10

15

20

25

30

DESCRI PTI ON NANOTUBE ENABLED, GATE- VOLTAGE CONTROLLED

LI GHT EM TTI NG DI ODES CROSS- REFERENCE TO RELATED
WQRRBROEATI ONS The present application clains tPEI/US2008/075866

benefit of U S. Provisional Application Serial No.

60/ 971, 147, filed Septenber 10, 2007, clains the

benefit of U S. Provisional Application Serial No.

61/ 085,670, filed August 1, 2008, and is a

continuation-in-part oPBS&RIPAEPNonal Application No.

PCT/ US2007/ 072501, filed on June 29, 2007, which

clains the benefit of U S. Provisional Application No.

60/ 817MOTUEEENSAIBLMQ}@E—\?@Q§AG@ CORfrRBYLICED ar e

her eby i ncor por at ed reference herein in their

entirety, |ncIud|H§C%%@Ehﬂﬁﬁﬂgglnﬁﬁﬁﬂ%s, or draw ngs.

BACKGROUND OF THE | NVENTION Light-emtting transistors

conmbi ne the visible Iight enission properties of |ight

eni tti ng CROSBRHFERBNCRICTRENATEN ABPL A Prayer t i es

of transistors. As driving elenents, |ateral- é

filBF @reéFlfté’@Ph?artlé?ﬁs‘il@’fnéﬁhf( }“ § oR He-Japyisioapl- Aprlicgtion Serial No.

60/97?1@7' ﬁlregrp%%{%? 1t0r 30 Sélﬁlfn)s ¥ RRNLEADE USS. ofgx%vﬂf%\[lgl Application

Latéral -type transistors usin
SerialsNan@la0&b, 67T fded Uaigustel ,rXG8) aed & dﬂlcgllitlrdratmle—mﬁpdat afjénternational

g AP D by 0B, HRATSh et of

U.S. PbisRnalVeplicaabn NBP60/R I ARSI $1&Q Sn Ui, 2004 raﬁ%'?‘wﬁnch are hereby
static induction transistor have relatively high

incorppuatedhy scfemuceiagdin spthetsntiiety ihdwliog enafigwrsgltables, or drawings.
vol tages, but the fabrication of a fine gate structure
has been conventionally required to achieve a high

on/of f ratio. BACKGZREUNDOITHRNOYERG 108t wor k based
field effect transistors, the nanotube network is

dilighéemyttisg niraststas owmbiee dhaessiply hehtagmissios opropatiendf light
emlttlg% 211&6?'(%§Lﬂogv?tﬁotﬁg gﬁ?ﬁ@g S?I?lcétﬁllsg?%{r%r%?%grgg%s driving elements,

laterandagl, dekiscffdee traggsiot (RETYpaC eerteali (e. € aefid Ddesiont t@sistor) type
surface density of the conventional nanotube network
tranﬂﬁ@@d%aweobqepeprvewdc| bateral-oynet Gansisters| unon Yiandard FERj giructure

requn]g?a Hgﬁa&% the @adﬁ%ttubﬁéto&f s&cheasng af ng‘) df{]%:ﬁe{ngel length low

transi stors are a mxture of sen ton
luminameteadfficieneyg remtd ushnwl apdrivre rail. y Viehtecat ijIEI teans@ens ukiyig aih organic

Bt IR ST T TCT
voltadeb,eBut V@b | fa@%ﬁ@n tdre: Pk Gt bRk ML Sheh Cl)on{/é}ﬁl’roﬁal?}r fequired to

nunerous purely netallic nanotube current pathways
adne%%iM@bnmbﬂéaB©urce and drain electrodes. This results

f ?%?03’%%2‘{%%{1&0 ‘ﬁ:ﬁ’ g‘ﬁ?ri(abﬁaﬁ?cﬁ?rla gﬁtﬁgﬁ%ﬁ&f nlb nanogl%e network

is dir€6tlyi dinZRtddh& twé QNIdY Ghyamerllict foRrce0idd tagd electrdMeeN T 8bserve a
ate field maxi m zes the sem conducti ng nanot ube

