&%lh@?@%%&% g‘t%t{]eo o

esi gned epitaxi a yers are purcha
semicorldQetdrrelemeBis. hAlidraaiivaPp,. prifiiablel sdmigoagbdtor pleovads ésthe array

| d AZ
can be i5{isfia Gt DENTRetRds b IR Shed R frtrommye.

printabld Bém%%u‘&ﬁ?r%lén\éhishn ﬁﬁ@WIﬁléVéF aﬁ‘B? 'éré’@éét?érﬁ%ll%ﬁ@leased and
ani sot r opi caIIy etched in the etchant (4

transferwadyyomshe silicap wafeBviavieppateghubrnging the pﬂntab@jsmwﬁuctor
elementtsriﬁl ohtsac? gv?tlh a traHsf%PSewce, such as an elastomeric stamp.

[0144] Figure 20 provides SEM images of Si (11 1) in angled-view (a, ¢, e, g)and
cross-sectional view (b, d, f, h): (a and b) after STS-ICPRIE and BOE etching, (c 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.
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ice-water bath. The AlAs |layers are dissolved with a
di luted HF solution (Fisher(r) Chemcals) in ethanol (
wda2008/18a12v0l une) . The sanples with rel eased riPODNS20061021161

R

- Cepricbd led-view SEM
oL IS SSTA o i s

images 6f thmfbur-layar&n‘ SA(ridy shpwnrin4d)- e Seni conduct or El ement s
Derived fromSi 1 11 Wafers . [0139] The present
[0146] FTQLEQQIZ%Toaid%@ (anPhuttesaprethd ds aadd) @MpinEges afseleased flexible
providing rmultilayer arrays, rlnt bIe seym, conduct or
S (11)a1b09B8c 61 tad) SF TAGHS of {16 HABOTRAEVBIER S0t
materials. Figure 19 provides a process flow schematic
[0147] Fidurs23aprovides caatmmtad)fmagm of aigned Biniidn) ribbomstransferred on

eovis SRSHA T8 AEL USSR 5 Al Bbott bBh ek TSI ppotogrnt

ofa flex@% glﬁ)w@@térmigmﬁhét Housbks feat ?é&é’fhb@ﬁ Si $1 Pt arralgofrorArfour cycles of

surface of the wa is patterned with an
transfergng fromeaisingl@Si ghigk, t her eby generating masked regi ons
havi ng di nensi ons selected to define the | engths and
wi dt hs of printable sem conductor ribbon in the
multilayer array. In the exanple shown in Figure 19,
the etch resistant nask is a thermally grown Si Q2
| ayer. [0140] As shown in pane 2, the silicon wafer is
etched predom nately in a directed orthogonal to the
patterned external surface. The etching system
enpl oyed generates recessed features having contoured
side surfaces. In an useful enbodi nent, the side
surfaces of the recessed features have a sel ected,
spatially varying contour profile having a plurality
of contour features, such as-side surfaces with a
peri odic scall oped contour profile and/or a contour
profile having deep ridges present on the side
surfaces of the recessed features. Exenplary neans for
generating recessed features having a sel ected contour
profile include STS-1CPRIE and BCE etching systens
provi ding cyclic exposure of the silicon wafer to
reactive ion etchant gases and etch resist material s.
As shown in panel 3 of figure 19, this processing step
generates a plurality of silicon structures having
sel ectively contoured side surfaces positioned
adj acent to the recessed features. [0141] As shown in
panel 3 of figure 19, the processed silicon wafer
havi ng recessed features and silicon structure is
subj ect to deposition of an etch resistant nmask
materi als such that the contoured side surfaces of the
recessed features is only partially coated with
deposition material. In this aspect of the invention
the selected contour profile of
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the side surfaces of the recessed features determ nes,
at least in part, the spatial distribution of nmask
woraioen 3@kl on the side surfaces. This processi nBCHUS®P6/021161

therefore, defines th ' of printable
sem conduct or el enent éﬁ%'%é‘gsﬁ ti layer stack. For
[1]a)Y. ggé‘,"ﬂ’.! Band,he v o WﬁYBbMag/éPé?%daét%s??Q{r{mﬁ?Q!?ﬁ% H. Yan, Adv.

position of a netal or conbination o
Mater. 20080V §,i 36p. i Gldpddeben Maier.ndesrSed. Burle2003,n28,186. ohM. C.

