WD 2007/ 044098 PCT/ US2006/ 024377 METHOD FOR MAKI NG ELECTRONI C DEVI CES USI NG
METAL OXI DE NANOPARTI CLES FIELD 5 This invention relates to nethods of

maki ng el ectroni c devices using netal oxide nanoparticles. BACKGROUND
Organi ¢ sem conductors can be processed at relatively | ow tenperatures, and
are 10 thus conpatible with tenperature sensitive substrates such as, for
exanpl e, phashbtomustrates. Organic el ectroni c devi gesytffo8%20P! €,

organic thin filmtransistors (TFTs)) have therefore galned attention as a
technology with the potential to enable a variety of applications centered

around |i ghtwej il I | cat n plastic
substrates. %‘I%%D Bbﬁﬁ#ﬁ@éﬂl@%ﬁ@ﬁﬁbﬁ%@%ﬁﬁ%@m+ﬁ 9?&9& cally
inferior to that of inorgani c NKNeraraicags for exanple, silicon-based
TFTs. In addition, organic semnm conductors can be degraded when they are
exposed to certain environnments (for exanple, solvents during solution
processi ngygrIypne organi ¢ sem conductor materials can even be unstable in
normal atnmospheric conditions. 20 Nanoparticles of inorganic sem conducting
mat eridal s can Disdeyenijesyrglaies igimsghodyeigeaking elegirapiqdegicesisme sk oxifey ar e
sintered, {Re¥r@& typically inpervious to solvents. Additional TFT layers
can therefore be solution processed on top of the sintered inorganic |ayer.
25 SUMMARY In view of the foregoing, we recognize that there is a need for a
relativel th@#Gﬁ(ﬁ’ﬁﬁﬁr ature nmet hod of nmaking stable inorganic electronic
devices. Briefly, 1n one aspect, the present invention provides a nmethod of
maki ng an el edlrgad ssmibenducierscamipariirsiesngd sthrelatselydsw teimpemjuresodndtaieon deposi ti ng
a di spersi i S t.al. 0Xi rtd .2 substrate, and
by cliposi B ARG bty i WiE-RRRR0E fafoBRn RS D% 1%,

onbi nat i ombsthutes dafartioeléotromt devitey (forexhraplerorganic thiDfi ) BatsBibA0I8Ts))
rTB.C-IZ Egzgo%%)zg ﬁhgegcr%orr? !ée?%eg% én?lgrll’ as%%gc%gélbg)} Vt’]iﬁl thd! f)/o%ennttilalot(r)] elpa'iapevalv%rqéy 3 met hod of

applications centered around lightweight, flexible, low-cost electronics fabricated on

plastic substrates.

15 The performance of organic TFTs, however, is typically inferior to that of
inorganic TFTs such as, for example, silicon-based TFTs. In addition, organic
semiconductors can be degraded when they are exposed to certain environments (for
example, solvents during solution processing). Some organic semiconductor materials can
even be unstable in normal atmospheric conditions.

20 Nanoparticles of inorganic semiconducting materials can be delivered using
organic solvents, and once they are sintered, they are typically impervious to solvents.
Additional TFT layers can therefore be solution processed on top of the sintered inorganic

(' layer.

25 SUMMARY
In view of the foregoing, we recognize that there is a need for a relatively low
temperature method of making stable inorganic electronic devices.
Briefly, in one aspect, the present invention provides a method of making an
electronic device comprising the steps of (a) solution depositing a dispersion comprising
30 metal oxide nanoparticles onto a substrate, and (b) exposing the hanoparticles to light or

oxidation treatment, or a combination thereof to form a device layer,



the steps of (a) solution depositing a dispersion conprising sem conducting
netal oxide nanoparticles onto a substrate, (b) sintering the nanoparticles
to forma sem conductor layer, and (c) optionally subjecting the resulting
sem conductor |ayer to post-deposition 5 processing. As used herein,
"sintering" neans aggl onerating nanoparticles at tenperatures belowtheir

mel ting pqjot,..ln.still another aspect, the inventi gRrRkQéEES7€l ectronic
devi ces aﬁw%‘)ﬁdsmﬁgde usi ng the nmethods of the invent?{)n. The net hods of

the invention allow for the fabrication of netal oxi de-based 10 el ectronic

devi ces and TF Y . Quy . .The hods .of the
i nvention the!rg?ng{rhgraeh%blﬁée%%gmgl ﬁ%’?ﬁ%@%ﬁ‘ﬁg maéﬁnégca[’lf@ﬁo%%a%@g ces and TFTs
on t enper aheusteps s&as sdlutive demnitisg & dispesionwohprdsngpeaibhdustingSagaloridduct or | ayers

made from nanoparticles.c relatjvely unstabl.e or ajr-,sensitive (see,
f or exarrpl@?oﬂfﬁ’é{es E‘g?gﬁ‘fbsﬁ%‘?’?@f?%ﬂ%bin@ﬁ?g%%tﬂ form agpmicosifioR dl ey et al .,
15 Sci encelaye?&hd (cY 8fiioqdlS2Ajecting iR rddulS BfdefRidd@ieton laykay 8- défeiGod r om cadni um
sel eni_.de nanoparti cl g had, t o be fabri c][%t ed . in an inert atnosphere glove
box) . IMet G e A B%{Flﬁ SinieEng Jprany 38LI0METatRE PSRRI CS EHEMPFIHENGE i on,
however, cipwieir dbisRepsmd in water or organic solvents, often with the aid
- of organic ligands or_ polyners, This allows the netal oxide nanoparticles
to be del i ver eff $ig 2gotheraicriathe myentign Pravidesflestorie doyies st Tomaik e

sem conducisQk RINIRAL bf he BSer@bn Ot her materials (for exanple, silicon,
germani um and cadm um sel eni de), netal oxi de nanoparticles have the

addi tional  adVhwmaedsef thedveefioseliasy fr the fabxiratian cbmetalmrids-basedbi | i ty enabl es
Procegs! ngel&ﬁ%ﬁi&‘@ev%§ Ald 191k Gl MRPIRR ihpEiafifes! Thednofidial Sihe Bleryh di 21 NG

condition such as, for exanple, al'r, ozone, atom c oxygen, Or oxygen

pl asma. Subtiefoseictibis the capemution efiptectecnir devitesand AF T'son lempsretutg sgaitive 25 | i gands,

If used, fsﬁlﬁéﬁa{eﬂ&cﬂﬁstﬂﬁsti%i de surface at relatively | ow tenperatures.
Sintering o t he nanoparticles can also take place at relatively | ow

t enper at ures. ‘$misonduter laysrsrouls fioh netnpaiticlpesnibo relatively untidlawed- i n the art
ol cct roni crir ek W bR S A SR ARPAN BBk B 555,80 SR PED ©
DESCREPTI Cidiehvtst B0l 746 (188K iwhereianeriicendtataiyersDeade femTadnimstshlenide of t he
I nvention can.BeiYREA bR MWathGrRnOthGe BV K Such as,
Metal oxide nanoparticles used in the methods of the invention, however, can be
dispersed in water or organic solvents, often with the aid of organic ligands or polymers.
This allows the metal oxide nanoparticles to be delivered to a substrate by solution
20 deposition. Unlike semiconductor nanoparticles of other materials (for example, silicon,
germanium, and cadmium selenide), metal oxide nanoparticles have the additional
advantage of being stable to oxidation. This stability enables processing of the metal oxide
nanoparticles in a variety of oxidizing condition such as, for example, air, ozone, atomic
oxygen, or oxygen plasma. Such oxidizing conditions can efficiently remove organic
25 ligands, if used, from the metal oxide surface at relatively low temperatures. Sintering of
the nanoparticles can also take place at relatively low temperatures.
Thus, the methods of the invention meet the need in the art for a relatively low

temperature method of making stable inorganic electronic devices.



f.or exanple, capacitors, transistors (for exanple, junction transistors or
thin filmb5 transistors), diodes (for exanple, light emtting di odes),

phot ovol tai cs, sensors, solar cells, and displays. A nethod of the

i nvention for making el ectronic devices involves solution depositing a

di spersion conprising netal oxide nanoparticles onto a substrate, and then
exposing t giticles to light or oxidation tre conbi nati on
t her eof to%ﬁm?m a device layer. The device |ayer gggfﬁgfg%éé%@n ayer of a
device in which sem conducting or conducting properties could be useful.
The deV| ce exanpl e, a sem conductor |ayer, an el ectrode
| ayer, MWF?WQN electron transporting |layer, a hole
transportl rmeth@(ﬁt\/lakﬁgbmj_bttroammdvlceg | ayer, or the like. Preferably, the
devi ce | ayer isTg ogrguct or, r or, .an lecirode | ayer. 15 The devi ce
| ayer is forned erflf."B e ci?%?na‘@“ Saetdtf?rd’P g elepronis devicgetush 2% xi de
particles 'T@:deﬁlﬁplatcaﬁa&ﬁﬁé trhf«s@,-tdils @&%ﬁ&rﬁ]ﬂ@ junaldnhﬁnﬁstérsbpmmmnm range) .

Sui tabl e netal oxid t er nar guat ernary netal oxide
conpoufds. TEBEHATH Spera i9: FRama: Lebkeikie HRdey b toTricasr P ol aroeds. SnCo.

I n203, CdO,,pd hiddaysGa203, CQu20, Ag20, BeQ, N O and the like. Useful ternary
nmet al oxi des i ncl ude for exanple, Agln(Q2, AgSb(8, 20 Cd2Ge04, Cdln204,
Cd2Shb207, CdSnC8,metheg sﬁ@mmvcmm € maling plepronicderics invohgsigion, Myl n204,

Sr Cu22, Zqﬁ@% d | i ke. Usef ul

guat er nary % ox%s I nc %gl?yxgggﬁggmlé@%ﬂ%& gagﬁ and the

li ke. As |sﬁxmﬁ@&ﬁwlnﬁnoﬂ?mchﬂohghthleOaﬁahgnmﬁverérorgwrubmmmalthwﬁ@r of the above

nmet al gxi d crystal | ographic

phase, leand%?rﬁpés?&g@?[&g%uﬁ%{aegg@g InOJeéﬁf ﬁpemgﬁgégé%%wﬁfg%t roni c properties of

d(he devi ce sbrayamducﬁﬁber amyrstiag bmgaraqshmdd phaestsl. dHodvad 14y tcahde.donpounds can
epend, forexﬁﬁi m%{a;fl&é}ﬁ afil %glgtﬁrogpggcoanc%{x&dcf Bt Oa‘éQdaﬁ elegtfll Ch the layers

are forned c¢an exanpl e, by post-
deposi tion t;anmomsg lamg,alﬂhzeﬂmﬁ;mrtmg layet, aligloxmitgngiageerar dedike.cheflrebly,

sem conductj n cong ucting dependin how t hey are processed or
doped. 30 ‘#?1 Q%&](Se %aﬁeélﬁ %/mfco%%ﬁmr B Obglgellegg?f%&ayferom nanoparticles of normally
i nsul a6i ng mat Elid davise kapats fhawe floeanetsl opide ndnopariie (thaeim mawdl oxidem conduct i ng

0 oCPNLC ARESE ) o S5GRP eg ODPR 5 Rl S5.05"
def ect fr eénchidabaryCiemiam cand @paeinath tndtabdx@ti chinpaints. AEfulisary meial exanpl e, 10 -
30% of 1208 s include, for example, ZnO, Sn0y, I03, CdO, TiOs, Ga;03, Cu0, Ag:0, BeO,
NiOQ, and the like. Useful ternary metal oxides include, for example, AgInQO,, AgSbOs,
20 CdyGeQy, Cdlng 04, CdySb07, CdSn0s, CdaSnO4, CuAlQ;, CulnO;, CuGaO,, IngSnz 013,
MgIn; Oy, SrCuy0;, ZnGay04, ZnyInyOs, Zn3IngOg, ZnSn04, ZnaSnO4, and the like. Useful
quaternary metal oxides include, for example, InGaMgOQ4, InGaZnQy, and the like.

( ' Asis known in the art, the alignment or structural order of the above metal oxide
compounds can differ for each polymorph or crystaliographic phase, and this structural
25 order determines the electronic properties of the device layer, The crystallographic phase
adopted by the compounds can depend, for example, on the process and conditions under
_which the layers are formed. Internal defects can also be controlled, for example, by post-
deposition processing. Therefore, metal oxide materials can be semiconducting or
conducting depending upon how they are processed or doped.
30 The device layer can also be formed from nanoparticles of normally insulating
‘ materials that have been doped to make them into semiconducting or conducting materials.