significapfd gete apdecedt medulghon of dhe)currepte thygeghalthe nanotubes, between the

source-drain electrodes, the surface density of the conventional nanotube network needs to lie
very close to its percolation limit. This is because the nanotubes of the networks of field
effect transistors are a mixture of semiconducting and metallic nanotubes, while only the
carrier density of the semiconducting nanotubes are appreciably modulated by the gate field.
If the nanotube surface density lies well above the percolation threshold, there are numerous
purely metallic nanotube current pathways between the source and drain electrodes. This

results in substantial source-drain current even when the gate field modulates the
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sour ce-drai n conductance does increase. However, if
t he nanot ube surface density is well above the
Wpeneesari on threshol d, the increase in the "oPCT/ES20&075866

current is only a fraction of the "off state current.

It is only when the nanotubg surface density is very
semicHRRctihN QaRQLEA! @ mAMmiRY SRROLHIREN L@ OF SR sthB) OWHeY the gate

of what woul d otherwi se be purely netallic nanotube
field marinepes Puet hetmigendictng maeﬁﬁtugpt@ddwa@enﬁﬂmﬁdmibtstamj, the overall
sourcengrré?nt ucpngﬁlcttaqulget (t>hsei "roens"e S gt g Cuif{t nt acgt? be ?r ders '?f' 11

raghi tude “gr SHIQP PRSASS HHOWEY QIROPE fyrTacefiepsity is we
abovefthd pertélaficn irehsld( THeTifdrefeqy itk dnh §tald ERon€ is' @y & Miction of the

for present and energing active matrix displays '
“off” ptatel Yareply It igenly -\*dwpgh%lna@ﬁdoedugfam gerlsity it vesyrinear thg percolation
threshgidszﬁllda@{e %1%%%&109%% ﬁiswhz;{ ou%) PhRARke RS f;)llll‘%ﬁ metallic.nanotube current

sem condtctor 1 n ese devicesS IS anorp cus§1"¢on
pathwhgsneneeintdrivptadr byrisaicofhdichiax panstubses ok a? Qaseadirent can be

processing techni ques, | nkjet patterning and
orders. G pagniieds gaishthen 8 iofle SptaetT@tsubst rat es has
f priSELh fofs teird i
or glani C sr,ﬁgjl r?ﬁacsz 0 ndgg%? ggla? g%f gggﬁecﬁlt%glt%e efpéé)%ro%vand emerging
activeexnsgtrixa dsgag raopdingf Baaddcrysoll ecutie wgganiightamtitting  display

ol. I ¢ ,conpounds that. have denonstrated . e
techndogihs Uit RER Sy SPRIGRAREIY, Int el etd o gnorphous silicon,
howev@hd prohse Of inbiR86ivE UWTRAA AShscdMHoELssMBT tBcHnftulel, Bhki¥t patterning

about  5-6 orders of magnitude too |ow o be
and construettai e [figxibbeplabtic substitas Abofiicusedl wuderesodrch over the past 20
ma%ni tude t.oo (io . Such, | ow nﬁbiﬂgi ty can .be ¢ 1
vears LB ADRAIST LIPS BY FRIRE Ehe 128108’ S i ranee of sma
molec@lee 6igatide and | RF@heriO@6IPEIEnds BAYGRNE ddions@ibd ARAYES A ctance.
channel length (CL in Fi g 7A), but that greatly
Unforpugpighs thaalegiryc grobgiies of thasg compoerdsi which wergowitialy about 5-6

g j [ T architecture S .
ot MBI e Py BRI 0 S o o g
too 10608%ycht ve infabilityesdn b® Rbhipkysakddntdraby dfiagdl Peesafde and drain
0 gaPi c sem cond&%or s. The device relies on an ultra
electrqder e RilFT APHFHuRCsS Y ¢ dartat chael kgt (Codnifiad7A), but
vt oS B kel AL B0 ML Sl DRLUIT 065,
t AendvoWFhwardhitectnot wandiadlosednoivls eus/c edppl. etitys.ddker. 2004, 85, 5084,