weatoing. 4955 EREFAERL oL LSRR RIS 4957 . o

Goldbergégiranaangf, AnheReonMeRis/e iRe3u 004,834,188, 38 Yiahd, Mater. Res. Soc.
es present for exanple to

shadows”™ of the rid
Bull. 2043 3% 8adf) e §i- &ad, 3fV\gtP@rSiZdé- Wéang Advh&unsh Migs 2003, 13, 9. g)
- : t \
oesr 5554 b SIAUAS W SASLORLE SORY 015 oty 100
[2] a) Y. tYfier Ao f l_@.rkljviﬁ‘to&%ﬂuré,@ﬂﬁ,t43(7€_5641.eb)2|h_@Lﬂ'hNCKﬂE@’_ﬂ9f, M. L.
Geer, AqPy AJVistloh. SEisP2 0Bt 4 5% RhLosrangses. b HiekaK
Depper, cM.eLé@sdJﬁ,%.gprl'ﬂé‘ém? N EShdP AL W.?@?é@@ﬁ,eﬂ. Skblﬁ?%Th{aLaélder, L.

N
surface. [0142] As shown in’'panel 4 of figure
R. Wallenbkeg, Physicexit 2008 8¢1280.t o ani sotropi c etching, for

131 2) L. R BT WS A, o Bget e Ml G AT L. ) .

Cui, Q. WeatH absRi CIMIC G, Sbinge20010294d] 128d.i ons of the

silicon wafer, thereby fabricating a nmultilayer array

[4] Z. Tang, Pk Prtatne Asniaiad 2008y 7€) 89knts each of which

L ti . i
51X, DEFREHCY. SoRE0LEREAY S B4 3 BRREAMA, 1 iman,
Nature 2803 €28, 214.hi ng al ong < 110> directions of the silicon

fe rqQoceeds to .conpl etion between adj acent recessed
[6] R. S-@éﬁ%&ﬁ\ﬁtﬁe‘%ﬂ@ﬁfplaﬁmgl idkeisr Butem -ﬁﬁeﬂspﬁeht/&wée 2005,
434 1083%”1 conductor elenment(s). As described in detail
" " above, the etching system chosen in conbination with ‘
[7] E. Memard( KL11)eayD.ehtidhang RfGt Nazzd,|J. doRagsirer Appls Bhys. Lett.
ter etch rate along < 110> directions than al ong
2004, 8‘2 m directions of the wafer. Optionally, the
[8] a) S.MA5EK, IMPNA. MBRAIPA. BadasipairephralioneB) ¥t 8OR, 8f Mae&e3sRURogers,
features are selected to formalignment maintenance
Proc. Int| lgetier DeyigerMaeting (I&dE)ePBRRANPIEhnect i ng t he
' bke cangduct e t .
91 2) £ Mp AL e a8 e bl ARRh L1l Ferf00H s, Pobllr by 2T
Zhu, E. Mehapd,dC.i Higtey, RatG.ddunes U, AhRogeess APplt ARys. Lett. 2005, 86,
sem conductor ribbons in the nmultilayer array to the
133507 g | icon wafer. [0143] Panel 5 of figure 19 shows an
[10] &) YOBUrP03h, REGERS Nefd FIERAMICUCHI3 NS PrG9D & KRB, F. Hua,
are released fromthe silicon wafer,” for exanpl e Vi
K. HurleyaRhGniNuzzo chihRagerst Adv. hawer Maten 20095a15,BMbcesses,

here gener at i ng ltilayer ac LnLab
(1Y, S Bt e oot e A ROgars b PUER Lo, 2BRBab 083501,
[12] Y. SYNH AT, & MerRIFBNSSKiM, Ehenghl AAGBHD R HEREER. Cortez,
via contact printing nethods. ‘I n one enbodi nent, for
A. TewkskaryplUeA. Rogers, Appl. Phys. Left., submitted.
[13] R. H. Reuss, B. R. Chalamala, A. Moussessian, M. G. Kane, A. Kumar, D. C.
Zhang, J. A. Rogers, M. Hatalis, D. Temple, G. Moddel, B. J. Eliasson, M. J. Estes, J.

Kunze, E. S. Handy, E. S. Harmon, D. B. Salzman, J. M. Woodall, M. A. Alam, J. Y.
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printable sem conductor elenents in the nultilayer
array are sequentially released and transferred from
wa b@easd7econ wafer via repeatedly br| ngi ng t hePCT/US2006/021161

rint,abl e semi, copductor, , el enent cont
Murthy, B £ BGBo MO B IMEKETeP ot SirsPobe LB ion. e 1eEE
2005, 34;11@@0e 20 provi des SEM images of Si (1 11) in
angl ed- vi ew (a, é and cross-sectional view %b,
[14] D. G, Dwify, K. Melaoaaﬂd 6) JaAt ehggiier) GPN.BVhiiesiges AralhChgm. 1998,
70, 497{0 and d) after netal protection on the side surfaces,
e through h) after KOH etching for 2 min (e and f)
[15] S. MUz Semicopdacior Devicels| Phgsich yunaeledhnolazgniwityl, NedbY ork,
Figure 2 1 provides (a) provides a photograph of a
1985). | arge-scale aligned array of four-layered Si ( 111)

[16] G. G P CORIT SPRAA PERL TR 40 1401800 o 1

[17] H.-I(@hen] O%]—Isiﬂr@; rYe-| man, &nweend.ﬁciPﬁecIWmlaZﬂD%rﬂcB 6R0.