For example, zirconium oxide (ZrO,}, which is an insulator in its pure and relatively
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to make it into a sem conducting or conducting material. Alkaline netal
titanates (for exanple, SrTiQ3, BaTi 3, and CaTi G3) can al so be nade

sem conducting by doping with atons such as Nb. 5 When a seni conducti ng

| ayer is desired, it is preferred that the nanoparticles corrprise a netal
oxi de having a Hall nobility greater than about 1 cn2 VI s'I (nore
preferably,wgrh@abfhest Nan about 10 cnR v-1 s; nost preferab?%/ 437Heater t han
about 50 cn2 V- 1 s ) as estimated by the van der Paultr en neasured
as a single crystal or thin film Wen a conducti ng layer is desired, it is

preferred nan S.C rise '
resistivi tég}?& g& éﬁﬁ%{ﬁ% SPedl‘ﬂ&f %ﬁ %%@%Bp 3ﬂ2§§ﬁt“h§’n about

10' 3 S2- cn)o deEetflﬂDalséxmgonﬁhtemglawommchmﬂemﬂ Albalmedacn‘armanareampartl cl es
conpr|5|ng zin i de_ af. nbi nati,on thereof; .nore

pr ef er abl y* af“ﬁ% %ﬁ%{:@%% dﬁ?&?ﬁ??ﬂa@“’ft’i@ e??&ﬁ‘iﬁ’ﬂg‘ﬁ‘]‘% % PPESHII si ng zi nc
oxi de. For ats@sgucRpPNb.cati ons, is preferable that the device 15 layer be

transparent. S nmet al |de nano art cl.es as, zinc oxide and tin oxide
nanoparticl es at&™acHHiE: ‘@‘Fiﬂgl VCWB?SF‘ fiteis pr %{rh@i}i‘ed’ém?%ﬁﬁi%rti cles can be

synt hesi zegh is@@mhfﬁfdx‘iﬁé%aw&él;tempﬁbblm?tg?é@féﬁthﬁrﬁ%@ut ifs” ekamplo® Vayssi er es,
Adv. WMater 5, 464 (2003 ac ? et al., Angew. Chem 114,56 1234 (2002)

Carries et Prﬁfera’blyL§ﬁ%j%Mﬂa ‘?}1“@3%4\’ S ) O} Preferablsrerssiep thapaboat 50 ey’ VAm  Chem

Soc. 123, ﬂsl‘ﬁlaslesﬁl%gtgéwthQGm%Nﬁdu%etﬁ%tvhﬁgﬁeﬁsﬁﬁe@asié?ﬁgl@&%lﬁ'o?tln yang et al.,
Adv. Funct ter 02); and Park et al ter. 14, 1841

(2002)). Pmefideapcyadugtig myeltlaﬂesgsd ids mefaoyithat theinaropartisles ammiss  zed usi ng an
or gangyret aénkwoxmfe%w%?fesﬁgw ?eqs thi¥ely ?l.t 19®icdgn ngmga%fe}abgl 183 @aba&‘

synt hesi zed,  for exa rst orm ng nanoparticles through
deconposi t 1&rfXeMm).an organonetal lic precursor and 25 then oxidizing the

as-formed nanogay f%lﬂaﬁk%e dcHRE1ayd: ¥ fo SR nan MRS oShprRlng rinBRMAL oFUT . ). 6

4082 (2000) for t reparati tin oxi nanoparti c es ant i ca et
al ., Adv. twenide, or dviambmatich3her®E3ngre BB BYyabiyothe tenicedeyepiatenmied fromf i ndi um oxi de

nanopar t1 ch &8s i FRLANRUIn.Slice b sole SLBNANSH s pERERY. B4 3O 311, (2002)

for the prep zi°nc oxir d Prom ) Wien the
or ganigiret alayar(bepmspmrsor |s a| r-sen5| t| ve and 30 decorrposes inair, it is

o ter e e b S RERRTAE LSR8 B, L DB, Cot ol
Angew. Chmrmnelrmlly a&ﬁlabﬁﬂﬁ&lal(o%ﬂ&)nomclm dan be symt}ms«zedasmgmmmst icles are
formed by 6}1| mica mngh(%s (s_eg', for example, Vayssieres, Adv. Mater. 15, 464 (2003); Pacholski et
al., Angew. Chem. 114, 1234 (2002); Carnes et al., Langmuir 16, 3764 (2000); and Shim
20 etal., J. Am. Chem. Soc. 123, 11651 (2001)) or physical methods (see, for example, Yang
et al., Adv. Funct. Mater, 12, 323 (2002); and Park ¢t al., Adv. Mater. 14, 1841 (2002)).
Preferably, the metal oxide nanoparticles are synthesized using an organometallic
( precursor method. Metal oxide nanoparticles can be synthesized, for example, by first
forming metal nanoparticles through decomposition of an organometallic precursor and
25 then oxidizing the as-formed nanoparticles (see, for example, Nayral et al., Chem. Eur. J.
6, 4082 (2000) for the preparation of tin oxide nanoparticles; Soulantica et al., Adv. Funct.
Mater. 13, 553 (2003) for the preparaticn of indium oxide nanoparticles; and Rataboul &t
al. J. Organomet. Chem. 643-644, 311 (2002) for the preparation of zinc¢ oxide
nanoparticles from Zn(c-CgH,1)2). When the organometallic precursor is air-sensitive and
30 decomposes in air, it is preferable that the metal oxide nanoparticles are synthesized by

controlled oxidation of the precursor in solution (see, for example, Monge et al., Angew.

Chem. Int. 42, 5321 (2003) wherein zinc oxide nanoparticles are formed by allowing a
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WD 2007/ 044098 PCT/ US2006/ 024377 m xture of Zn(c-C6H, 02, |igands, and
tetrahydrofuran to slowy evaporate at room tenperature; and Tang et al.,
Nano Lett, 543 - 548, 5 (2005) wherein titanium oxide nanoparticles are
formed by reacting bis-(cyclooctatetraene)titaniumw th dimethyl sulfoxide
and ligands in organic solution at roomtenperature). 5 The netal oxide

nanoparti c{,@% HaYfeat least two dinmensions in the na?@f/ﬁ?ﬂ!ﬁ@smﬁlﬁﬂt is, in

the 0.1 to nm range) Preferably, the nanoparticles are less than 50 nm
in at |least one dinension; nore pref erably, | ess than about 10 nm They can

have vari oys tﬁl}é%%%(cf(%ﬁg%zbﬁ% apaﬂ%t“’saf‘) ahslorvgge%gg%%g é,or nanow re) and

be of varying sizes i"Caty Plgbl e to use a

conbi nat i onengkrating ped Tagdt dr, Namczm 5459{54&)68(@9@5$wher%ﬁ titahivosRedeappl i catl ons,
it can be advagﬁggeou t 0, have, .a i nodal JStI‘LbUtI on

nanopar t i cFEEPYHTEEE "f‘ﬁdebyrfﬁ?’f%ga ? céag%ctageérﬁen%ﬁ pam h dimpehy tly when they
are deposi tsﬂﬂmde-ﬁﬂdﬂhgmﬂﬁho@émdaahlitﬁ)ﬁ@ﬂ@mhltdiﬂ;ﬁﬁt@é}n be di spersed in a sol vent
and solution depo onto a stra e. sol vent in which_ the

osi t
nanoparticles a gﬁéﬁdgflﬁ’loéaf% o DEYRAY °F‘§“1°5 ipgRsiees ihenappeale (@ chosen

sol ution depmshd 0.0% MORELSSye] PR{HEHIH 8RhandpltiblRNAL le¥s thih$) nrélin®PREGI ON can
conpri se smal | anmpunts of additives such as, for exanpl e, surfactants. The

di sper si on CBeHBERINY metRSHErakly, 1955 Ban sheals] Ot A hestsn havEgiEes grapat@r than about
90% nanopkdniphd, SsheRdhl, Vz‘@d §Habed, &%aﬁo%v%?ﬁl%e by va?yrlﬂg QlesSkidde i N the art, the

i deal concentration wl var?/ dependi ng upon the chosen sol ution dep05| tion
met hod. 20 amieativns pleops b@we@aﬁh emeusaep@sbmaé@n ohthapes asdiysizenter egthplg any

sol Ut 9n_dEPORELARatide G B Bivaileo RAGIRL E birkdl i RABI L ARoPe_deposi ted

by spin coating, dip coatlng, scus coating, gravure coating, or
printing t@’élkmommss!)moabﬂ tiankpajtictes gani“packhggpore tigh@xwhpndiptyiaee printing, and
the |ike. guably, the dispersion is deposited by spin coating or a
printing te n| que 25 The substrate can be the substrate that supports the
entire el ectronThe mialioside m(ﬁonmﬁl@@arshmpla@déh)i sglvent ok salation depesitedr f eat ure

of the devi, ﬁt‘c’sas{[ﬁ%{rﬁé /B'gr% !e;ﬁ@n%ﬁihe S%{n gﬁ‘iﬁ %@sﬂf’e’%ﬂﬁ’ﬂ” cles Is

deposi ted onto trate evapor ate preferably
usi ng lheat comystiblaiwithalyeshosehisolitneslsgsitian gocegemrbameﬁ (bpitwndbrmhabout 5 nm and

T R N
| ayer t hi cliBpssorcgmnerdlly sompnicadioarless dapetat g tagpenerttiea abype0%f devi ce | ayer
nanoparticles by weight. As is known by one of skill in the art, the ideal concentration will
vary depending upon the chosen solution deposition method.
20 The dispersion can be deposited onto a substrate using any solution deposition
technique, For example, the dispersion can be deposited by spin coating, dip coating,
meniscus coating, gravure coating, or printing techniques such as ink jet printing,
( flexographic printing, and the like. Preferably, the dispersion is deposited by spin coating
or a printing technique.
25 The substrate can be the substrate that supports the entire electronic device
(“device substrate™) or another layer or feature of the device.
After the dispersion of metal oxide nanoparticles is deposited onto the substrate,
the solvent can be evaporated, preferably using heat, Useful layer thicknesses are
generally between about 5 nm and about 100 nm. Preferably, the resulting layer thickness
30 is between about 15 nm and about 60 nm. As is known by one of skill in the art, the

optimum layer thickness can vary, however, depending upon the type of device layer



-5 WD 2007/ 044098 PCT/ US2006/ 024377 being fornmed and the end use of the

el ectronic device. If the resulting layer is not thick enough, an
addi ti onal solution deposition can be performed. The dried nanoparticle

| ayer can then be exposed to light (for exanple, ultraviolet (UV), visible,
or infrared light) or oxidation treatnent, or a conbination thereof. The

light 5 angbasy7exnbddati on treatnent fuses, or agglo
nanoparticles to forma device |ayer. In general, an?h@gfsg??épgggf | i ght that

is strongly absorbed by the netal oxide should be used. Preferably, the

wavel engt h [ i [ Gt ap ..energy of the netal
oxi de. Therb %{P%JFOE@ a(I)llr1 ﬁ]r?ogg('g &Srefg)? g‘f’ g%‘?(t%o gsd %&/ﬁll?]?eglﬁ{m?ngq@%% élf"t:th]lg . However,
for some metwigh,er adinslsohtiasdepbaitonemagesorn@d20, visible light is

sufficient. 10 l.ight can,be su ied, for,.e e, by.an exciner |aser, a
W fl orescent I%ﬁ mog'la'n%qag%oll(eblﬁeﬁﬁaﬁﬂg’fn%ﬁe’é"é’?‘?ifflit?:ﬁ%g}&lof ?’ﬁﬁém ‘E\Fa"éo 54 urn | ow
pressure mEUE)rigibll @ ihfeungal light)ef exiddibiyireatrhdng ofls tawbimiioe pefebf Thebghtayer i s
exposed to |jght..and ozone,. UV/ ozone can be supplied, for . ex |l e, by a 185
urn | 05\/ pr é‘%@%ﬁé‘d%"é‘iﬁ?‘tﬂ’i‘e’grﬁﬁse?’Qﬁ?ﬁgp"@?ﬁﬁeﬁt‘g%‘??n?fag%ftl%%foneéﬁc‘ﬁ‘é&é%'ri ed out,
for exanpl e, usSkh@ghedd QRRvEIERA SBIEAL that & RUNOSAKEbEDLyRhOMEG] d¥kgeEN, Or oxygen
pl asma. At om l?iiég)%ﬁ%en and negatively charged oxygen_ions can be generated

as a conseffif¥ - JossrigRh 1BF wavrengBREle Sappre Brischehar hp badegapener at ed

t hrough neg fRROMMN] bRdS. MRerdfole, fob BBst nlell 0:B3RNDY §ightoptembRl at, Al AA
Jour nal (1994)). Oxygen plasma can be g}ener ated by a variety of neans

32, 9 erat ed | .
known in Hewewkdorsempmembxides aichpe forexample. ERgl, vistlq bht isewBaEt ry, " and Use

of Plgsma Reactoy gniéfh %ﬁﬂlﬁ@,rfoﬂemgi&,%%@naa‘cingil%&r,c%v%s%@ﬁgﬁn New Yor k,
1971). The nmetal oxide |layer can be patterned, for exanple, using ink jet

pfi nting of ‘blegpkght ng geuripdaldights or 4354 patlew pressusiRjcurmak ilawp. Pebablyues, a
nmet al oxi dg._l : i j T it | ayer can
be patter nglg d@g&gea?ﬁ%gfc%glaggggée@ggrerﬂn%ne tg’??g‘fdgﬁg%?‘g’? \r(fgn ea%/llgé] letCl bﬁaﬁv | i ght
t hrough a preotmisneisk!85wim low pprssund mercurpercllangght t o pass only 25 in accordance

with the desir _EI‘L?}HMH flatinen %e%&ﬁe&&gimﬁgﬂébugiﬁé Gzdng H’Qﬁx??rg,f’ o the |ight

will sinter. e unsintered regions can t enmoved exanple, with
sol vehi s) . expiobire foplomidienygere of axy pandlaveal eAtorgic ogygeh endwmsgitoglyshargée i nvent i on

can be useg. i, | Ao Sl PELLANG, HOX £61E01 SXANB & o, dgped metal

oxi de | ayer de 'using ne can Be used as the
t r anspar enbe ginereted thae:gh metodioben ol thaart(setefor eample3Uagaws emal.cAdbict i ng | ayer

conpri si ngy, BPLALs QEbAF dxhgh pledmf O vh GARERAS Walilly 8 méaSERIovR in
the art (see, for example, Finn, Engineering, Chemistry, and Use of Plasma Reactors,
20 American Institute of Chemical Engineers, New York, 1971).
The metal oxide layer can be patterned, for example, using ink jet printing or
masking techniques. To pattern using masking techniques, a metal oxide layer can be
( deposited as described above, Then, the layer can be patterned by exposing predetermined
regions of the layer to UV light through a photomask, which permits the light to pass only
25 in accordance with the desired pattern, Only the regions that are exposed to the light will
sinter. The unsintered regions can then be removed (for example, with solvenis).

Multiple device layers made using the method of the invention can be used within
the same electronic device. For example, a doped metal oxide layer made using the
method of the invention can be used as the transparent electrode in a photovoltaic device.

30 A semiconducting layer comprising a metal oxide that is not transparent in at least a
portion of the visible spectrum (for example, Cu;0) made using the method of the

invention can be used as the semiconductor layer in the same photovoltaic device.
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portion of the visible spectrum (for exanple, Cu20) nade using the nethod of
the invention can be used as the sem conductor |ayer in the sane

phot ovol tai c device. -6 WD 2007/044098 PCT/ US2006/ 024377 The renai ni ng
features and | ayers of the electronic device can be fabricated using any
useful nethods. Device |ayers made using the nethod of the invention appear
to be nore wonrAdsodghan | ayers of the sane materials ot her net hods.
The net hod of the ?ngenti on can 5 therefore be parti%%?(gséj%/oﬁgﬁgful for

maki ng sensing |l ayers for sensors such as, for exanple, target gas sensors.