o L S B RSa DEIBRL sl BB s on
an ult®! tHh (<20NRR). iR k&lirke cRBRAde Bt rORBRA CafbirSICh R8BSR oxidation.
_the use of the or %Sgl c sem conductor pentacene;” but
Whiler thgwitimézed rdexingi axhdntell 0 ondersavlanipgnitudzicdgchtayedulatiop the low
he.partially oxidize | um num source el ectrode. -
work by it opgteG efirode b u? RHVRC aftul ot ot Bigtine that
deviceloabé uQdsf €& adithd ¢Habhél b Qe O0UE IS ABPRIPRVAIY, 2007, 91, 083507
. . constrains the choice of the organic active |ayers,
disclogadqthp 3is¢ @6 dleppigenie scmiwmdeetpbRegreenobut ettes an additional 7 nm
i ) : . o 5 i .
sanad 00, B S LR DR AR LAY N Wi
partly dexsdizeeld ultfhtisy alunenemrsenmierndedrodeed dfficulatd p@dtice commercially,
emttin _trags' stor that. is easy and efficjient to .
constrEh b ERIF OAribe CBFNfS B CSIPHTPF F%etf BISETtDEn o slegFprpigration;
hence SENRAR A dbAWORESLAd QA m¥@lst (ﬁ%iﬁgin%gb%][eg@frgﬁg @t "dbBOnot shield

1ess €nergy consunption and providi
the gate field is desired. Thus, there remains a need for a light emitting transistor that is easy

and efficient to manufacture and can use a simplified electronics drive scheme at low
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| onger and nore reliable device lifetine. BRI EF
SUWARY Enbodi nents of the invention relate to a |ight
wW@niopMs6ogl t r ansi stor that incorporates a gate BUEUS20081¢75866

for providing a gate field, a first el ectrode

conprising a dilute nanotubeg network for injecting
operafiil 96 taBO! BiSreBY %ﬁﬁ%%@ ené}gy accﬁﬁ%rﬂ?@or?' &0t 1P8ding for a

for injecting a conplenentary chRarge (efectrons or
longehaidmprarebpde tiewed §fetimand an el ect r ol uni nescent

sem conductor | ayer disposed internedi ate the nanotube

network and the electron injecting |ayer. For exanple,

the hole injection can be nodul ated by the gate field.

The hol es and el ectrons conbi ne to form photons,

t her eby causing the eBRBil dUMMARSCent sem conduct or

| t it visible |ight. di ments of. the .
| SoBhochBaRERT 0 hetioP Ao TRR BT aarBriskt Ry peomporates o

gate €lotaiet RArJrbEHIngCE @Sk HbIE, jaURR | tBed \WBRRPriShAG @ilvRl hanotube
car bon nanotubes (SWNTs) and two distinct organic
netwogle Pt diEciExosigrgespdeles i @ dpitishedit 8 seedndt elegtepdewfpr injecting a
Vi : rid fiel fe : i stor and;a :
compfFHEES; ol Clein (' Bl FEsb AR, "8 g Burotuminescen
semicandiuitdrelayatr dsposbd afterhediagathiel yanbabk lnetvadre dnBythé BRctron injecting
sgpcific prggerties of the nanotubes, allows the use
layer. ofof gyppRlEi fiethples igetion dae Lermoqiiaied hisuhe eoieHiddi ddetpeles and
electrGNSAHGILE _Cio UBR! B@th tﬁ&reb§ 'cghgngftﬁeeﬁlgc&(ﬂﬁﬂﬁl'e%eﬁ{ §?miconductor
For the Iight emtting transistor, the gate contro
layer meammit v sitdeliglgi xel drive schenes and i ncreased device
l'ifetimes. BRI EF DESCRI PTI ON_OF DRAW NGS Figure 1
ST RIS G 5 BB HEfEc TOULYBeobRIg Flgctronic contact
barrieP 2698 thed 8GR BEPeen i GIE Gall SRV ABLAEOMWNITRT &8 two distinct
m croscopy (AFM inmage of an exenplary enbodi nent of a
organili segtieonganiorubpasdtoembodimentspelefe ta tyiol deyms:vafatical field effect
W th scale of 1x1l micron. Figure 3.is an exenplary. :
trans1¥e¥l% %nocl? Y 1061% ﬂghtdeé{}littg@ %?ns%ﬁii(ér gylg ggﬁ{caﬁﬁrggﬁt%cgﬂ?,ewﬁlc}ll is readily
facilitdieti BYg RN spERRE iphdtitidsNo ML RahdiBb@atBowt @hél usé of low mobility
_provided by an ionic liquid and the seni conductor is
semicgadsérs at wogldl otimryisedesontidwsd uheriieblgpafi¢le wifeet tragpstors. For