S, 0 sed flexible Si (111 . ,
18] S. FRFRE0h AT Biperarb- G PABEI e o LBraihdnd tifoiigmisond. Sci
Technol(2004[m41_é]91':| gure 23 provides (a) Optical inmages of
l'igned 'Si (111) ribbons transferred on PDVS

[19] L. 3§QME&W,§( & Buinern@aliuradeserideddigitah Intesarated Gincuiidesign.

hray, Phot ograph of a fl exible polyester
MCGraV?ﬁ'ﬁ’]'}I%aW Q%Sss@four patterns of Si ( 111) arrays

fromfour cycles of transferrl ng froma single Si
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[0149] All references throughout this application, for example patent documents
including issued or granted patents or equivalents; patent application publications;
unpublished patent applications; and non-patent literature documents or other source
material; are hereby incorporated by reference herein in their entireties, as though
individually incorporated by reference, to the extent each reference is at least partially
not inconsistent with the disclosure in this application (for example, a reference that is
partially inconsistent is incorporated by reference except for the partially inconsistent
portion of the reference).

[0150] Any appendix or appendices hereto are incorporated by reference as part of the

specification and/or drawings.

nou nou

[0151] 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
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COﬁﬁgﬁﬁﬁﬁﬁﬁéﬁﬂ%%#ipatent appl i cation publications;

atéent applications; and non-patent
literature docunments or other source material; are
her eby i ncor paqr at ed %y reference herein in their,
ent | PéPMKBQQ aaligbyygierinaying a1GEl yorientafignoand 8avipg an external
ref eggig&. to the extent each reference is at |east
partial Ty 'not inconsistent with the disclosure in this
application (for exanple, a reference that is
partially.inconsistent is incorporated by referenc .
excePENPHINBEPEAAILY B [SPoeRE fRatateant BORL PR 6 Suiface of said
r ef esBGeIvaie WfdrefirBachRiTail red¥ssa@Reati&LeohBRiéPa bottom
are incorporated by reference as part of the
specbtifacg pod sideiswiacasanfiaxgosed slisen wafere the terns
“conprise", "conprises", "conprised", or "conprising"
are used herein, they are to be interpreted as
specifaskirg atieapr #pertivn cffsaidsidetairadet efisald®cessed features;
I ntegers, steps, or conponents referred to, but not to
prec Bde t he presence or additionof one or nore other
feature, integer, step, conponent, or group thereof.
Separate enbodi ments of the invention are al so
i nt eptbhing betweamsaidpasassedvibeiuces, wharetreetching occurs along

opt 1 84t eelivns SRR sHcoRwa S, SRR eati® S printable
gr ang8micdhdiictor 1&mehgt i ng/ consi st (s)" or "consisting

essentially of/consist(s) essentially of to thereby
descri be further enbodi nents that are not necessarily

t [ 0 he. i t '
TR ARl Hait | BPas Gl ¥R fReoE g SERLBR it Rfuros are
cofphsielyanaskednd techni ques. However, it should be
understood that many variati ons and nodifications may
be made while remaining within the spirit and scope of

| A

ThRpRERTcm | Wit 3 SRRRARIecL BIBAR RoeQich RAftres are
padiallgenaskexdent s, materials, procedures and techni ques
ot her than those specifically described herein can be
applied to the practice of the invention as broadly

TReSREBSADGIRMIR 1 vmeltr@iﬁtgtcﬁkiﬁé Vrbcdisuitt i faster rate allong said

experi nmentati on. art-known functional equivalents

<41l Oz ciinpotions ohsaid rsllicendrafed thancet] 1udiveelions @frasid silicon wafer.
mat eri al s, procedures and techni ques described herein

are intended to be enconpassed by this invention.

THBERENSY of JlERDE wherdinssitieing Boeslrot substanealy prsteed along the
i ndi vi dual val ues are
<111> directions of said silicon wafer.

The method of claim 1 wherein said step of etching between said recessed

features comprises anisotropic etching of said silicon wafer.
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10.

11.

12.