Met hod of Maki n T rT|nf l.mtr NS TFTs) are a
particul arly ugﬂ}er?m{’ Hf)%ﬂtf“@e r{’dq%:y%onl o lee\‘?loéltlac dev%ﬁag%aenefag'f‘fv Encl ude a

t ransi st or asussful mtteodsa gat e el ectrode on the transistor substrate, a 10

gate diel ectr| a source and a.drain el ectrode

adj acent to th eﬂé&eiay 331 é%‘fsﬂgghe %%@D%Qfgﬁﬁ?véﬁw3ﬁ8?eﬁ?tolbﬁﬁwe Bif"8cent to the
gat e di el eeaf lagerd Bfthe chnR Gedrials thalidly othed wieth@dA ML HétBédofehedfidn@sleqn These
conmponent s can be assemhled_ in a variety of configurations. For exanple,

the sour ceMaivPrabepaticaleey pse @émélé‘ﬁgﬁfém%]a&%%ﬁfS"Pﬁfr%fﬂ’éhésaf%exﬂi‘%‘f:ectr| c with
t he sem coWFagrseﬂS@,yer over the source and drain el ectrodes, or the 15

sem conductor [ayer can_be |nterposed bet ween the source and drain

el ectrodes d phiakings Fhig Fdm e 8L The present invention provides a nethod

of making TFTs. ThTmIﬂ%Qaérs I(mej MER palﬁwwrylu%lqﬁm%u&ummaie%é per si on
conpri sing _sem conducting metal oxide nanoe@grtl cles onto a substrate, and

sintering TREs gearralbsipelpde adengigorfsphsirpta, agatricisriefgop die trapsider subdrateFTs nade
accorgj ng LQe 31@1%01’95 &?ﬁ@%a‘cé é]%c%&é QEb&éQn@QmB@%Yécﬁl&ﬁa Acedt 1%‘% Jafat ©
("transistor substrate transi stor substrate typical y supports the
TFT dur i ngdieleeiriafaad & santiengductos fayenagiaceahie/toy gateskiclechisrand sdingshtgo thene tr ansi st or
substrate enbodi nent s
whi | e anot rce?g%%gilng%{r?&gsugg ‘ﬁ’?ﬂhgg%% b§&§ﬁﬁ%ﬂ9a‘(;§1ﬂ%fﬁ‘%l al enbodi nent s.
Opt i onal | y¢onfigeratianarfor stam_plesftmmcatmi drain ebctmﬂlbwmacb&cen’ttto theghte25 functi on
for the TREBEMM thLaRSlahal ISUPSEE b SulBLE] hah YA dPger 9ani ¢ and
i norganic erials. "For exanpl’e, the ranS|s e can conpri se
i nor gkini ¢ gpmEemde:tor dayeianan be infegiobe, bepeknytre saucce mad daramalastrnéde&)andekanpl e,
acrylics, ﬁoag €8s pol yam des, pol ycarbonates, polyim des, pol yketones,
pol y(oxy- 1g eny‘f eneoxy- 1, 4- phenyl enecar bonyI 1, 4-

The present invention provides a method of making TFTs The method involves

solution depositing a dispersion comprising semiconducting metal oxide nanoparticles
onto a substrate, and sintering the nanoparticles to form a semiconductor layer.

20 TFTs made according to the present invention can be provided on a substrate
(“transistor substrate”). The transistor substrate typically supports the TFT during
manufacturing, testing, and/or use. For example, one transistor substrate may be selected

( for testing or screening various embodiments while another transistor substrate is selected
for commercial embodiments. Optionally, the transistor substrate can provide an electrical

25 function for the TFT. Useful transistor substrate materials include organic and inorganic
materials. For example, the trangistor substratec can comprise inorganic glasses, ceramic
foils, polymeric materials (for example, acrylics, epoxies, polyamides, polycarbonates,
polyimides, polyketones, poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-
phenylene) (sometimes referred to as poly{ether ether ketone) or PEEK), polynorbornenes,

30 polyphenyleneoxides, poly(ethylene naphthalenedicarboxylate) (PEN), poly(ethylene
terephthalate) (PET), poly(phenylene sulfide) (PPS)), filled polymeric materials (for

example, fiber-reinforced plastics (FRP)), fibrous materials, such as paper and textiles, and
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phenyl ene) (sonetines referred to as poly(ether ether ketone) or PEEK),

pol ynor bonenes, 30 pol yphenyl eneoxi des, pol y(ethyl ene

- napht hal enedi car boxyl ate) (PEN), poly(ethylene terephthalate) (PET),

pol y(phenyl ene sulfide) (PPS)), filled polynmeric materials (for exanple,
fiber-reinforced plastics (FRP)), fibrous materials, such as paper and
textiles, aweneho)is2007/ 044098 PCT/ US2006/ 024377 coated or uncoated
nmetallic foils. Preferably, the transistor substrate EOHPPP¥EET  pol ymeric
material. A flexible transistor substrate can be used with the present

| nventi on. éétgd o?énc% tgd mte{aﬁllrc} ??}I%t rgferggg %& 5 &%t%&%u%%%éfcggnaﬁ%g a Cg:]g(r?rss z:‘ ng.

whi ch may cont i nuous,
manuf act ur |pnlgmcxwenatérliadzt and/ or rigid substrates. The flexible transistor

substrate chose rabl S, ca appi ng.ar ound ci rcunf erence
of a cylinder o ﬂF’g@g rf“??és bdﬁéie%ﬁ%?iﬁ?e eéﬁesf‘gr“é’rc‘étro&b’wlmplﬁss t han about
25 cm di amatmsistor BT[bBﬁat@&IRJf“erf@bbl]/pm&eeﬁﬁg Whﬁmn@bw&onﬁ&ouﬁ?ﬁiwdﬂfgef erably, less

t han about 5 n% mntg%gt di st rt| or bre ig@ The force used to wap the
f1exi bfo t FEAETEPLTEIS ARkecPay of epRaeE ol o HEB PRI AR | cul ar
cylinder t yipiiiabhosistos shigMhte SHSdR pRFeridly rm@sle%re«ep @pgromddhat is, without the
aid of levers, machines, hydraulics, and the like The referred flexible

transi st or cyBdersee af %%n@f‘é of ls#sithet 2Dy A0 pp §@F‘F‘er (Prrécrepdt: éﬁseihé’é ghogtle of a TFT

can be any25‘@:@@1%3@9W&ﬁ&%&b@%ﬁ@&aﬁ'abou‘?% nﬁ?é?;ﬁ&le:%bly, [ERhaH@b&t §1 €ctrode can
conpri se doped silicon, or a metal, such as al'um num copper, 15 chrom um

gol d, si | vem) withaukdiptortisg py ‘%i@ﬁkﬂ’r&\ Theiferes wradio wramtha Dexible prpistor sebsirgim  and

transr?@renbfﬁeﬁlda%h Mumde&uﬁy&yhn@étypwmm&w BycB%b Lsisead@med zinc oxide
(for exanple, alum num ng zinic oxi'de or gal'lium doped zinc oxide).

Conduct i ve ((Balisypishant Hiegtd of taverpanaghias, hyritﬁuh@sxmﬁﬁheehksbﬂizwﬁemé or pol y(3, 4-
et hyl enedi ‘Eé%%h%ﬂ?o?@dlfs@ﬂé %’fﬁ%ﬁ:}’(ﬁl@{l‘%oﬁ%él?nat e) (PEDOT: PSS). In addition,

al | oys, 20 conbi nat1 ons yers of these materials can be usef ul .
In sone TFTs, fﬁeg@aHEMKMQpéaTﬁIuménmpnudhd@n@h@V@mMewéHbc@wudb,functron and

al so provi gg of J&%le%b%@%ﬁeoh%?etd[ gegrsg ?ﬁ"‘orfrﬁl@t?ﬂ%}l%al ré%gﬁ For exanpl e,

doped silicof can nction-as 8 el ectrode an supp the TFT. The
gate & el echrompmefddsiliaatitkel, paibdihranﬂ@mﬂmetagahlm gldatdniwodend r om t he bal ance

o e, olhedt T ink it S bR Sl hpeh, 1 e
di el ectri cexaombt dmhinofm dobel Aratogidd negaﬁmtnr doq:ed:mn: dxe:le)
Conductive polymers also can be used, for example polyaniline or poly(3,4-
ethylenedioxythiophene)/poly(styrene sulfonate) (PEDOT:PSS). In addition, alloys,

20 combinations, and multilayers of these materials can be useful. In some TFTs, the same
material can provide the gate electrode function and also provide the support function of a
transistor substrate. For example, doped silicon can function as the gate electrode and

{ support the TFT.
The gate dielectric electrically insulates the gate electrode from the balance of the

25 TFT device. The gate dielectric preferably has a relative dielectric constant above about 2
(more preferably, above about 5). The dielectric constant of the gate dielectric can be
relatively high, for example, 80 to 100 or higher. Useful materials for the gate dielectric
can comprise, for example, organic or inorganic electrically insulating materials.

Specific examples of organic materials useful for the gate dieleciric include

30 polymeric materials, such as polyvinylidenefivoride (PVDF), cyanocelluloses, polyimides,
epoxies, and the like. Other useful organic materials are described in copending
application USSN 10/434,377, filed on May 8, 2003.

“8-



relatively high, for exanple, 80 to 100 or higher. Useful materials for the
gate dielectric can conprise, for exanple, organic or inorganic
electrically insulating materials. Specific exanples of organic materials
useful for the gate dielectric include 30 polynmeric materials, such as

pol yvi nyl i denef | uori de (PVDF), cyanocel |l ul oses, polyimdes, epoxies, and

the |ike. h ful organic materials are described i endi ng

appl i cat i o??%@@ﬁg@ ¥ 434,377, filed on May 8, 2003. -2%52@852‘%324098
PCTTUS2006/ 024377 Specific exanples of inorganic materials useful for the
gate dielectric i&?l ude nti at.es, ntal ates, titanates,. zirconates,

tr t r .
Spe 'IFF’@BW?%Q 1gergani¢ mpfenigls peptuliier e gate dickegtrs meludsi des, silicon

al um num oxi des®

nitrides, Rasitidey, tAntadiked] iRanaked Ziretiesd, bRMduHBxidet, aNRb Laxi @I dantildhi UM zi rconat e
titanate. In addition,.all onbi nations, and nultilayers of these 5

- . ys7 ) Q » »
material s OXfeHHERRRBIxs: S’ﬁ??é‘ nifEdes, karran dlapste.Gartvm graphyp diangle. 8 r ode and

drain el ecthup@esrcohardtitliate. B AdHERANGs Lmbm@Bnt RRd BRlifryeSbEGtdode by the gate
dielectric, while the sem conductor | ayer can be over "or under the source

el ectrdde awirrigh sarpeareldpytheigate divfectdour ce and drain el ectrodes can be any
usef ul  conduct Qe abddde anb§RltectBlee bf 21T érggéggﬁq@flg@ﬁttheoé%e} hose

mat eri al s descri bed above for 10 the gate electr exa e, alum num
barium calelsttendy by the grie dislectiiopyide thegohidondugor layer canrbie okelor uplat thadi um _
platinum 1 LanidMackh g&%ﬁ%ie%t%decﬂa%%kﬁ&é 4 a HEF R ELL b%sanir g%h}fm tin oxide
or a doped zinc oxi aé (tor exanpl e, "al uUm num deopegl zinc oxide or gallium
doped zi nc coxindiy mapubly HeeifllimaeriaPECOT B8Sof bokeraigohductibaigbpel fymer s, al | oys
t her egf , j ' f til ayers thereof. 15 e thin film
el cct 1oites THEREERHLAETRL AZA Sy B Tl YGRS HOBLE cand el i 1

e(l ect r ode) siban nizkel pratisdigecldtiyura,titaniige frahspaes wendsuitly casles fuok assndinpl e, by
plating, ink j.et pyrintlng,...or.vapor, deposition,(for .exanpl.e, thernal
evapor at i orq:m8%13%%ruatciogcrdltzﬁng°)%?udﬁgp %%Plﬁga%ﬁ%lfmt’ H%De? %]imr:lo llg? (r}rr]r%héﬁé]t rodes can be
acconpl i shddpeldyink nxids), podfahitids PEDON: R8S, @hee céndoaing pralykiengllopdilértefy e
phot ol i t hography, subtractive.photolithography, printing, mcrocontact 20
printing, g%agﬁ%lf){metﬁ?{wgga&f‘m&l%?ﬁéhe&g ‘e dielectric can be provided by any

usef uls means sTHehhiA$iim Eledtrodesd i i€ theadarleletipqie sdotuice Ele@fodf land drainbased
deposition., Th

dopost L on, TG S Gttt B ot BT dTadE Secor g, bo,! he ot hod o
i's, sem copflintle] dtGapieiedositiOXiflRxé, ieh@s eVipiiatich @lspltRasd). Ranembhignmensi ons in
the 0.1 to 0 t?lg thri]nr%lgnaérl]e%’?r?)des cpzirnege%cr:c%gllpﬁéheé de known methods such as aperture
masking, additive photolithography, subtractive photolithography, printing, microcontact
20 printing, and pattern coating. The gate dielectric can be provided by any useful means
such as, for example vapor deposition or plasma-based deposition.
The semiconductor layer of a TFT made according to the method of the invention
( is formed from semiconducting metal oxide nanoparticles (that is, semiconducting metal
oxide particles having at least two dimensions in the 0.1 to 100 nm range). Preferably, the
25 nanoparticles are less than 50 nm in at least one dimension; more preferably, less than
about 10 nm.
Suitable semiconducting metal oxides include, for example, the binary, ternary,
and quaternary metal oxide compounds listed above,
The semiconductor layer can also be formed from nanoparticles of normally
30 insulating materials that have been doped to make them into semiconducting materials.
For example, zirconium oxide (Zr0O2), which is an insulator in its pure and relatively

defect free state, can be doped with In;O3 to make it into a semiconducting material,
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25 nanoparticles are less than 50 nmin at |east one dinension; nore
preferably, less than about 10 nm Suitable sem conducting netal oxides
-include, for exanple, the binary, ternary, and quaternary netal oxide
conpounds |isted above. The sem conductor |ayer can also be fornmed from
nanoparticles of normally 30 insulating materials that have been doped to
make them i h@onducting materials. For exanple, zirconium oxide
(Zr02), V\hi‘gﬁq?ozﬁghﬁi nsulator in its pure and rel ati vEYYUS8PHET free state,
can be doped with In2G3 to nake it into a sem conducting material. -9 WO