the 1i %Q]%t :e\ih\g{rtﬁ&_% Stfa?lgi@tog ahe ngt%' ctoﬁgglf }%‘ﬁ?ﬁlltléswglgglt 1&(8%6 r%%ﬁ]eontle%be%d increased

Icon interface erent “source
devicdlifetimepot entials of 0.1 and 0.3 volts.Figure 5is a
partial cross sectional view of a second exenplary
enbodi ment of a device of the present disclosure.

Figure 6 showsgfig HESARTEFIGNDYEDRRRVINIR devi ce of
Fi gure 5.

Figure 1 shows an exemplary embodiment of a device of the present disclosure.

Figure 2 shows an atomic force microscopy (AFM) image of an exemplary
embodiment of a dilute nanotube network on top of a silicon wafer, with a scale of 1x1
micron.

Figure 3 is an exemplary embodiment of a device of the present disclosure during an
experiment in which the gate field is provided by an ionic liquid and the semiconductor is p-
doped silicon.

Figure 4 shows the modulation in Isp with the same gate voltage applied to each
nanotube network-silicon interface for two different source drain potentials of 0.1 and 0.3

volts.
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The figures may not be drawn to scal e. Moreover, where
directional terns (such as above, over, left, right,
W@ aen3eobel ow, etc.) are used with respect to REEUS2008/075866

illustrations or in the discussion, they are used for
ease of conprehension only and not as |imtations. The
el t fy d j
R e R i

devicEp e pre@ethibwdossteandard prior art TFT (7A) devi ce and

aVFET B vice, with a cific.device (70
o W e St BB 8 g

el’[th@(h BRI A nbthee dRAWENDIseNe. WSSy NEh&HIdVRE bl ?e?ms (such as

repr esent t he percol ati ng nanot ube network, along wt
above, leserwiafi, mght |uag¢rah¢1f3m etcherdesadowith Fisgent éo ‘ﬂm éthmns or in the

t hat short h nneI in the

dlSCUSFSIeOél tﬁe %etcd ﬁ Tt ?a‘g? $ n%m&;?feli“ﬁlélog o?.ﬂ’l% d?s ?Hntatlons The
elemeetsaqtth@ daﬁces&ﬁay BS Uferftéd SMABMEARE, @ réddill fagp%éaﬁ%d bhhBose skilled in

current in the standard TFT scales with the channel
thearyj dth Ow, while in the VFET this scales vvlth t he