13.

i ntended to be enconpassed as if separately set forth.
This invention is not to be limted by the enbodi nents

W(drztmﬁlllm;enl i ncluding any shown in the draw ngBCDIUS2006/021161

d h fjcat h b
TERSABR-EAD LRer AR B e e
L

dhfecimr!sbfbfesamiaaﬂlc@mwafemh@bbmmea% aadlaifgmlmdercuttmg said
t f |
PRl Sermbondsth BRinat pdiified FlvRed <aif BiatRhbfecossed

fedtiifedce; generating a plurality of recessed features
on said external surface of said silicon wafer,
wherei n each of said recessed features conprises a

THEEMORYE LT PRl SERAL A0S RRREY, St 0Bssea

ono

f@iﬂfe@%sqfotmmbleme@mé saitl prinsablasdmateridungor from said
bet ween sai d receised features, wherein etching, occu

sliceny/aten yhereinatdeas nnegndal saidirinthie @ﬁmonqwr&ﬁment is
duct I t. 2.
BB B Qe e 0 st de. sur aces of
said recessed features are corrpl et el y rrasked 3. The
t ho 1 wherein,s e aces of said
TheaBeted ol LnERan s BP0 4R BetiSSR il ERntree
féﬁtuﬁésaédﬁuéns@%aneu chethichi éﬂ:hﬁfg%sﬁﬁ@én%tmﬁ)tfcﬁﬁé @fchraﬁ! e

along said < 110> directions of said silicon wafer
than < 111> dlrectlons of said silicon wafer. 5. The

L’ﬁ?@ﬁ? %#afﬂn@%v ghgﬁ{rgglcdeﬁﬁarﬁ gck%as olg |on

sai d silicon wafer. 6 The met hod of claim 1l wherein
step of .etching between said_recessed featuyres

ai d
T@ermseth@ésofeﬂﬁl%l isrRInsaith refpssed deaturas ¢araBsGiFstang, second
r€ t
off 3 g sBRsreRiq Fofh Bhch PRI WoRA Sall 80 R pRiR) Baween said
rmbssedﬁeawmpmdeﬁeém ealda’irehqnarhrel to 4did>sedbndchiaans! along
i con ther

i AT TR S SllichB Mol Bk abpsRelifing gl ast a portion

oP@éid%rﬁﬂﬁﬂe%M@@ﬁUL&%ldeI@ﬁié‘ﬁ PRIwEET A% @ﬁdfs%@blvlﬂ @hanRels from
he nethod of claim7 wherein said step of etching

SB@lﬂk&@ﬂ wafed. r ecessed

The method of claim 11 wherein said first channel and said second channel are
longitudinally oriented in a substantially parallel configuration, wherein said step
of etching between said recessed features generates an at least partially
undercut printable semiconductor ribbon positioned between said first and
second channels

The method of claim 11 said first channel and said second channel are
longitudinally oriented in a substantially parallel configuration, wherein said step
of etching between said recessed features generates entirely undercut printable

semiconductor ribbon positioned between said first and second channels.
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14.

~

15.

16.

17.

18.

19.

20.

21.

22.

features does not conpletely release said printable
sem conductor fromsaid silicon wafer, wherein at

wo e@sti3ope end of said printabl e sem conduct orPEl/E8®N§/021161

' cted d sil yaf.er., 9,  Th

The rEtoRol Al A v ah e g ey Gronid BRI Bapibnductor
ribBbA id REaFERfcdRMdEE o saaNiiceRswaRk, chenical et ching

using an anisotropic etchant. 10. The nethod of claim

9 wherein said ani sotropic etchant is a basic

Tﬁggﬁéfgﬁg C%fétiql TELF W@%E‘%ﬁ %@fg?l ! S “é@;@ﬁlgﬁ%ss éjflrs end and

' s&igpsgoeheccHanas) eatmaédat a s‘ebeh@lehdSamdi V\Me@@ncs‘ald prlntable

et chi ng between said recessed feature roceeds from
sgmwr\dgulcgqr rtobeRre Integradlyicenseeishdo ﬁnﬁlﬁww Refween said

ﬁljsjt%?\dddfrs%?& hr%'i‘%h?rﬁne? A &'édl& QQC%}?T éﬁd f BSHEMannel.

rcutting at ast a portion sa| printabl e
semni conductor el enent between first and second

h fr d sil ! t hod,, of
TERIVARSR e S Sal Y2 Sl A5kl ono anc
s& M&%nd%n‘n@ﬂ@rhﬂfﬁt@@ bt ¥ 8t Bhadahd whebsiR o hﬂﬂa'blé
paral l el configuration, wherein sald step of etc

ng
sbeteanshicter rmbogceyﬁegraﬂlemnegtagetﬁes@m giicem wafer lé%tmeen said

AR PO ol St L B AR B R T BB 15
The nmethod of claim 11l said f| rst channel and sal d
second channel are longitudinally oriented in