2007/ 044098 ,,PCT1 U 6/ 024377 Al LN tal .t at es or exanpl e,

SrTi 08, Ba%lkérfre %ﬁ%q%’anﬁe%@}r AW 1%%2%bb§a@deand§§h% ocﬁlﬂﬂléé Lehlé‘a%y doping with
at ons suchsasicadductinp &f dophdpl with atdres snevuepidr t i cl es conprise a netal oxide

havi ng a Hal | bility.greater. than about 1, V-1.s-1 (nore preferably,
greater than alr;‘%ﬁffra%’té Wﬁs(’le‘f;cmﬂﬂégteagleﬁ}@?‘gﬁq'gﬁlp%?@gﬁ’@ﬁyQIFFE‘H about 50
cnp I\/1 s’ )haﬂlsbcﬁsxi:rﬂ’favégf (ﬂ}brdﬂ?&el}dﬁﬁl, ggi&iﬁerﬂﬁﬁ%dﬁﬁmm ‘vak?ﬂloa}easured afs a |
singl e cryst r thin film Preferahly, the sem conductor |ayer is forme
from n%nopaﬁc?qraéfyegreefsﬁwtbwéplﬁagﬁmn}?’S&ﬁﬁasém@tedwiyedﬂ%?awmath%nbi nati on

t hereof , mMyheh MELEEI A IngldBRb@Nbigan[duct or layer is formed from
nanoparticles conprising zinc oxide. 10 Preferably, the netal oxide

nanoparti cl es direfeshhit thesmiopdugtor lgjerdnionegdivananeanarticles comprsngiiingor et hod as
di scussed ghQy&-tin thRle SR TcGRANLMER HBRoTRbLA! pr O\ﬁ-%lgﬁ, tﬁ@:’gﬁ%fﬂdcﬁﬁ BSerG@n have

various shapes (for ‘exanple, spherical aped, or nanow re) and be of
varying si femed wiopwicl¢stcompipingezincpridter abl e to use a conbination of
shapegy and/ or sj.zesy i FaL 1SR Sanobirtifd ke Lo RS sib an]ﬁ' Vanfiageous to
have a bi nodal or rruP{ttlﬁr_%ggl q@i s%nrOP%ﬂtl oné%gﬁangénopgrfl o %%QSI zehs so the
nanopart i cpwenrgsamethpd ekdiscnssederbpyeght | y when they are deposited. The netal

ont o a aubot 1 at B e B D o R Tt e usi ng
any sol ut i eampléejnbsridal, oxd-shensfhr garewirtond bxefivptyég sizhe Sdinsthessdi@enbean be
ggg?is int ed %fe?d%ie% S&aatciofﬁgmat%in%f ﬁlgae%%ﬁ/br%ei %Eln%xﬁl(ﬁﬁﬁ, 1f&?{tsbrgaﬁx§ hgvure
g, of printing techniques such as Tnk Jet printing, exogr aphi c
printising, adventageeud tb heve aBimddelraipiutimddhlatiditsier of mmopagiciieposist 68 by spin
coating Oltnan%pa[f'{iélenstclnﬂ]gpagke’%?orr]é tcllgll!lﬁy when they are deposited.
The metal oxide nanoparticles can be dispersed in a solvent and solution deposited
onto a substrate. The dispersion can be deposited onto the substrate using any solution
deposition technique. For example, the dispersion can be deposited by spin coating, dip
20 coating, meniscus coating, gravure coating, or printing techniques such as ink jet printing,
flexographic printing, and the like. Preferably, the dispersion is depaosited by spin coating
or a printing technique.
( The “substrate™ onto which the semiconductor layer is deposited can be the
transistor substrate or another layer or feature of the transistor. For example, in some TFT
25 constructions the semiconductor layer is deposited onto the gate dielectric (that is, the gate
dielectric is the “substrate™), and the source and drain electrodes are deposited onto the
semiconductor layer. In other constructions, the source and drain electrodes are deposited
onto the gate dielectric, and the semiconductor layer is deposited onto the gate dielectric
and source and drain electrodes (that is, the gate dielectric and source and drain electrodes

30 are the “substrate”). The substrate could also be an optional TFT layer such as, for

example, a sealing layer or a surface treatment layer.
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The "substrate"” onto which the sem conductor |ayer is deposited can be the
transi stor substrate or another |ayer or feature of the transistor. For
exanple, in sone TFT 25 constructions the sem conductor |ayer is deposited
onto the gate dielectric (that is, the gate dielectric is the "substrate"),
and the source and drain electrodes are deposited onto the sem conductor

| ayer. In tructions, the source and drain re deposited
onto the gggg%?jg&?ggtri c, and the sem conduct or Iaye?cﬁgﬁsé@%gzz?ﬁed onto the
gate dielectric and source and drain electrodes (that is, the gate
dielectric and nain.el ect 30 are,the, "sybstrate"). The
substrate coul dé pg#é%@bag@gﬁgg% %r%%na(ﬁ%]eﬁg)ﬁ%yneagws uc }168 éssd,ep(fsg?dsoné&%ﬁ‘pl e, a

seal i ng | ayéstrade, the seluert eancbeteratatedirefbable nsing He@t, Wophi209 /thO A4Sk

PCT/ US2006/ 024377 tianal | after t i,Spersio tal oxide

nanopar t i cfa?é%ré% ng“asé%‘%%’@)@ﬁv%%?@“{ %@“ﬁ%@?%&ﬁ@mﬁwgg?g{yv HveRgR e

evapor at ed}]5 i efiddbalitl 69 ntSi Axds Reain. by bygéfaRrillliy the kahs @i 1I8@r | ayer thickness
can be_between about 5 nm and abput 10% ri mé{gr,efera |y, between about 15
nm and® aboH{CKBHS FAPFTY> SveNer dSRERTeRpom e YT ofeiics ey bekg faamed andhe opt i mum

| ayer 5 thingkREss ofiBdel¥diotic dBAVE MK reIBRE NELMIndtANEK dBesH ¥PRidRbngevi ce | ayer
being formed and the end use of the electronic device. |f the resulting

|l ayer is nélUtoRidenesiEipiergie PefPrmefti ti onal  sol ution deposition can be

perforned. The 1RAARAEES |§er!cBY BEn Bihtdrb BinRBing b R a8bmpRinRl @Jiﬁ%"g can be

hod t hat aggl onerates the nanoparticles at

acconpl i shed usij n&h %)( nme i , >

t enper at ur & ek pREIGmeRTsTheRInRoItises at tampemitweshelqithelamelae BRitlonpl i shed,
for exampl Ginehis E!:_QbE'@&BmplkéhQJ}?or(eie@ﬁpl&ﬁﬁﬁMe@b, LY (foV &x3inBle SV OfisibiBf r ar ed
light), or oxidation treatnment (for exanple, 0zone tr at ment, exposure to
atonmi ¢ oxipdered light), exaxidsopireatg] (forgrample grtre rastmen), epesuedp alomir  exanpl e,
UV/ ozone t J : ' i i at can be
acconpl i shgeg@ﬁ?&xgg%r%gg%f grs% %g{bgﬁh%’%ﬁ?&@@ﬁgﬁgeﬁg%g&hg‘g?@?gbﬁt ering is
typi cal | y pdeechynblohesdssmg)-a tenperature | ess than about 2/3 of the nelting
poi nt of the -al . 0XI ref ; I ' | ' at a

t enperat ure I@lﬂ%rﬁlg)r%&q g%%%’tb%ég%%?h%gcrl’g&r%%ﬁ%g% lhg?@ﬁggﬂ%ﬁﬁgbout 150C.
When Usi nghdat, ginterifigis typicall eaccongplished ahateaiperniyteiess thah iabgut 2/8 lefithe nsltioer ongl vy
absor bed by.. t -OX| | d . - I vel engt h of
light is (?nét 02%3%%?#’89%E%ﬁmﬁ)%g'lﬁrérpgglgt%%%ggbsggéﬁ%Eé%gyaqr%ggée al oxide. For
nost et al atexi WEX; npregfrderallly yless fen kbaghtS0PG UV i ght .

‘When using light for sintering, a wavelength of light that is strongly absorbed by

the metal oxide should be used. Preferably, the wavelength of light is more energetic than
20 the band gap energy of the metal oxide. For most metal oxides, preferably the light is UV
light.
Atomic oxygen and negatively charged oxygen ions can be generated asa
( consequence of oxygen plasma generation, or they can be generated through methods
known in the art (see, for example, Tagawa et al., AIAA Jowrnal 32, 95 (1994)).
25 Oxygen plasma can be generated by a variety of means known in the art (see, for
example, Finn, Engineering, Chemistry, and Use of Plasma Reactors, American Institute
of Chemical Engineers, New York, 1971).
Preferably, sintering is accomplished using a combination of heat, UV light, and/or
ozone treatment; most preferably, a combination of all three is used. UV/ozone can be
30 supplied, for example, using a 185 nm low/medium pressure mercury lamp. A high-
density infrared plasma arc can also be used for pulse thermal processing (see, for

example, Ott et al., JOM 45 — 47, 56 (2004)).
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At om ¢ oxygen and negatively charged oxygen ions can be generated as a
consequence of oxygen plasnma generation, or they can be generated through

. methods known in the art (see, for exanple, Tagawa et al., Al AA Journal 32,
95 (1994)). 25 Oxygen plasma can be generated by a variety of neans known in
the art (see, for exanple, Finn, Engineering, Chem stry, and Use of Plasma

Reactors, AgghdeSaeknstitute of Chem cal Engineers, 971).
Preferably, sintering is acconplished using a conbi nal{hlfr\(/)iﬁns%ggl%g’eét, WV light,

and/ or ozone treatnent; nost preferably, a conbination of all three is

used. VT 0zone aut, AOcABRsilond s G PR el A0k pd i | oW medi um

pressure nercury lanp. A high- density infrar rc can al so be used
for pul se presssieg topmproesids segicometingfoonpertiex Sopt metalGidedayemisuch a3 @t 45 - 47, 56

(2004)), - 0 P 77. ional ly. the resulting
sem conduc%%Jfr&g\lf:%i%1 %‘yeg%%%g%yél ({xgl% ;ﬁ)geg@l{a%(ga%%%?’tcf’r%?r%&g%@g?seélle%%)r PE & nprove its
sem conduct TR squiapéndirdayer Wimetheppetratubpxiedi®e postdepwition plocasing frast- exanpl e,

tin oxide Layers may not exhibit satisfactory.sem conduct|ng. properties for
use o9 o wRIE S ncn it b B BLER T nERE R ERD TSR bR

post - Flepos(fbn'eafmple,a_b@ﬁs?mg.ma’mmleﬁs%dﬁpﬁg%?bi @Borr dReks), ?@tiﬁ@ﬁiith n?:I ude,b f?r S,
exanpl e, annealing in air, annealing.,in fo as. r .exanpl e, abou 0
D and abolPTORURTET & el T TS e 88 1 B oE 10, ot o ¢
hydrogen, or agisigedtersM]Bir@eHlingORekh{ heaify dbpveiicablepperatiRedlridagyi n for mi ng
gas). As used herein, "annealing" neans heati ng above anbi ent tenperature.
Typi cal | y, 20saiiRg vPIYes heakngl'e & ErmReraiefgoeamy epipRsTaisg, Bt S59b& anbi ent

t enpef@t ur goutys of tﬁa%ﬁeltiﬁ@mrﬂe@mmwal A, I%feiab@i dRtding G RQnMistef ot he et al

oxi de. Preferabl )é annealing is acconplished at |ess than about 300C nore
pf ef er abl ylessthangibew 4A0°abwere PEETRELY. rpisAbeutilé0%st omi ¢ hydrogen (H) can, for

exanpl e, reduce,biareGoemtiyabANHPian, ﬁ%%ﬁﬁieYﬁd&é'M%&éﬁ%n bt a netal
oxi de layer. Atom c hydrogen can be generated, for exanple, by the

catal yti c ¢eessive xvepertoeeh appish pddhlayer domighydrogm cenbagoperated,fora catal ytic 15

chem cal v Lk I , ny i, et al., Jpn.
3 hopl . FRapler Bt R B ) S8 B R o e O 1 ons
t he sEm cotigmicebyeperalpegsition apparsiue tee, Jorsyaepl¢, disbughi et ploden. J1ARPh PRy Hr ef er abl vy,
at | east 756?59¥%06f9§§209®§!05i tion processing can be performed i nmediately

after the sem conductor _
When aging at ambient conditions, the semiconductor layer is typically aged for at

least 1 day; preferably, at least 7 days.
Post-deposition processing can be performed immediately after the semiconductor

20 layer is formed (that is, before other TFT layers or features are deposited onto the
semiconductor layer) or after other TFT layers or features have been deposited onto the
semiconductor layer if at least a portion of the semiconductor layer remains exposed. A

( second post-deposition processing can also be performed after additional TFT layers or
features are deposited anto the semiconductor layer or when the TFT is complete.

25 Preferably, the resulting (that is, completed) TFT is subjected to a second post-deposition
processing if the first post-deposition processing was performéd before source and drain
electrodes were depostted.