0] r ; .
X TR0 S8R SRR O POY R B CH LT RIS g vt o
specifid ldyvﬂs{EET@) eipiryvéng-b gLanetuBA @h@(wk SQUfdigr & ah rerghdirgadt of the

as a fun tion of gate voltage for both materi al
mveng%t@f% UG THEy r@éeseﬁtatbe pﬁ@@laéléamot}l%ﬁ gework, along with the

wmngxigg%rﬁr‘ Sﬂns tﬂehé&lééqeﬂ\éape é,gv Elﬁﬁ% thAf [aos rt Qhﬁér’}t lgn%ﬁ,eCL, in the
gat € vol tage sweep ditection. Fig ows output
standfcrdr VES fagmirehdighF- @H&n\ﬂ-‘iﬁf tied scﬁlrgeu read8 dfremh osdsctii@Ey, an issue

mrcure ?Ig 1tnFT|th G\{Fg?'g 0| L8 e S ec fri;iggd ?ﬁt s 2% 2\72 ttgp channel width

Cw, WRR td o VF@T ghid fs@aﬂ@sn%vltﬁ%@ (W%hﬁﬁ%?e% bQ(WEen It% soﬁlrgé/ and drain
and -20V taken at the vertical positiony =1n wher e

clectrodps, Cnterface bet ween the gate oxi de and the poI ymer

EE S, B e o py TR AC it “PRe Vidor UBkre Fisure 8A

show@ﬂfhﬁ“@CdrainScuﬁEnFa@a (hetioz @ﬂ%ﬁb vaRsh- i@@bot@%atlehﬂes)ystems PF-9HK
Vertical arrows indicate the barrier height fbp a

devicesabayevmsiticadfdy lamer hetoetipéhaa BeaVRP degissnndupyh lnqhgate the gate
volta%‘eh%&tfe%;; dhl%gt?&ne%lg?ltre X shgw§ gt t c&rv%@% Itijl-lf?? Iégﬁlﬁt\/ﬁélp and Figure

stmul ated s ure an e coor nsi de
8C shbtve NPANUFHD @t (Hexdatev2tapd @pectﬂw Aieeitreach pavent i al

e er he sy tr|c poi nt of the pz orbital bands)
; Figfts sy %ﬂws ﬁ?egﬂ Qi 'SR GREZIGHiReAINER Y\Aé HEiRsenfregienvoltages, Vg

= I |t
AN ot B R L o

gate @Mdrﬁaﬂpslyufer chamiehiseltinoh aay e @iThectqedibriand Fehti level in both
emttlr?ggt torstBat have . a atma}electricfield )
the pplgmep ciulel aPache dpeps ARBI36H 3 ogizpptak dash-dot-dot line).
ectrod sin il ut n ube etmork a
Verti) %%W%Pﬁ}ﬁa%nﬁsb D nfell ek PR e M ARO e B is Snm

with its center located at x = 0 and y = 2.5nm. The inset shows the simulated structure and the

coordinates. Inside the nanotube (jx] < 2.5nm) the electron potential energy (the symmetric
point of the py orbital bands) is plotted.
Figure 10A shows luminance versus drain voltage at the indicated gate voltages for

the VOLET stack illustrated in Figure 10B.
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networ k i ncludes open spaces that allow for
penetration of the gate field into an

we@b®@emsorum nescent | ayer. The gate field contPCI/ES100&075866
current injection into the electrol um nescent |ayer
and thereby the visible light output fromthe device.
Suitabl e applications of this technol ogy include
l'ighting, displays and signs, for exanple. A gating
electric field is WEALEDMDRTIEOBURRe barrier to
el ectroni ¢ transport . between a dilute nanotube network

gATEAT 5 Btk I RGP T B ool KON (PRGN A RsiRorS (hat have a

gating Rie8€icl d1d 1Bt QnirbE clRERdMHEO MAHG N PethR¥E - fids e{e@@ode comprising a