Thgvetied &l glgimpyh wherein saihrecpssst %@FUF%%QVBPHS% gngrray of

f [ E
cfafifleSindt GRISHREANER TR Ed P RERELrLERY Bael configuration
saldonimethqrbsmmpnmag mem:e:hofswniaratlmga mmallts/equ:)rmtable
channe|s.14. The nethod of claim 12 wherein at | east
SEHUC Gier gm@Nfsi nt abl e semi conductor ribbon is
integrally connected to said silicon wafer. 15. The
met hod of claim 14 wherein said first channel. _
Thermisthdesf caimat fnthar esmoprigiag $hes sliep farowinacd drereal oxide

t er mi_nat. t a segond e id..saj i .
SErOD SR & im SR A s MRS Thrapld s Eitietating
ovie! oraBBreMicessee fomaiessan Saitligxéérnansurtdcesai d fir st

channel and at said second end of said channel. 16.

The met hod of claim 15 wherein said first channe

r
T el Gt e Elfip it e BRLbRRRRR LSR8 M table
seeaiicomdubiot eentanbfrom saidisilteegreaiey. connected to said
silicon wafer between said third end of said first

channel and at said fourth end of said channel. 17.

THEMBBIGHPEF Qhinth Q'Mméewlﬁf@ istePaf RISRHRFSSE Prindbliees

conprise an array
semiconductor element from said silicon wafer is carried out by contacting said

printable semiconductor element with a transfer device.
The method of claim 20 wherein said transfer device is an elastomeric stamp.

The method claim 1 capable of being carried out more than once using said

silicon wafer having said (111) orientation.
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23.

24,

25.

26.

27.

28.

29.

15 channel s that are longitudinally oriented in a
substantially parallel configuration, said nethod
w@eowpnseeng a nmet hod of generating a pluralityP@f/US2006/021161

T éﬁ@{ﬁ@%ﬁﬁf&{f@f@ T torgpﬁ{?er}lrpjﬁlg%lee%e%p}-équ tlgg? gald silicon
whit§ fﬂgh s2Hd ERtefRall YRl Uhte? %I@a@é‘bﬁg?@ J)rﬁﬂétﬁléfs%rﬂfzonductor

sal l'icon wafer after said step enerating one
elemend becommssitaidsdid amethed futheraiameisieg nepeatingf saie steps of (i)

.. Ih h | ai h
ageralng 2 HE Dy Phr e R et e T et FRL o oL Rl O shsiicon
wéﬂérd |i§lnhésalléli>rzg wRfeRit a Porttth ofldifd %ﬂd‘ﬂﬂ‘félfesfdf%afﬁ Atessed

wherein step of releasing said printable
e@&fﬁéom@émbew@nwﬂ betwerrs 6ald rereseashfegtisres, thereby
sem conduct or
g%ﬁ%ﬁ%ﬁ agu&ﬁp%lpransﬁi g§ﬂggdgggﬁ%&%M§The nmet hod of
claim 20 wherein said transfer device is an
el ast ric sta 22. The t hod, cl ai capabl e
TB@,n?pgtﬁgg,o,f claimoL WheRRia Sﬁﬁiaﬂpe Wa[%ﬁ'ﬁ&r?éujﬁ‘ &"? lgpn M@é‘ﬁr
waf er having said (111) orientation.23. The nmethod of
claim19 further conprising the step of refinishing
Thaimethodiof chaimat wheseio lsaighsilicaxwaferds anurdepedadilicon wafer or a
rel e of a|d pri ntabl e sem conduct or el enent
d%%‘gﬁﬁgo?‘Mﬁ "said method further conpri sing repeating
sald st eps of (i) generating a plurality of recessed
atures on said external surface of said silicon
meamethoehq rlaiskmhgrein spishstep£f generalingosaid urakifynf recessed
i@ireRTS oAl SfMel SHRRREG AT LHEST wtDisldida BLERIAG one or
T 00t veen Sald Tecesse eat ures

m@ee enethodg sehidied froml thprgrontxplbbassm oﬁrmmlmhograpmc
el ements. 24. The ne f claim1 wherein said

PEQOESEINg. q@f@Pemscaae Hﬂg £135ma RIGRING wet erﬁ*ﬁ%'%*eiﬁed
nﬁéromg%hm.&gv@@&ﬁbﬁ bgammﬁf.rhq Creactwaaf h été srkzﬁi gkaopcpic

I con wafer or a doped siTicon
pafcesbingniabennscrimachinidg saldption, rgeoreﬂracalngasranMQ, mechanical

Bt of SorSlat i, o s PorE i e out usi ng one

or nore nethods selected fromthe group consisting of:
Ehot ol i t hographi c processing, dry chem cal etching

The asethodiafiniaig) 1 wiereinseicstepafchastdng at lgastramrmrhgf said side
sﬁn{f?(% 5 12%%5 ig%ggseg fgg'%ése C&ér}‘lgd 'bgrb&%aéphﬁge methdds selected

roc aser m

frohl thiel grouproeriBRting f: @iﬁglwrele@rombéam\mioraMraemmask
scratching, drilling, and ion bf?ammlh
material, chemical vapor deéposition, thermal oxidation, and solution deposition of

mask materials.