Post-deposition processing can also be used to improve the performance of other
device layers (for example, device layers made using the method of the invention for

30 making an electronic device, or device layers made using other methods). Device layers

can also be subjected to hydrogen plasma in order to increase conductivity.,
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20 layer is fornmed (that is, before other TFT |ayers or features are
deposited onto the sem conductor |ayer) or after other TFT |layers or
features have been deposited onto the sem conductor layer if at |east a
portion of the sem conductor |ayer remains exposed. A second

post - deposition processing can al so be perfornmed after additional TFT | ayers
or featur I posited onto the sem conductor | the TFT is
conpl et e. ‘gézﬁv@ﬁggr%abl y, the resulting (that is, co%ﬁ?éeagu)ﬁ Tigj'la'] i s subjected
to a second post-deposition processing if the first post-deposition

pr ocessi ngEﬁﬁiflﬁﬁf&f ornmed before source and drain electrodes were deposited.
Post - deposition processing can also be used to i nprove the performance of

ot her devi ce |Ghmetssnd ddvantagrsanfiiieinvedion aefultiay Binsrated de the Solloginighe net hod of

the invention fo 0 maki.n n.electroni g device,. or device | ayers nmade

usi ng ot he?xa%{eﬁgg%e.pq%éwlgggﬁn Sg?és:amo qﬁ&‘glecg%ccbtgd ?@W%Wﬁle%ﬁs% dr ogen

pl asma i n eraier canditibmzanddetals, choutiumt bewohsued-td BndWiD 1iRG0HKE 044008,

PCT/ US2006/ 024377 EXAVMPLES bj ects and advantages of this invention are
furth illustrated by the following exanples, but the particular materials
and anount Fesdt MRhaRtmémei ted in these exanples, as well as other conditions
and details, should not be construed to unduly limt this invention. 5 Test
Measurenents Film Thi ckness Single wavel ength ellipsonetry was enpl oyed to
obt ai n est giiRt®&kaisspol ynmeric 10 | ayer thickness. Substrate val ues of Psi
and Delta (yf, and A ) were obtained fromcleaned substrates (described

bel ow) at an arves wvelepgth gliprometsy waxpmplnged/ig obiath estimpicsctfeplyMrriof  632.8 rim
usi ng Ga SR i (Gaertner
Co. , 1S({i‘oki g%{aﬁfkln%fgs bgﬁ%ev Zaﬁ%§ nanodﬁlgptait%qwg i afje\r%r\?vaogglgg% %31%?@% he

subst r at essubgtates ¢debdsiber brddvowe) an angld ofimbidaxe wsY0Bamif8 endedwiivelengthdf Af ) . 15

111 psonmet gn;%i ] . A . l.Lam Inc., Lincoln,
Nebr aska) \8/\%25 usgg(ljdg{%} %%%@%@YIO &@%Elgﬁ%c%{?gﬁe‘?%’p@dgﬁﬁg e to the specific
substrat e (Gannmes Cp.gSltokit, IiniserA 20O mapbpaciile leyen shaappBed tncietsdietiates t h t he

program were u nl es speci fied of herwi,se. For thermal oxide on silicon
subst r at es{deﬁcﬁg‘%gjﬁtéﬁ‘ﬁfﬁﬁ%‘éeglweﬁecfﬂeé’iﬂg?dte(&f3&@000 A of
15 Ellipsometry modeling software, WVASE32 (from J. A. Woollam, Inc., Lincoln,

Nebraska) was used fo constroct optical models appropriate 1o the specific substrate
investigated. Material optical constants included with the program were used unless
specified otherwise,
For thermal oxide on silicon substrates, the optical model consisted of 1000 A of
20 Si0, on 50 A of an intermix layer (a Bruggeman effective medium approximation
consisting of 50% SiO; and 50% Si) on top of a silicon substrate. The floating variables in
the fit were the SiO; thickness and the intermix layer thickness. Typical fit values were
950 — 990 A 8i0,, 10— 60 A intermix.
For alumina layers on silicon substrates, the optical model was 15004 of Al,O3 on
25 Si. The floating variables in the fit were the thickness in Angstroms (d) and refractive
index (n) of the AL,O;. Seed values of d = 1500 and n = 1,77 were used. Typical final fit
values were between 1400A and 1700A with n between 1.56 and 1.60.
Once the substrate parameters were determined by modeling y; and A, they were
fixed and a layer was added to the optical model to represent the ZnO layer, between the
30 air and dielectric layers. This layer had a variable thickness and variable refractive index.
The WVASE32 program was used to find the values of thickness and refractive index that
allowed best fit to yeand Ar
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20 Si®2 on 50 A of an interm x |layer (a Bruggeman effective nedium

approxi mati on consisting of 50% Si 2 and 50% Si) on top of a silicon
-substrate. The floating variables in the fit were the Si 02 thickness and
the interm x |ayer thickness. Typical fit values were 950 - 990 A SiQ2, 10
- 60 Aintermx. For alumna layers on silicon substrates, the optical nodel

was 1500A ofoAde?@dedn 25 Si. The floating variables were the
t hi ckness in Angstrons (d) and refractive index (n) t&”ﬁ%&djﬂéﬁ& Seed

values of d = 1500 and n = 1.77 were used. Typical final fit values were
bet ween 1400A and 1700A with n between 1.56 and 1.60. Once the substrate
paraneters were determ ned by nodeling yrs and A" they were fixed and a
| ayer was dduneiilm EransistooFeifomannodel to represent the ZnO | ayer, between the

30 air and di el i ickness and
vari able refrac ﬁ%&@ﬁ%@%ﬁﬁ%w—{%@g&h tgﬁ%é%urélg{sélﬁ%e %Ctﬂmflu Hd the val ues
of thi cknekmvmndtheeﬁrhcemmplemmhewnumwl SRI Phwiedojtﬂem’comdwctot Oeovicds, and Af. - 13
WO 2007/ 04409 / 00 /02 h F mTr Per f rnance

57 %g%#gghn%%ey §01}s ?Véa(or Fﬁ& }mgfrglﬁ%n 3; eﬁer éin YZEi n g

TranS|stor france
t echni ques (mddeDdid SA firointigevdett-Packand, Pakaiipl éalﬁlﬁnﬁ]‘mmmd’toSbﬂMn thzesultPhysi cs of
Sem conduc%egé Devi ces, 5 page 442, John Wley & Sons, New York, 1981. A

Sem conduc ‘Par anet er Anal yzer (nodel 4145A from Hew ett-Packard, Palo

Alto, Califor nl"a,)asm&wa@ﬂmeemﬁhiuaem(Idmasrpﬁmuus&fuﬁmb@wfgaﬁnﬁu@euare root of
| otted as function ate-source bias (Vg),

%Pﬁmdri"” ur @9&% §‘3V éBﬁé?r&ﬁPn%w&dwa}masﬁv§§f?%|‘5aa the40v, and the 10

saturagi onsa&uraloel Rfdfegfedt nitBdiy) Wis\oalb@ated BbE Weat:BphtImOpAtifEorItd abaht | ne
portion of the curve wusing the specific capacitance of the gate dielectric,

t he channelsikg the ?Pcaﬁawﬁ@mwaﬁﬁésate figlseftip thephanngl widthand the chasdtlat i on of this
strai ght - | jeagh fire xwas ekt?dﬁ@lﬁuﬁx%ﬁmsesntaghﬁﬁﬂ%% dayBkdn@dg e thridhbld vbilagdddi ti on,

plotting 1d as a function of Vg vyiel a curve where a straight line fit
was  dr awnC\a) Sragdiiopaiattingds era oreefr\(/gevleé@fﬁta&pw Wherye st lingljievase of t he

s1 0pe. Of "t afm Lioha WAool e WIS DOITR 51 ARY (SLopT D@Dk ks 1l [ 0 Vs

taken as the difference between m ni mum and naxi me drain current (1d)

val uek® of thagubtigeshpldslope/S). lea@verpff aan@ waptagreas coli jerenes hisveenshe
Di i sopr opy |&iRGm 46d b uh i \RRERAT T afl:SofRd -V, curve.

Materials

Preparatory Example A - Diisopropylzinc-derived ZnO nanoparticle dots,

20 Diisopropylzine (2.1 mmol, 2.1 m! of a 1.0 M solution in toluene, available from
Aldrich, Milwaukee, WI) was added to anhydrous, unstabilized tetrahydrofuran (THF,
47.5 ml, Aldrich} in an inert atmosphere glove box and stirred. Octylamine (2.1 mmol,
0.35 ml, from Aldrich) was added and the solution was stirred under inert atmosphere for
3% hours. The solution was then removed from inert atmosphere, the jar uncapped and the

25 THF allowed to evaporate until dry. The particles were then dispersed in 40 m! of THF
through a combination of stirring and ultrasonication. This dispersion was then filtered
through a syringe filter equipped with a 1 micron glass membrane (Acrodisc 4524,
available from Pall Life Sciences, East Hills, NY), then through a syringe filter equipped
with a glass membrane (AP1502500, available from Millipore, Rillerica, MA). The THF

30 was then removed via a rotary evaporator. The particles were further dried on a vacuum
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20 Diisopropylzinc (2.1 mmol, 2.1 m of a 1.0 Msolution in tol uene,
available from Al drich, MIwaukee, W) was added to anhydrous, unstabilized
tetrahydrofuran (THF, 47.5 m, Aldrich) in an inert atnosphere glove box
and stirred. Cctylamne (2.1 mol, 0.35 m, fromAdrich) was added and the
solution was stirred under inert atnosphere for 31/4 hours. The sol ution
was then r m i nert atnosphere, the jar unca nd the 25 THF

al | oned to%goggoﬁg({gg until dry. The particles were t%&%aﬁ)ggwgéd in 40 m
of THF through a conbi nation of sti rr| ng and ul trasoni cation. This

dlspersmn ringe filter, eq ui wthal
mcron gl as‘%ga(?f%{rrlg %nnieba(lkﬁ |°§1§:n Cﬁr@% }S%lgl? é“rtﬁpam“ﬁ& pyE(?Egd)SCi ences,
East Hill sconﬁhﬁ)thhdmesemdamﬁmbpatmgsrl nge filter equipped wth a glass
menbrane (AP1502500, available fromMIlipore, Billerica, MA). The THF 30

was then r [ The arti s, were further dried
on a vacuu%%X%%W?ﬁB[?% Qéﬁ@“ﬁ%ﬁ %%6%%7@?&5 "fC'Fﬁ‘étS(ZO millitorr).
X-ray diffractimphelylRR) ANGmbI BASIY H3HAR REAIHE BB MW PHAL WA)(V%EM
confirmed the presence of nanoparticles. Preparatory Exanple’B.

Di phery! zi Wéedj@ﬂthﬂé@uznmtﬂaw@éﬁr@lwé{@rab&TﬁF T phvdrick) ine g{crze ®o¥mol , 0. 46
avai |l abl e I%Emr I

nnst abi | i zaedg(g??éeﬁr gﬁtydrof u?é%#l—qgs nggﬁ%%}\d% I“(ljél gc%q%?dnﬁjgs ove agox and
stirred. GHmgd andenisert ampsyhawsifor 1% ®Brsrihe spiutien W&sahﬂncmlwméﬁomdnﬁetd and the

sol ution r e solution
vas then 1 ansyRhbrbGR: HegRks LOTAGTIR IRRORE Suobe ol S B Dgll, SThE

al | owed t owere thondispessed irt 40 mlchfnyF“ﬂlreughalrcpmbmamn ofigtirang dngniltas@perised in 40 n
of THE t hr Itr | 0 This

ai spersi ontied iR o BRh ARG hrdbh h SaIE MRS el PRk TbARuat (1 S 4

m cron gl amanbrmezr(hplamac{ﬂé;hdllsfc 8445%) Pal'ﬂHFLwefseheﬁcemésﬂaa roilrg THE was t hen
removed vi rtighgs r. r r dried on a
vacuum | i n%a@ég ﬁ;% oye?@F%erdréﬁ%%?E cé%nflln? ﬁ Ol%pirﬂg@enége of

nanopart i cTiEd cofirmpdithapesencdofampdperti@es. - Di et hyl zi nc-deri ved ZnO nanoparticl e
dots. 15 Dietheylzinc (4.2 mol, 4.2 m of a 1.0 Msolution in hexanes,

AL o) g0, M ONR AOSARBAERITE | 0 2 01 ove, box.

stirrgd under lmaylzﬁkqmgmazf:ﬁrofa1/0Mlafﬂuﬁoinniémnessmhﬂé H) Qs Masd t hen
renmoved frominert atnosphere, the jar uncagped and the THE allowed to

evapor at e @ity m! H\hydm%@wé%wﬂlﬁgmaagh‘fﬁ byxe otxieminer (A mmgldaled in 120 nd

of THE Aldrich) was added and the solution was stixred under inert atmosphere for 3% hours. The

solution was then removed from inert atmosphere, the jar uncapped and the THF allowed
to evaporate until dry. The resulting particles were then dispersed in 120 ml of THF
20 through a combination of stirring and ultrasonication. This dispersion was then filtered
through a syringe filter equipped with a 1 micron glass membrane (Acrodisc 4524, Pall
( Life Sciences), and then filtered through a syringe filter equipped a 0.2 micron PTFE
membrane (Acrodisc 4225, Pall), The THF was removed via rotary evaporation, and the
sample further dried on a vacuum line (20 millitorr, 1 hour). XRD and TEM confirmed the

25 presence of nanoparticles

Preparatory Example D. - Diethylzinc-derived ZnQO nanoparticle rods.

Dietheylzine (21 mmol, 21 ml of a 1.0 M solution.in hexanes, Aldrich) was added
to 22.5 ml anhydrous, unstabilized THF in a glove box. Octylamine (0.42 mmol, 3.47 ml,
Aldrich) was added and the solution was stirred under inert atmosphere for 3 hours. The

30 solution was then removed from inert atmosphere. The jar of solution was placed in a

=15 -



20 through a conbination of stirring and ultrasonication. This dispersion
was then filtered through a syringe filter equipped wwth a 1 mcron gl ass

- menbrane (Acrodi sc 4524, Pall Life Sciences), and then filtered through a
syringe filter equipped a 0.2 mcron PTFE nenbrane (Acrodisc 4225, Pall).
The THE was renoved via rotary evaporation, and the sanple further dried on
a vacuum | i dofBgk! litorr, 1 hour). XRD and TEM confirned the 25 presence
of nanopart‘?‘gfes reparatory Exanple D. - Diethyl zi né’FE@F%"\‘}Gé?f”Zﬁo
nanoparticle rods. Dietheylzinc (21 mmol, 21 m of a 1.0 Msolution-in
hexanes, j added . to .5, _anhydrous, unstabilized THE in a

gl ove box%%ﬂtb%f%%‘l}é%g ﬂta ;1@:&1%?{2&%5'0&1}1 mﬁ?t,or XW FPPRTPHREC Y and t he

sol uti on wass witippeds ehduthadBEF allveved toadvapsapdnentidiy Ok siBrrnods Geatddte adBingol uti on was
t hen renov r i pert. at ypsphere. The j.ar of. sol ution | aced in a -15
WO 2007/ 04 %pfgg]ijl 6@%‘6%?‘35%@% °r99£ﬂfié¥aslﬂi‘[t W‘@T@@ﬁﬁ%ﬁéﬁ%@?‘ature of the
sol ution afoldaedud@r in QARG BwWab the filtehfbthfodth M\Elsss UnGaBRedss and the THE

allowed to evaporate until dry, A slurry was created by adding 50 m of
THE. A porPfBi (AEIHQS%%W: Pyﬁiffééﬁweﬂé%d 1§ POREEHANRY WS ST TSl 0 rake a

ten- fol d yyeeidstdvapbrition @IB@eNpdsRt i ON. It was then filtered through a glass 1
m cron glass 5 nenbrane (Acrodi sc 4524, Pall Life Sciences) and the

concentration WeROMAEOf Hepascomalged ipg 5P o sapd bRripoiask pskvolagles ardn a paste. A

portion of iRewhsGeBRd BY RE&Sohbpfarmt®s (7h °¢, 00 RARRH Lo dhAske and vol atil es
and octyl%n%jlﬁ?a was ?ermvg%l b@eﬂ&uggﬁrohr@gppar at uls 70 Cr: ZOKgm' Ilitorr). The

remai ni ng Pagistes wereaeslyagdevitheiml afmegher! gthyl etenerMES), arg thppiolatitenpgaiket one (VEK) ,

and tihe v i i 5} W&@I : at 20
mll ilte orr ﬂeﬁ%tég%g?@fg{ %p?%rélﬁg@g ?’ejr%]\]/la yf&%?glg%@ a\&/\iggé%g%lggt ed a second
ti me. Appriovgeirelr atay repeagedg sedon@ e gaptoxishataly P 8t Zafe particlesi with coat i ng

remai ned. Nl a R Lhel es i sed by a
conbi nat i o%%g%m{s?% %Ora %:glr?a eeda??ﬁg’ %Ag 4 (I%S%E%E%P%rp g@gl\r%?%%? ?!osgé.%&‘r?hi s
di sper si onbysammbinhgon of stirtieg, beatingitocli R and slyrasonigasiofi Thisdispegishpped with a 1

' I e 0di 4 Ral.l _ |i j dth
11 tereq CRaierd e EARY R shtpiasdn o ibgh bl b ERERmad0C 020
(Acr ddi sc 424.Pall Bk ByiencydREnd thein filkEvedihrodgh egsivgpiftesequripeda ¢ohiiarored t he

i i 2 . 6, 1..6 [
G amotor . TR ARRORR Pl BRR M TR SR B R i o

the presence of zinc oxide nanorods, rods 34 + 12 nm long by 6.3 + 1.6 nm in diameter.