. semi conducting layer is an el'ectrol um nescen
dilutenpanstubgl netwhek ded iapeclbetcdwnincaceghtsemicohtegiegclentrr dlhkeghnotube

ljght.emtting diod GED), .al so ter.ned ligh .
ne:twoéir(ri {llltc lluﬁas tPans TSy .%héi aﬁ?‘% forg H%Q/éragoﬁe?/{iaé 3 %@%’oﬁ&}dndnto an
electrblamiiiesext@ Mplyar.y eniodidenticlal chhgols NMRNtdueRnt SUEBHAD into the

enbaodi nent. i ncl udes a transparent substrate |ayer 101

clectrplygpapesgap lpyeraand: Hiesqbar @it Vigilee lishteeutpoid &omofise devige. afuitable
o TR S 1 BT
r epgamgrlectrivefifli istsegltealodode: o bpfiics togedrdhid tdBport between a

) nanotgbe network 104, This is coated wwth the
diluted|apetpe PefRioRe sRb A SCTRIGPRIYCHP E LaFe PY TOBTolipg B iBigctipn into the
i RRGR, SR LOBLATARLR18, 8% 10, LATME R YR, i
devicé hyv@midsangateveltdger gmtrellet tiphdenitiije dicde HOILED) anico tdimed a light

....second electrode jnjects electrons. It shouJd be
emiti RGPS TbaT EHER | GLOVEBHPe AF-UT RN B BAP B FSvefiment of the
invenfift® SOMERM eRBoGHERE iRPudds fal thlspSLACHIHAIRe 1R et ADECLayer 102 is a
el ectrons and the second el ectrode to inject holes.” In
transpgegné g3tk clesirpdadioneet by of inshletinginaate diclectaicdaybe d63. Bedcurved lines
herein r hol e,.i,nj.ecting first ect rode nd . .
arawi i 30 o e PRk CbELEE LoD ity SHEEH SR Ropwesae = aiue
nanotSikd bk MOYhertag tis GaRte@ NIt B8 destioh@Binthdeht hhierial layer 105,
converse structure. In one enbodi ment, the nanotube

followgdttnor secamhielperadg JO6 @nd @tnr oteglingeleaseideilapsr WT. hwhees fercexample,
i r Nk L €6&1HRY 4l nd._protectin
o AL PG4 10 Y1 I8 NS RESTEEL I o

electroddt infercts cléddroanditehedt hensdémjoadtied deriem dhateset®adbodiments of
. el ectrode 106 coggine in the el ectrolum nescent |ayer

the inYgEIoR SORPEATE S HHBTGIRES terHuedsclfsrapard thederand(qlesigen to inject

holes.! & BLRPBI &hdodhetd l%f Wﬁ(f%{gﬁé ab !dgégﬁb)%ﬁ] BT HRHE1E iﬁje@gng first

el ectrically percolating ctric
electrpdes eand orledtonen)setibg tsesimutlbaneiosshlyhotigh uhese ¢idildedey the art can

. .possessi ng substantial open spaces between the
en““ﬁ%ﬁ%?ﬂﬁégglt CB@@%“H@W@W%? a di | ute nanotube network

| 30 @RE chitdbinkas, B4 Adn6hBBIncARER PRASEMAUL A&k ally SV ive with
contact between the active |ayer, such as the

respect [t dreredgction neiseting layiert 6iaall prafpetmgldectendd layee 16t Eloles injected
i el ic lLayer 3. These open spacesadm t
from glléen 8?1?0%{&%6086%’&%/01'1% hlegg%&de € elc'g‘ 1&5) IHHF%EQ$ om tﬁpe second electrode 106

combi@t e tthelelusiroRgtadcedtaler 163 tviptdiRdé phbnk.Ul the high aspect ratio
ectrostatic screening that would be caused by a