The method of claim 1 wherein said side surfaces of said recessed features have
a spatially varying contour profiles.

The method of claim 28 wherein said spatially varying contour profiles have a
plurality of ridges, recessed features or have a scalloped shape.
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30.

31.

32.

33.

34.

35.

36.

27. The nethod of claim 1l wherein said step of masking
at least a portion of said side surfaces of said
WO emesdsell features is carried by one or nore neCTO8S®06/021161

B A PP 0 B o SR SRS Brtcos
VROl el e e e 0 s

genéradtes alenwlilafacegapfof panthblesempeddiicr elersehtsve a
spatially varying contour profiles. 29. The nethod of
claim 28 wherein said spatially varying contour

Arithabie sehi¥endudbrsldtlde @dmplislegs. recessed features
or have a scal | oped shape. 30. The nethod of claim 29

aistadle sealieandigtefoetansert; 80d not all of said side
surfaces have a selected contour profile are masked,
wherein said etching processing step generates a

arffiwdttbridgpeslemenayonfiegted nd shideprivtablewrmicdaductbesiudtare and
3 1. A printable sem conductor structure conprising: a
C%'?’F@ﬁt%&éa%%h@é MEAR 8\%9&'@ fEit Printa@leasemicondyetod @gement and
. . - . t .

S RLABRICHA o0 o8 et Par Bl R e R AT Sl Bbther waer;

said printable sem conductor elenent and said first

ridge el enent are.a east. partially undercut from,
WD St Briflapl S ARUERr Wi TanstEr delERus capable
ofRALE ARG BaIPfirsbliBigd eldrmas! glerdsy réléaéiﬁ%%éﬂﬁbﬁﬁagfe
fracturing said first bridge el ement, thereby
semiconduger shiugtuseifipraispisl methesavedeGt or structure from

said nother wafer. 32. The printable sem conduct or
structure of claim3 1 wherein said first bridge

Thk @matdble sericsldotdr stegtwearfethitn 3hahereinfsaidfitt bridge
rintable sem conductor elenment to said transfer

elementroydes foregistaresddransiengiesait nepigble semigqndecigr element
td:]%ﬁh'f?a%si’er"&‘éﬁ‘ﬁ@é,n said transfer device is an

elastoneric stanp. 34. The printabl e sem conduct or
structure of claim3 1 wherein said printable

TR 5480 L ETTPAREE TS ARaFLRIBR yBgSor sovio

aR'dIdyiGmefc Seahponduct or structure of claim3 1 wherein
said first bridge elenent, said printable
sem conduct or el enent and sai d nother wafer conprise a

TR BbafE SPhPEQ G il dediefaimiSt Wi Bl setd Bfavte
sémictndbtiot@tement and first bridge element are entirely undercut from said

mother wafer.
The printable semiconductor structure of claim 31 wherein said first bridge
element, said printable semiconductor element and said mother wafer comprise a

unitary semiconductor structure.

The printable semiconductor structure of claim 31 wherein said first bridge

element is connected to a first end of said printable semiconductor element.
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37.

38.

39.

40.

41.

42.

43.

el ement is connected to a first end of said printable
sem conduct or el enent.37. The printable sem conductor
waooaasaree of claim3 1 wherein said printabl ePCT/US2006/021161

TEE Ranpaie S flod R RTR o IR Rhesn, Sait Prinaiie
sémfdondBicRir e'lé?ﬁélﬁt HaPa firstefvepage WRith ! el ssidl ftsf bridde element

average width. 38, The printable sem conduct or

has ewrscond averageaviatis thatfis et least 4 drfimes ismypller Srarosaid first
enment at least partially undercut fromsaid

ﬁ%’?gg%'% sai d second bridge el enent connected to

sai d print abI e sem conductor structure and connected

to said nother wafer, and wherei.n contacting said

TBPlprﬁ'lnéﬂﬁ @ sgmﬁmm%w%r@mf&la%%mhaﬂ@@ isiRg a second

b@ﬁ@@@le@n e[trlé”é‘s‘t [l S LS @GRS SBid F?%fh&l \ﬁé‘%?tssaué‘%econd
printabl e sem conductor structure of cla

brithge elemevti abnpeciedabl said printabhe semmondlietve structrpranges

ndu r|b n ext.e d|n a |l ength al,on
oS e S HBP AP SRE TR cheaad A T SRleend
sém%oa'd%efoq»mthe@ﬂanwé@rdewrbesglc@lpéu@%f fﬁb’dt\ﬂ@? eéerg%bnueondge
connected to said first end and said secon
eleiegnint i s connected to said second end. 40. The
pri ntabl e sem conductor structure of claim 38 wherein
said first bridge el enent, said second bridge el enent,