Thin Film Transistor Preparation

20 Substrate Preparation
Single crystal <100> crientation heavily-doped silicon wafers were obtained from
Silicon Valley Microelectronics, San Jose, California. A 1500A layer of alumina (Wafer
( A), or a 1000A layer of high temperature thermal silicon oxide (Wafer B) was deposited
on each wafer front via chemical vapor deposition. A 50004 layer of aluminum metal was
25 vapor deposited onto the backside of each wafer. In this demonstration, the doped wafer
capped with aluminum served as the gate electrode and the aluminum oxide or silicon
oxide functioned as the gate dielectric when thin film transistors were prepared.
The wafer substrates were cleaved into smaller pieces and cleaned by rinsing
sequentially in heptane, then acetone, then 2-propancl and blown dry with a stream of
30 filtered nitrogen gas. They were then further cleaned by 10 min exposure in a UV/ozone

chamber.
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Single crystal <100> orientation heavily-doped silicon wafers were obtai ned
from Silicon Valley Mcroel ectronics, San Jose, California. A 1500A | ayer
of alumna (Wafer A), or a 1000A | ayer of high tenperature thermal silicon
oxi de (Wafer B) was deposited on each wafer front via chem cal vapor
deposition. A 5000A | ayer of alum num netal was 25 vapor deposited onto the
backsi de o fer. In this dermonstration, the dppeg capped wi th
al um num S‘Eel?%@g}&é\s‘\ﬁt he gate el ectrode and the al um num ox?‘lﬁ'feﬁﬁ%?7 silicon

oxi de functioned as the gate dielectric when thin filmtransistors were

prepared. §Q§1c¥ﬁfu‘% or?'_ldFﬁﬁ &b e%u re cleaved into snaller pieces and cl eaned
by rinsing sequen ane, then acetone, then 2-propanol and bl own

dry with a st remmceﬁnedama‘cmlcioemobmbﬁ HRELHe@aas sﬁﬁteyatéa%% atd?%r@rsfoﬁrt her

cl eaned by 10 min_exposure in a UV/ozone chanber. -16 7/ 044098

PCTI US2006£0p%a pide S@W@Bﬂ%ﬁu@lﬁedwewmtbﬁgﬂmﬁ 8¢ bm‘iyélethg ﬂt?l Hed 2

di el ect ri choe@kCrheIiyet GRRMBH AN thdRIRER AR 9;558 a@nésbt gesperS' on of
met al oxi de nanoparticles. The |ayer was t r| ed y bri e 'y heating the

waf er dn aMMmpypiepingdspin cqiag Wﬂtlngﬁmﬁk‘ﬁ@smfmdt hen checked with
el lipsometry. |igdine thﬂﬁ?eotfﬁxg Rem%nola épofﬁ'anﬁﬁa?ﬁ’é?& oﬁlﬂ{e@uﬁs vf&g and heating

cycl e was perforned. er th ke to r|ve 0 sol vent, ayer of
nanopart i c bintredytyniendly by bisiter benting/insir ind fatnereg o, byteypistglie ngghemﬁhi@r heating in

that 11 ght e e oy haf RS Bk Rel Vi Oty AR bt RSB 1E
fol | owed bfpllewed qas@lmomgtryttocltehlethklaytrehlblayzsrmd hifrektive ssleanftbr sieferimgct | ve i ndex
after sintering. 10 Source and Drain El ectrode Deposition Procedure Source

and d |n §+ﬁ9é£%.%ﬁaﬂgfe&raﬁ tﬁﬂl’t}kfceﬁh}%pi ng a shadow mask (such as

f eX| e polynmeric shadow mas taugh S. Patent No. 6, 847,164 (Baude

et al)) to thesozfa@aﬁmaxselemﬁerwmpbm&ibﬁglppmglaramdaouanﬁﬂmu@aﬂs vapor
deposi tion chanbei First m was @agfg"r&éf ol l oned by 100

O iy mafN e B0 st ate s aebin O S Shalept e 6000 e ARy ce

di mensi ons hW\ehe-cdited Qaf&rl&d EBa@1hQﬂ§1t&£‘%lﬂBi@$l VSR dERsiorl RRLE Kif®Fm Channel
w dth. Devices. were thepn tested ove. Post-Deposition Processi ng The

devi ces cr %%P@Jé?dmh‘%“\ﬂép%é?defoé%?fﬁtiyd@g g OERYR @S fneaswépy BeEFESTRbn processi ng

such as anp@adbafce Devidd dim@RREAkrEZ0 toN 16 ARMBIAIGHAAN len@ih 20N ehidrinsambi ent .

They were then
channel width. Devices were then tested as above.

Post-Deposition Processing

The devices created above were sometimes subjected to post-deposition processing
such as annealing in air, annealing in forming gas, or aging in ambient. They were then

20 retested as outlined above,

( Examples
For Examples 1 - 30 listed below, between 1 and 10 devices were fabricated. The
results reported in Tables 1 —~ 6 are therefore averaged results when more than one device

was fabricated and tested.

25 Examplel
Enough octylamine-coated diisopropylzinc-derived ZnO nanoparticle dots (from
Preparatory Example A) were collected and dispersed in MEK to form a 15 mg m!”
dispersion. This dispersion was spin-coated onto a cleaned piece of Wafer B at 1000 rpm.

[t was then baked at 100 °C for 10 min on a hotplate. The wafer piece was then broken
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20 retested as outlined above. Exanples For Exanples 1 - 30 |isted bel ow,
between 1 and 10 devices were fabricated. The results reported in Tables | -
6 are therefore averaged results when nore than one device was fabricated
and tested. 25 Exanple 1 Enough octyl am ne-coated diisopropyl zi nc-derived
ZnO nanoparticle dots (from Preparatory Exanple A) were collected and

di spersed | forma 15 ng m's dispersion. rsipon was

spi n- coat edw%%go4g®gl eaned piece of Wafer B at 1000 :ycsmgbq%& W%I'g t hen baked
at 100 C for 10 mn on a hotplate. The wafer piece was then broken -17 WO

i vi dual T T g0l s Shg RE e GRS FASEARYPERARS 001 T our

t enper at ur@g)fug@geatggmfm@cn@eragm T, 50Dh%00\/@19@0 °Hi Beeovaflmpiecpwss i n t he

f ur nace, fi dto attain the
specified earf]thng ter’rper %}%;Rm %&Yﬂo%ogﬁmo%ﬁé@ rg("%‘\#ggt&%cmfth ed

t enper at ur gpefibed Heafrguempeataadht hem revaznedlak thwsmbcﬂﬁed eomptratue fmblmﬁr enperature.
Top cantact s, were deposited, the evices..t es and results reported in
Tabt o 31, *EArB R ofes SERRA 6 S L S REREE, Tr BB nOR T RE T v e 2O
nanopart i clieiceoiesed, hidassultbrepgad & Tuble IExanpl e B) were col | ected and di spersed
in MEK to forma 25 ng m's 10 dispersion. This dispersion was spin-coated
onto a cle nentlj] jece of Wafer B at 2000 rpm The wafer was put in a

f ur nace, agéa—ap—% Cmn-' ranp fromroomtenperature was used to attain the

heating tenper ahiig JofyladRR-dated HEnAYSRHENRE RRY nﬁfiopﬁ@@e §otk @fort hour, and

then was allowed to cool to roomtenperature. Top contacts were dep05|ted

t he devi ceBrepadyy Eqamplp ) ves goliegted @Me%ﬁc@ in Mfgptodorm a 265mgmeinpl es 3 and 4
For mi ig gaﬁsﬁefsﬁﬁt 'ﬁﬁg‘@lsﬂfsﬁnhﬁs Eﬁma?etd%nfgmélégﬁéﬂ'p%§ oi(\fVEforB Bamphes 1 and 2)

was acconpli shed lacing t waf er pieces’in a glass tube Tnserted into
the quartz Iteufi?éefdfasaut lmﬂﬁwﬁﬂﬁm@ “CBainn sanerelze reeBripraRarawra was 74ér ol yne

Model 7950{3@%%%%9&1& Ieﬁ-}[ﬁg)a eﬁ@ﬁdn@g‘hggv%gg%déﬁaf ﬁoh@)forvm ;Ia.l?d/\Bd into the

tube. The tube exite a pressure 2 oll J-KEM Séi'entific,
Di gi tal VadenuwssREgutdio opol Modeth te@eratugt. Top eamtasts Wtb)dep@n@ﬁ the devices

tested, and results reported in Table 1.

15 Examples 3 and 4

Forming gas treatment of the complete TFT devices (from Examples 1 and 2) was

accomplished by placing the wafer pieces in a glass tube inserted into the quartz tube of a
tube furnace (Barnstead International, Thermolyne Model 79500, Dubuque, lowa).
Forming gas (5% H; in N} was flowed into the tube. The tube exited into a pressure

20 controller (J-KEM Scientific, Digital Vacuum Regulator Model 200, St. Louis, MO), and
the pressure controller exited into a vacuum pump. The pressure controller was set to keep

('_ the pressure at 500 torr. The tube furnace was heated to 300 °C. Once that temperature

was attained, it was held for two hours. The furnace was then cooled to room temperature

under flowing forming gas (FG). The devices were then removed.

25 Table 1: Device characteristics from sintered zinc oxide nanoparticles spin-coated onto
Wafer B,
Example | Air Post- Sub- On/Off Mobility, Threshold
firing | deposition | thresheld ratio em?* V! voltage, V
temp, | processing | slope, V/
°C decade
1 300 none 2.8 3x10° 4x10° 10
3 300 FG 1.4 9x10° 1.5x10° 19
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t he pressure controller exited into a vacuum punp. The pressure controller
was set to keep the pressure at 500 ton, The tube furnace was heated to 300
C. Once that tenperature was attained, it was held for two hours. The
furnace was then cooled to roomtenperature under flowng form ng gas (FQ.
The devices were then renoved. 25 Table 1: Device characteristics from

. e nanoparticles spin-coated onto M&f@n.Bodsanple Air

sintered zinc aoxé}4
Post - Sub-Y&&H Robi 1 i ty, Threshold firing deposition threshold ratio Cn?

V'1s'l voltage, V tenp, processing slope, V/ C decade 1 300 none 2.8 3 x

10 4 x 1 A0 EFEC0- 4 A O v 10 v 10" 2 Q 19 \vI\D 2007/ NA4AA 98

PCT/ uszoqg‘ﬁ%lﬁmu Al e 1| PoRY: bﬁ-\ﬁ(?@frdl\k%g‘myhy, ) 5%’?%37

d firing

&5
B R
0]

deposi t i jpn thre{sh)‘(-ili"ag r PSR \ngri # vol B4Qe, |V ényg, ~ pr BtBES| nq& sl ope, V
C decade |2 300 ho‘ﬁ%:m PROESSE1 0 PS8 /4 300 FG § 8000 5 x |10"5 10 |1 500
none 11 1060068 4313500 FG 18%5% o.1g26 1301 1 700 node 4. 0 0.4 -19

3 700 FGI17-73 1.10.-33 Ex Enoygh—oct yl gni ne-caat
di i sopropyl Z nctdefPveld 2RES ne}nopéﬁti clie dots (flr orhx llﬁrsepﬁtr at oy Exanpl e A)
vere col l|ect®ed and%8i sperE@d iin MEK to |for8¥08 15 m§*0”1 § di dBersijon. This
di spersi gn_was_§pin-coated ontlo a clearded piece|Wafer A atl 1000 rpm It was
then baked at 1p00for onarin on ld hot|pl al & TFri s WdBer pi ecewas |further
broken ijntd folr SpPecles BOd fli redSts tihe wafer |pi e¢8% i n |ExatPple 1 were,
except that _a heating rate ofl 10 C min', was used. Resultls are digplayed in

Tabl e 2. |Exdnpl e G00 none 4.9 5000 0.4 -19
3 700 FG 17 73 1.10 -33
|
(
Example 5

Enough octylamine-coated diisopropylzinc-derived ZnO nanoparticle dots (from
Preparatory Example A) were collected and dispersed in MEK to form a 15 mg ml”!
5 dispersion. This dispersion was spin-coated onto a cleaned piece Wafer A at 1000 rpm. It
was then baked at 100 °C for 10 min on a hotplate. This wafer piece was further broken
into four pieces and fired as the wafer pieces in Example 1 were, except that a heating rate

of 10 °C min™, was used. Results are displayed in Table 2.

Example 6
10 Enough octylamine-coated diphenylzinc-derived ZnO nanoparticle dots (from
Preparatory Example B) were collected and dispersed in MEK to form & 25 mg ml”
dispersion, This dispersion was spin-coated onto a cleaned piece Wafer A at 2000 rpm.
The wafer was put in the furnace, and a 10 °C min™ ramp from room temperature was
used to attain the heating temperature of 300 °C. The oven remained at 300 °C for 1 hour,
15 and then was allowed to cool to room temperature. Top contacts were deposited, the

devices tested, and results reported in Table 2.

Examples 7 and 8

The devices from Examples 5 and 6 were subjected to forming gas ireatment using

essentially the procedure used in Example 3.
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10 Enough octyl am ne-coat ed di phenyl zi nc-derived ZnO nanoparticle dots (from
Preparatory Exanple B) were collected and dispersed in MEK to forma 25 ny
.m" dispersion. This dispersion was spin-coated onto a cl eaned pi ece Wafer
A at 2000 rpm The wafer was put in the furnace, and a 10 Cmn | ranmp from
roomtenperature was used to attain the heating tenperature of 300 C. The
oven remain C for 1 hour, 15 and then was al d to cool to room
%1’%“’?“% the devi Cek&?ﬁ%zpog@gnynd results

t enper at ur e. contacts were deposited,
reported in Table 2. Exanples 7 and 8 The devices from Exanples 5 and 6 were

subj ect ed t%é?%%sg%%ggc%%%%}%gﬁenti ally the pr oq?edure used in

Exanmpl e 3. gnanogariifles spin-qoaled prto

characteristics fromsintered zi nc o%&dé- nanoparticl es spin-coated onto

Vafer A BExzempe [A AirPOBT -posub-| Ondft T VODLT OHY.,| TMBARAT d] ThiekHoRD
deposi tion thresholdng at 8ok V-threshold ]0| tage, |V cof*amg! proQggsing slope, V
/ C decadg 5 300 |nesas 6| fo&GhS Xloddy -3 7 300 |[FGNA NANANA 6 300
none 32 2.6 9 x 10"o=31| 8 300 [FGik.4&000 4 x 104 -2 5 500i none 719 47 4 x
10 0 7 5QU R A129%06 X[ 10yge S | © 600 MONE 3§ 6 (2 X 17 307 7 400 +G 50 19 5
x 10"3 -7d 5790(5 npge 14 #6800 2. 5yx 107 18ya7 900 R@a22 2P0 Q,025|1
Exanple 9 /(Prep for Exapples 10 and 11) |5 Enough octyl am ng-coated
di et hyl zi rc=dervyed,jranppartictedoys—(rom Pregars T—Exampie€) were
col | ect ed |and, di s;p%%ed iﬁio Kio Lr%ke a2 o vt |W rs on.p_g;Thi 5 was
spi n-coated onto|a cleaped piece of Waf er at 2000 rpm I}t waS then baked
for 3 mn—y 500 | nons 19 47 Px10° 0

7 500 FG 24 49 7% 107 3

( 5 700 none 79 6 %107 30

7 700 FG 50 19 5% 107 -70

5 500 none 14 1000 | 25x10° 13

7 900 FG 22 200 0.025 1

Example 9 (Prep for Examples 10 and 11)

Enough octylamine-coated diethylzinc-derived nanoparticle dots (from Preparatory
Example C) were collected and dispersed in MEK to make a 25 mg ml™ dispersion. This
was spin-coated onto a cleaned piece of Wafer B at 2000 rpm. It was then baked for 3 min
at 150 °C on a hotplate. This wafer piece was then broken to pieces to form Example 10

and Example 11,

10 Example 10

This wafer piece was baked at 300 °C for one hour, using a 20 °C min™ ramp to
heat the sample and furnace, After heating, the wafer and furnace were allowed to cool to
room temperature. Source and drain electrodes were deposited and the piece tested.

Results are recorded in Table 3.

15 Example 11

This wafer piece was placed on a small lab jack in a home-built UV-ozone
cleaning chamber, which employed an ozone generating grid lamp (part 88-9102-02, BHK
Incorporated, Claremont, CA). The ozone generating grid lamp emits 185 nm and 254 nm

light, and lower intensity, longer wavelengths. The intensity of the 254 nm light emission
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at 150 C on a hotplate. This wafer piece was then broken to pieces to form
Exanpl e 10 and Exanple 11. 10 Exanple 10 This wafer piece was baked at 300
C for one hour, using a 20 Cnmin-' ranp to heat the sanple and furnace.
After heating, the wafer and furnace were allowed to cool to room
tenperature. Source and drain electrodes were deposited and the piece
tested. R recorded in Table 3. 15 Exanple pi ece was
pl aced on gﬁgﬁgﬁFﬂ$§b jack in a home-built UV-ozone %ﬁggmtﬁﬁmﬁﬁanber whi ch
enpl oyed an ozone generatlng grid lamp (part 88-9102-02, BHK I ncorporated,

Cl ar enont ozo enerat.i r I emits 1 nd 254 rim
r\?\} O‘I"Hrﬁ)@‘é?ﬁ%ﬁg@feé%\?ﬁg’“s’?ﬁ@ﬂ%ﬁﬁgﬂm of the 254 nm

light, and™

l'i ght eni sshomb Jaclzﬂasvé!djasta@Q?thﬁ%@&ﬁoﬂ?&&/s&ﬁa%h@%ﬂ@ﬂaowﬂﬁadgs&ﬂwr ed using a
UV Power rocess Supply, Chicago, IL). The lab jack was

Puck Radi onet er
adj ust ed s@l&?ﬁ%ﬁiemﬁ@%l&aﬂgﬁéﬁ ¢ (End6P Eaniéowaﬁwweéﬁ% 8¢ of the |anp
refl ector housiTHIRE Vel AR50 so R0tk RBch oG ASHTRASYE G 25 6.4 W

per sq. adj usted so that the wafer piece was 10 nm from

the edye ofheseﬂeﬁer h@ﬁln@&n@tdmldﬁﬁ@éamgoﬁmp wabflewedtinfe theghgmbeophagels ohas 1 owed
into the cmamﬁaar@iﬁteéﬁgﬁﬁlﬁmngh é{%r ﬁ&&%@@goya&@w AL and W Ene ThE Waf er

pi ece was exposed to e ozon enerated therern for 30
m nut es. Tg@em@ﬂéherem e el ma@teﬁ dire waldr pigagrwas rﬁ@mm}imﬂ 8l dhber chambenir ce and

drain el ec etai |l ed above.
Resul ts ar%‘@%@%% bE %ﬁaggéh%%gﬁggg%$§§m an&kﬁg&gﬁdaﬁﬂger pi eces from
Exanpl es 1B&mhﬂmi$mméﬂ@nﬂhﬁaﬁed in formng gas as in Exanple 3, excepting
the wafers were

that the tube furnace was set to 150 C. Upon cooling,

r enovegl a”ﬁx&xﬁ@kseﬁaﬁ%‘“ ts are recorded in Table 3. Table 3: Device

characteri ered zinc oxide nanoparticles spin-coated onto 15
Waf er B. Exanple Siafek ﬁfetd@@oﬁ(ﬁchnplgdlmanﬂ)lll tvei@ieatbdipitéririg gad Bwri@shol d - net hod

deposi tionglhr s %}lcc%ptqnag tilat the tu e%.mace w:clis s\é? totlgg §C L}{Jon Eoo%%&,stﬁé Q:g"eg ope, V/

Example
were removed and tested. Results are recorded in Table 3.

Table 3: Device characteristics from sintered zinc oxide nanoparticles spin-coated onto

15 Wafer B.
Example | Sintering Post- Sub-- On/ Off Moblhty, Threshold
method | deposition | threshold ratio em* Vs | voltage, V
processing | slope, V/
decade _
10 - 300°C none 4.5 126 0.00064 7.6
11 UV- none 1.7 900 0.007 7
ozone
12 300°C FG 3.0 3700 0.0006 -3
_ 13 uv- FG 34 1.3 x 10* 0.0039 5
( QZOone

20

Examples 14 - 18

Two pieces of Wafer B were cleaned as above. They were then spin coated at 2000

rpm with a 25 mg ml” dispersion of diethylzinc-derived nanoparticle dots (from

Preparatory Example C). The wafer pieces were then heated on a hotplate for 3 minutes at

150 °C. The wafer pieces were then further cleaved into smaller pieces for treatment with

a UV-excimer laser system. The excimer laser system was built by Resonetics, and

included an OPTex Kr:F excimer laser (manufactured by Lambda Physik). The laser

supplies 248 nm light in short intense pulses. The optics of the system were adjusted so
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decade 10 300C none 4.5 126 0.00066 -7.6 11 UV- none 1.7 900 0.007 -7
ozone 12 300C FG 3.0 3700 0.0006 -3 13 UW- FG 3.4 1.3 x 104 0.0039 5 ozone
Exanples 14 - 18 Two pieces of Wafer B were cleaned as above. They were then
spin coated at 2000 rpmwth a 25 ng m-' dispersion of diethylzinc-derived
nanoparticle dots (from 20 Preparatory Exanple C). The wafer pieces were
then heate plate for 3 mnutes at 150 C. The fer pieces were

t hen furth§?’82?ozlg€&eb into smal |l er pieces for treat HE%CT\%@?W&MQ”@V- exci mer

| aser system The exciner |aser systemwas built by Resonetics, and

I ncl uded a T . F oexciner. laser (manufact ur.ed b da Physi k). The

| aser sup tlcl,g%c’%@fgfnﬁ%aﬁ}ﬂgﬁﬁisnmg%ér?V(e]f%Pgﬁ%‘gygltjjl%ﬂe@/ﬁ‘ %‘%e“ba?ip&%e of the
syst em wer easithates twéitl eitloer 5@ 1 0WDOED OF, 0 @4 033 3 PRiTlEIS20@16/00 20 Bidsks perhat it coul d

deliver a pulse,of 1.5 nv . 2 over. a l.l cm ;1.5 cmarea. Each wafer

pi ece wasPetc?rgaf&gﬂ' t{/?natt"r}?nte"?"ﬁhnth‘? exgeer g, So‘irﬁi)ﬁ‘,d%\{%’} s &ereé%%s’g%&pul ses at a
rate of Sghﬂgm R&hgpelealed BEQIANE ofgﬁetsempl’es’%awmn&hawle}l ITFT Beha@ie ITAer :ager,h
source_ an ai.n contacts were deposited, _lpitjial testjng reyeal ed that
none of th&3 Weég’c@%&%@&mﬁ{‘&ﬁ‘gﬁ |gasrq£+5%éi1§gib9qrs,%@té§a&ﬁlp§?. pi eces were

t hen treat pesultdart SHoWInRQTARS4.at 150 C for 2 hours, as in Exanple 12. Results
are shown in Table 4. Table 4: Device characteristics for UV exciner-|aser

processed n artjcle based FTs on Wafer B anpl e, Tr eat pent Post -
Bbe o) B e a8 Y e s aperd 415 FHPRGIRY Rt o ond v 1
S-1 voltage, V pul ses) processi N PopeT y / ( decade 14 50 FG 10.0 2000

2.0 x 10T Exardfie 1POrehtmedd 1204 X |1056-- 6] GH/ 300 MebBitt000 Tarexhold] 8.9
(laser | deposition | threshold ratio em® V7's? | voltage, V
pulses) | processing | slope, V/
( decade

14 50 FG 10.0 2000 2.0x 10" 6

15 100 FG 19 12 9% 10° 6

16 1000 FG 8 1000 6x10° 8.9

17 10,000 FG 7 700 1.8x10™ 2.2

18 65,535 FG 6 61 0.00016 55

10 Examples 19 and 20
A piece of Wafer A and Wafer B were spin-coated with a dispersion of

Kugelrohred diethylzinc-derived ZnO nanoparticle rods (from Preparatory Example D) at
500 rpm for 6 seconds, then at 2000 rpm for 60 seconds. The wafer pieces were then
baked on a hotplate for 3 minutes at 150 °C. The ZnO layers were then processed in the

15 UV-ozone chamber under the same conditions as in Exampie 11. Source and drain
electrodes were deposited and the devices tested as above, Results are in Table 5.

$ For the sample on Wafer B, applying scans using the typical V¢=40V and -10 V

< Vg <40V yielded reverse direction I-V curves that did not return to the same off
current they started with (often they were 100x or more higher in [4). This indicates that

20 device parameters measured in the forward direction will not be accurate indicators of
device performance. However, the device did behave properly with only a V4 of 5V. This
yielded a mobility of 0.00048 em® V' s,

Example 21
A small piece (containing source and drain electrodes) of the wafer used in

25 Example 19 was broken off and aged for 7 days in a in wafer tray (Entegris H22-20-0615,
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17 10,000 FG 7 700 1.8 x 10 2.2 18 65,535 FG 6 61 0.00016 -5.5 10 Exanples
19 and 20 A piece of Wafer A and Wafer B were spin-coated with a di spersion
of Kugel rohred diethyl zi nc-derived ZnO nanoparticle rods (from Preparatory
Exanple D) at 500 rpmfor 6 seconds, then at 2000 rpmfor 60 seconds. The
waf er pieces were then baked on a hotplate for 3 mnutes at 150 C. The ZnO
| ayers wer ewph@n cessed in the 15 UV-ozone chanber er the sane
conditions as inmﬁgdgnpl e 11. Source and drain elect r%cglztgm%é’%nﬁeposi ted and
the devices tested as above. Results are in Table 5. For the sanple on Wafer
B, applyin V 0 V yielded
reverse di 98%??@’?}‘“’@@55%"515%8&‘%{ awlg ngf’e 8%%4u$m‘{22]2t%g1 !ssim gnl?l?n% current

t hey st arteﬂmowllew It ohs then ltctcayd \Resudis 410 ieplayedimTabldd. glgéng thendebdy , Thi s

i ndi cates ta ?o%agﬁei\{ﬁcoev [ anet 8r's measured in the forward direction wll
not be accu?pﬁ?lé cat orsrorisvi ce per formance. However, the device did
behave properly with only a Vd of 5V. This vyielded a nobility of 0.00048
cn2 V-' s"Exappeddl e 21 A small piece (cont ai ning source and drain

el ectrodes) of the wafer used in 25 Exanple 19 was broken off and aged for 7

days ih a in wafEred e iRt @@P.Eéalwéezﬂzw@aaeéled in Pponghoieyondd 098

PCT/ US20061(2463 &t/1 50 @D Bt e K80 Pdre BIEMIAYRE BOTAMIh @ wafer tray cover
(Entegris H22-201-0615) in anbient atnosphere. It was then retested.