Theiptinseie senfictriductar Qhturenst caliT038iHeesin Wi prifta®le
nmonol i thi c sem conductor structure. 4 1. The printable

SQIRANSHEIRE EipMe Rt RITRHEE DR S@Uﬁ@ﬂ@@t%{&b@r‘n@@ﬁﬂ@mﬂl g lgngth
oE1 e R RS AR 873 28 3 SRS onc
wlhleresn shaid fiige bedgeretemeérst is conretted to saldsfirst ehdmndidsecond
Ilrst Cross seatlona area of , said first end and
%‘?@?W%%'ECQEE%WS e isd d.i's connected to
Iess t han 50% of said second cross sectional area of

said first end. 42. The printable seni conductor _
Thenuintable semiconduei@sstivaturei of daimd3d whereinrsaid Eestibddge

ol oeEehnd bRpGe BeinbhEREN SihleBna ol FBBo el hid mother

wafercdrai imdBolhe) Sémicdaddcior seticrupgl second bri dge

el ements have average w dths selected fromthe range
of about 100 nanoneters to about 1000 nicrons, average

Thgi?gﬁ‘g?%é [rg&% ? 1% urIeITﬁ dARPES aPOHLs grnsé end has a

m crons and aver ag e

fisst lcesdseskdtionat ehfea arahspid glecahd ehd 1R memm'&t errosstsectional area,
bout 10 crons, 44. The printable sem co
WERERE FRIONTSL PEGR S1eimaidr GORNEEHP 13 BBNEDs of said firstcross
?@t‘iBrPaq’ BALLE P56 IRSTRIND & hePSIR sBidBE &rdthricid! Sehisht is
romthe group consisting
connected to less than 50% of said second cross sectional area of said first end.

The printable semiconductor structure of claim 38 wherein said first and second
bridge elements are positioned distal or proximal to each other.

The printable semiconductor structure of claim 38 wherein said first and second

bridge elements have average widths selected from the range of about 100

nanometers to about 1000 microns, average thicknesses selected from the range
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44,

45.

46.

47.

of: Si, G, SIC AP, AlAs, Al Sh, GN &GP GAs, GaSb,
InP, InAs, GaSb, InP, InAs, InSh, ZnO ZnSe, ZnTe,

wW@aBs/18d8e, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, RUBUS2006/021161

bSe,. PbTe, Al GaAs, All ALl nP, GaAsP, | NnAs,
ocalvoi, T ARORESsS t%ﬁ_@ﬁ%wda%“@ﬁ @M@Y%@@G&mth%des&ed from
HHEPIhRR SR80 fiahbitbtarsRbidbcRR 1808 SERARIuCE of

to a transter device, said nethod conprising
the steps of: providing a printable sem conduct or

The aipiab S sranaondusid SeREnEbldaln STGHERE: Shilecitable o
sér%iidbr@fuicfﬁr@érﬂeﬁ?é@l\ﬁ;ﬁﬂ%&é PiatBlaUSdISERd Fhsin S8 BRRIEEbNsIsting

to a nother wafer, erein said printable

ok &iti GendieLAIP, AlAwdBbakals &aP HeafgeGCabbninii, Iafe, GasSb, InP,

IShIhe P EhO e 2Fe Bhs CaReRahasoenl Ecr eSSy FiTg. Hos,

PbSaPbiSe, Ride, #6GaAY) AlthAs, AIMP GaAsk fGamAsSMEIBPNAIGaAsSD,
contact between _said contact surface and said

AifpalnFaising GalwAsEnane@@Nel enent binds said printable

sem conductor elenent to said contact surface; noving
said transfer device in a manner resulting in the
Afmathtaak ef tsansdedingdyerirdbbleesemicohduetoy eteraerdftorar irasfer

sai d pr.i.ntable sem condyctqr structure from said
dﬁ\ﬁ'?%&'ﬂé?é&"ﬁ&%%ﬁ%'%ﬂ}?s?(]‘SPSa’&vi ce. 46. The nethod
of claim45 conprising a nethod of registered transfer

to said transfer device. 47. The nmethod of c|aim 45
wher providiagd priiablectendisondectps stiuetyrg eempusacta RriRtEsle