Results are displayed in Table 5. Aging the device appears to have inproved
per f or manc&X2MREZ i ¢ 22 5 The aged wafer piece from Exanple 21 was anneal ed

inair on a hot was. d~ Results are
di spl ayed in T”J&e%% E%x f?CQTE%%I%éN%%q 6 eOhs?romalli;1>§<lll?sslt58 82 was al | owed
t 0 age oneawedklt ahtmtested. Qew@a@m”ﬁabbeﬁal It was retested. Resul ts are in
Table 5. 10 Exanple 24 The wafer used in Exanple 21 was broken into several

pi ece sug gbythey all had source and drain contacts on them One piece
was aﬁoneal Eg?‘rlhﬁ‘a'?' on a hotplate for 30

The wafer used in Example 21 was broken into several pieces, such that they all
had source and drain contacts on them. One piece was annealed in air on a hotplate for 30

minutes at 150 °C. It was retested. Results are displayed in Table 5.

Example 25 _
15 The wafer used in Example 24 was annealed in air on a hotplate for 30 minutes at

300 °C. It was retested. Results are displayed in Table 5.

Examples 26 and 27

Small pieces of the wafer pieces used in Example 19 and Example 20 were broken
off and subjected to forming gas treatment at 150°C for 2 hours, essentially as described in

20 Example 12. Results are reported in Table 5.

Examples 28 and 29

The sampleé used in Example 26 and Example 27 were allowed to age enclosed in
wafer trays with covers (see Example 21) on a lab bench at ambient for 118 days after

their treatment in forming gas. They were then retested. Results are reported in Table 5.
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m nut es at

25 15 The waf er

m nut es at

150 C.
300 C

It was retested. Results are displayed in Table 5. Exanple

used in Exanple 24 was annealed in air on a hotplate for 30

It was retested. Results are displayed in Table 5.

Exanpl es 26 and 27 Snal
Exanpl e 20 were broken

for 2 hourqw
reported in
Exanpl e 27 were allowed to age enclosed in

YEDEAb

pi eces of the wafer pieces used in Exanple 19 and
of f and subjected to formng gas treatnent at 150C

ally as described in
Exanpl es 28 and 29 The sanpl es

20 Exanpl e

J%éymﬁﬁaé&%ﬁp?EGZG and

wafer trays with covers (see

Exanpl e 21) gn | bench at .anmbiept for 118 after, thejr treatnment in
form ng gas. %‘T‘wg); ' %V‘ge ?rlﬁ’@ﬁterr‘sélf’sggf ﬁgiozﬁlfé’ﬁ?cﬁse‘g%ﬁ? P%‘B%?ﬁfbéﬁdﬁﬁ Fable 5. -23
WO 2007/ 04468nRE]/WR20)6/ 04377 Sibbl ¢ on/DEVi[ceMobitact eiraholes f or
UV- ozone processeh ZnO naeg@sivign hakreshol FTS ratioEX gk WAaf'er| vBngde; v $ub- On/ Of f
Mobility, Threshold deposideessifigt/hd gsdepll ratio gn2 V'I S, 1 voltage, V
processing|d slope, V/ |decade |19VA none 3.98 (487 0.000484 -2.64 20 B none
2.5 500 0.0119 -3J]0 21|A 7 day |[ag&ad= 6 2 x 105 0.0034 17 (o), anbient A 7
day age 22[andg30Im g T|Y Rope 105 DoPTT 1257150C Apoo498Y [a08 64@ anmbi ent, 23
30 mn @15 8pX [05g0. 013 Jn~ 15065 and Zspgay |ade o119 30
A 7 day age 5
21 @anbient | 2 2x 10 0.0034 17
A 7 day age
22 @ambient, | ) o | g8 0.017 12
and 30 min
@ 150°C ,
( A 7 day age
(@ ambient,
30 min @ 5
23 150°C, and 1.5 8x 10 0.013 15
7 day age
(@ ambient
24 B | 30min@
150°C 4.2 2900 0.010 5
25 B | 30mn@
150°C, and s
30 min @ 21 25 12x10 3
300°C
26 A FG 8.4 1100 0.031 4
27 B FG 7 3000 0.030 6
A FGand
28 L18 day 43 1.0x 10* 0.0147 9.8
age @
ambient
( 29 B FG and
| 118 day 4.1 1.6 % 10* 0.0148 10.9
age @
ambient
Example 30
A commercially available tin oxide sol (Nyacol SNI1SES, Nyacol Nano
5 Technologies, Inc., Ashland, MA) was dialyzed for 1 week against distilled water using a

Spectra/Por 2 Dialysis Membrane (Spectrum Labs, Los Angeles, CA). After dialysis, the

sol was diluted with an equal weight of water. The sol was then filtered through a I-

micron glass filter membrane (Acrodisc 4524, Pall Life Sciences).

=24 -



ambient 24 B 30 min @4.2 2900 0.010 5 150C 25 B 30 mn @150 , and 21 25
12 x 100 3 30 mn @300C 26 AFO 8.4 1100 0.031 4 27 B FG 7 3000 0.030 6
A FG and 28 all8 day ge @43 1.0 x 104 0,0147 9.8 anbient 29 B FG and 118
day 4.1 1.6x 104 0.0148 10.9 age @anbient Exanple 30 A commercially

avai l abl e tin oxide sol (Nyacol SN 5ES, Nyacol Nano 5 Technol ogies, Inc.,
Ashl and, MAyouwasdhqal yzed for 1 week against distill r.using a
Spectral/ Por 2 Dialysis Menbrane (Spectrum Labs, Los %%2@6/0%7. After
dialysis, the sol was diluted with an equal weight of water. The sol was
then filtered through -mcron glass filter nbr ane ..( Acrodi sc 4524, Pall
Li fe Sci ences) .£§%W&6§/Wﬁﬁ%@§9W%PUS%%‘%?%%&%?mgﬁd’gpa?ﬁbqnew%f waf er B
was cl eanespiiasat) ome the Wuderdi 200§ zrad The samplel v tich $PEOg ir@wedwessnitfly Bs coat ed ont o
t he waf er

t 20 r he sanpl S then -03 treagted.essentially as
descri bed @%‘8’@)&9? Vg% 3W%?w@ﬁ\%r@°§8??g§?§§wgﬁ’ﬂgbvd%effeétﬁé'and t he
devi ces t eNb@gnsistdNBeHabidwhsdbivdd TR Wagsh waBseOtubRENEE. forkligr g@f er was then
subjected to form ngf}g/?s 5 treatnment at 150 C for two hours. Table 6: Device
Char ack er i $§3Ue€ ftdp? (AB SBHEOES nt ered SN2 nanoparticl e-based TFTs on Wafer
Sub- On / Of Mbility,

B Exanpl e Post - Threshol d

Table 6: Device Characteristics for UV-ozone sintered SnO; nanoparticle-based
TEFTs on Wafer B

Example

Post-
deposition
processing

Sub-
threshold
slope, V/

decade

On/ Qff
ratio

Mobility,
em? V!

Threshold
voltage, V

30

FG

4

1x10°

1.4x 107

10
Various modifications and alterations to this invention will become apparent to
those skitled in the art without departing from the scope and spirit of this invention, It
should be understood that this inventicn is not intended to be unduly limited by the
illustrative embodiments and examples set forth herein and that such examples and
15 embodiments are presented by way of example only with the scope of the invention

intended to be limited only by the claims set forth herein as follows.
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deposition threshold ratio cn2 V-1 S-1 voltage, V processing slope, V/
decade 30 FG 4 1x10 1.4x10 8 10 Various nodifications and alterations to
this invention will becone apparent to those skilled in the art w thout

~ departing fromthe scope and spirit of this invention. It should be
understood that this invention is not intended to be unduly limted by the
i llustrative enbodi nents and exanples set forth herein and that such

exanpl es and enhodi ments are presented by way of exanple only with the
scope of the i ‘ion intended to be limted only by the clains set forth
herein as follows. -25 Clains: 1. A nmethod of making a thin filmtransistor
conprising: (a) solution depositing a dispersion conprising sem conducti ng
metal 5 oxi del.nanchamethad dﬁmg)a&ilsﬁbsmaiﬁpr(dm)priﬂing:eri ng the

'he Tosul 11 ng sem BhtactBeRapeta ot 448N i ek sBRisoBLEE ~Lr ci n
sai ds si nt er i Noyxide MmGPAMLICS BAE aktbstendV |1 ght, ozone, or a 10 combination

of ultraviolet light and ozone, and optionally using heat. 2. The nethod of
cl ai m 1 wherei n t hdbphanmietetingthe pasenapidlesdo fomea somigenductarilayerosiidde, or a

Compr i se. 2i nc oxt dd) 4. SHIEMALK TGP B PR AraH BT oL NG IHSHBAT, o cg
conprise a metgho@tibslfrocBauighg a Hall nobility greater than about 1 cn2 V-1

S-1. 20 5. The method of claim4 wherein the nanoparticles conprise a netal
oxi de havi ng a Halwhereibishidisintepingits eccortplishedbening WY lighe, ozone,ord. 6. The

met hod of claim.wherei.n the,.sybstrate is a.dielectric layer. 25 7. The
matlﬂ d of cl ai%“%”%ﬁ@?’é’ilet’fwl?%gﬁE ﬁaqt%op?’&'rqgio g%‘?a(i][é’d’r?ﬂ% t a polymeric
transi stor substrate. 8. The nethod of claim1l wherein sintering is

acconpl i shed using a
2. The method of claim 1 wherein the nanoparticles comprise zinc oxide or tin

oxide, or a combination thereof.
15 3. The method of claim 2 wherein the nanoparticles comprise zinc oxide.

4, The method of claim 1 wherein the nanoparticles comprise a metal oxide

having a Hall mobility greater than about 1 cm® V's™,

20 5. The method of claim 4 wherein the nanoparticles comprise a metal oxide

having a Hall mobility greater than about 10 cm® V's™.
6. The method of claim 1 wherein the substrate is a dielectric layer.

25 7. The method of claim 1 wherein the thin film transistor comprises a

polymeric transistor substrate.

8. The method of claim 1 wherein sintering is accomplished using a
combination of heat, UV light, and ozone treatment.
30

0. The method of claim 1 wherein sintering is accomplished using heat.
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conbi nati on of heat, WV light, and ozone treatnment. 30 9. The nethod of
claiml wherein sintering is acconplished using heat. -26 10. The nethod of
claiml wherein sintering is acconplished using pulse thermal processing.
11. The method of claim 1l wherein sintering is perforned at a tenperature

|l ess 5 than about 300C. 12. The nethod of claim 11 wherein sintering is
performed at a tenperature |ess than about 150C. 10 13. The nethod of claim
1 wherein the resulting sem conductor | ayer is . subjected to post-deposition
processi ng. 1410. Thelhasmpthad ef clamy| whereinpiatesing iy arsomplishediusipetmvlss i1 m
transistq&mhﬁﬂ ﬁﬁ@&; ed to a second post-deposition processing. 15 15. A
nmet hod of nma |Rg an el ectronic device conprising: (a) solution depositing a
di spersion conprising nmetal oxide nanoparticles onto a substrate; and (b)
exposi ng the nanoparticles to UV |light or oxidation treatnent, or a 20
conbi nati on t hidr eof Theomethad ef cleime 1 pifitesing 4s pastprmgd at atemperatarellesser . 16.
The t ho } 5 wherein the nanoparticles conprise zinc oxide or tin
oxidg? or&%aégﬁgﬁga ion thereof. 25 17. The method of claim 15 wherein the
nanoparticles conprise a netal oxide having a Hall nobility greater than
about 1 cn? V-1 s-1 or a resistivity |less than about 10-2 Qocm 18. The

net hod of cl ai k& 15 Thearethad phelaims hbphercinsintering & pexiooned at vtemperatyt 30 to
sinter t opartiel.es and forma device layer. -27 19. The net hod of
clain115h@ﬁ§3%}%ﬁF%£§%§€ice | ayer is a sem conductor |ayer or an electrode
| ayer. 20. The nmethod of claim 15 wherein the nanoparticles are exposed to

W light 5 and ozone to sinter the nanoparticles and formthe device |ayer.
10 1 The method of claim 1 wherein the resulting semiconductor layer is

subjected to post-deposition processing.

14,  The method of claim 13 wherein the resulting thin film transistor is
subjected to a second post-deposition processing.
15
15. A method of making an electronic device comprising:
(a) solution depositing a dispersion comprising metal oxide nanoparticles
onto a substrate; and
(b) exposing the nanoparticles to UV light or oxidation treatment, or a

20 combination thereof to sinter the nanoparticles and form a device layer.

16.  The method of claim 15 wherein the nanoparticles comprise zinc oxide or

tin oxide, or a combination thereof.
25 17.  The method of claim 15 wherein the nanoparticles comprise a metal oxide
having a Hall mobility greater than about 1 cm® V! s or a resistivity less than about 10

C-cm.

18.  The method of claim 15 wherein the nanoparticles are exposed to UV light

30 to sinter the nanoparticles and form a device layer.
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21. The nmethod of claim 15 wherein the electronic device is a sensor.
thin filmtransistor conprising a sem conductor |ayer made by the 10 nethod

of claim1l. 23. An electronic device conprising a sem conduct or

22. A

| ayer or an

el ectrode |ayer made by the method of claim15. 15 24. The method of claim

15 wherein said exposing conprises exposing the
WV light,

claim 24 whor o 1 binSd o dfind 2 Bk BE1EE: 19HGE 2 haicohdiedhUR! oo

-28

10

15

20

nanoparticles to heat and

heat and ozone, or heat and a conbination of W |ight and ozone

or an electrode layer.

20.  The method of claim 15 wherein the nanoparticles are exposed to UV light

and ozone to sinter the nanoparticles and form the device layer.

21. The method of claim 15 wherein the electronic device is a sensor.

22. A thin film transistor comprising a semiconductor layer made by the

method of claim 1.

23.  An electronic device comprising a semiconductor layer or an electrode

layer made by the method of claim 15.
24.  The method of claim 15 wherein said exposing comprises exposing the
nanoparticles to heat and UV light, heat and ozone, or heat and a combination of UV light

and ozone to sinter the nanoparticles and form the device layer.

25.  The method of claim 24 wherein the heat is at a temperature of less than
about 150°C.
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