devi .of . cl.ai 21 e ' .
£ T anspmind e HeRgf 8hg%ark e bhel i BichRid connected to said
nmet hedntible samisohtlustoe seiustute rindrdoainectud @cd maher wafer,

est abl i shed between the contact surface of s

id
Cont BPEBIRESAY BHIEBle tRVICOBIHRET HETBRTAAPaG ridgeclgment are
sai d2pldf pahe BRHERAAYGHPSa ! FBTRE wel, The met hod

of claal m erelrn sail rst bridge elénent, said
pri ntabl e sem conductor el enent and sai d not her wafer

are a upitary sem.conductor structure. 1, The nethpd.
of °cPantacBo belf BB SPraoReltPt Sleplabin g dgnSter device
str U?n‘éan 3 BHRBR! sGAIBY. WiRkFeit EREARDSNVEENSaR] €OMBEL surface
connected to said printable sem conductor structure

and eodrasid pdniedleaserichsduciar elemenichiads saigl prinfablend

bri d%%mefclx?nq:?u%%or element to said contact surface;
moving said transfer device in a manner resulting in the fracture said
bridge element, thereby transferring said printable semiconductor structure

from said mother wafer to said transfer device.

The method of claim 45 comprising a method of registered transfer to said

transfer device.

The method of claim 45 wherein said transfer device is a conformable transfer
device.
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48.

o

49.

50.

51.

52.

is at least partially undercut from said nother wafer;
wherein said step of noving said transfer device

wo e@etisn7es sai d second bridge el enent. 52. A nechos0he021161

TR e DPH T SR RLAS W SARLERETE! dgkiea 5 BbiRlastomeric stamp.

conprising the steps of: providing a printable
sem conductor elenent; and a first bridge el enent

The mnetbod ©f ctrigsd 3l Whetein sbhforaehiontactist establishedthateeen the

oM SUFEL Ehe4f RolPloRBly tBuster aUEEEY 37 b8erng!sygace of
s§idgirmiablarsenditohéacibr plafidngl | y undercut from said
not her wafer; contacting said printable sem conduct or

el ement with a transfer device having a contact

ThY rﬁé’tﬁSg o‘f"?;ﬁ{ﬁi | 45 AR salfhr rePbage b%rﬁ?ﬁkbli‘%y Sosrsif{gléta&e

and sal e sem condu enmen
salmoam&bbmrmemenhdmwld rabthee maféoargaa dnitaryt serhiconductor
surface; noving said transfer device in a manner
stulr§-ing in the fracture said first bridge el ement,
thereby transferring said printable sem conduct or
structure fromsaid nother wafer to said transfer
Toewnetbodidieiaiby4$ vihereig seidl prinfehlesstmisonticteor Bhuctge further

sai d rlntabl nduc or_ el t _di,s t her.eon
o hfisBE pristOnf Silbe R ateat Snecii Bt o gk ERERTR s EiS uctor
st G0 es 8fd @BnAstedaeH Methe WdfaE Svidrblh Saill detea@ bYilge element
surface of said substrate; and separating said contact

issatleagiaastialiayadersHt omesaic matherswalergwheeain saig siap @f moving
s%ﬁp:t%rg{%ﬁdé\ﬁ&‘é 438 8% Q5id e%BﬁBtbndggeéléﬂn paid

e senicon or e tfansterred onto
said receiving surface, thereby assenbling said

r| bl e sem nductor | enent recei vin
A haeoE RS Sam R 8% BT iatie SBaTCanbichan FlBment Ofl aseiing
sM‘HEé@bPa%QB}ﬂéf@%amﬂbﬁﬁd d i nﬁ‘%‘tﬁé@ shgt ween said

contact surface having sal bl e sem conduct or

el enment disposed t hereon and said receiving surface of

sai dp?ouv? tng a prlntable semiconductor element; and a first bridge element
connected to said printable semiconductor structure and connected to a
mother wafer, wherein said p‘rintable semiconductor element and said first

bridge element are at least partially undercut from said mother wafer;

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;

moving said transfer device in a manner resulting in the fracture said first
bridge element, thereby transferring said printable semiconductor structure
from said mother wafer to said transfer device, thereby forming said
contact surface having said printable semiconductor element disposed
thereon;
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contacting said printable semiconductor element disposed on said contact
surface with said receiving surface of said substrate; and

5 separating said contact surface of said conformable transfer device and
said printable semiconductor element, wherein said printable
semiconductor element is transferred onto said receiving surface, thereby
assembling said printable semiconductor element on said receiving
surface of said substrate.

10
53. The method of claim 52 wherein conformal contact is established between said
contact surface having said printable semiconductor element disposed thereon
and said receiving surface of said substrate.
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