I
ﬂengtﬁéﬁt‘i“@@éﬁﬁ%} el & parpguben floatse thef netiverh dn dreuplecthieaiivo prrcolating
(elect%{bgg??'goe oghgt%g,gﬁlgt%iﬁhﬁ%e%nﬁyQﬁ%{é, %ergae}pﬁ(l)stsé/ssln% stugse[antial open

um nes
spaces between the nanotubes. As used herein, a dilute nanotube network is one that has

sufficient open spaces to permit some contact between the active layer, such as the

electroluminescent material layer 105 and the gate dielectric layer 103. These open spaces
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material 105 in the vicinity of the nanotubes, and on
t he nanot ubes, thereby nodifying the barrier to hole
W@ ewneport between the two materials. The gat eP@T/852008/075866

thus controls the hole injection into the
el ectrol um nescent |ayer 105 and thereby controls the

admit! %&@@ra% BRthd el hAE dey t}féeeleé%kémﬁlﬁqegé’eﬁma%ﬁ 108 WRbKShe full
that are electrically percolating are read

electrsidsta satadndyhatheowtdt o dawbed clryi becbntllgudanScle@tact@nm place of the

| ication,Publi tlon S 2004/ 197546 the ' 546,

nanot @GR, o e s Aok ALHEES thte CHEH AERG R Bf CHeFOL@inescent
materfA2N0% b eheNSIMAVKSE thB AbndikesE R bh itkahdnotihRE C@bdbY Rtbdifying the

Figure 2 shows an atomic force mcroscopy (AFM 1nage
barricpfo hplcetxansporabgtveseb g rﬁfﬁtm@fv‘l’lds diThgt gate ﬁnldt thbe controls the hole
1nJectﬁ%t1%rtE% éfétrgluml ei%ft 133/61’? ;l (P tehreléef(l))e ncggirgl n%ri? 88@?9 from the
deVlceThe fabrication method descr | bed in the ' 546

aml cation permts fine control over the surface

f¢ gangfube metwpskbthabiars clpakically apreelating ateisrdilyralricated by the
metho%sdésgn@édl Wfd, r}eat&xb%sﬁp@x_f t?Jn f’m JaEgﬁ; tNoonU@fZO@HSfbﬁagﬁﬁie ‘546

tween t he nanot e nano e surface densit
apphdaheﬁ) eidhniczess diew fabeicaper aff dibne depenioks nawotlsethat are electrically

ara%;erlstlcs of the el ectrolum nescent nmateri
t'd

al and
percolaig oy [LEVHF b a1 S &7 FHRBNE APICy. MBRAGPEY (SRVBfmaze of an exemplary
embo&}ﬁﬁleﬁf loRiae&itd:0 %a{?é/tuﬁé" Se Qe 10k &l (f ofla GARLACaBATALGHing open

at the nanotube sem conductor interface was
spacegl betmrest ckcetaly ishoomdctedRiagoubed, Thhifdinicagoramethod described in

T R S O TR, M

the nétQBHE 104 A4l & FALNSK HhABRrdl AUTIRE! fr¥@iof! HCLF PRI WRtween the
ate dielectric layer, and where the sem conductor is

nanotghegopBp Biniateensurfibe dgesiiycidat thslymﬁmtdrsme aboation dspends on the

SQ_on h repeated.e nt
charactgnﬁttlcg g% thg eijq_cgroe %’nlgfc')sgerlltéfnageréaé Gn% cFeﬁegmlnget% e%gerg%?rgg?y.
| M/cﬁihldtlbﬁtoﬂﬁlﬁﬂe-hﬁ&'ﬂloﬁtlﬁ}hﬂﬁ @@ Yiefd 6fMtdagtati Beier at the nanotube
portion of the p-doped silicon substrate |ayer 306.

Semlcpiafichau igHrigre &%Sd&@sonsmted WhiseRWarie gecddplichdy apngxemplary
devicd Q@coﬁﬁ%%Fonz;er?%/\rg?%dslﬁ%%\{dfq%ﬁllvgﬁh{n 1?1%h18}9 le%%ﬁ Sﬁg%i;ﬁrrogded by an

nanot u nanot ube ne
ionic dyeidedthac tiesisa tchediwant ahatctredic_e etithoal gaid0diclacteic doyan, ant ohere the

sermct gcf%ggase PSI | %éﬁgf%gg'g}tx Ec%\rl}la g?rﬁlglggqn%@ghﬁg%gggl midline so only
one oﬁgmr@ @até@élleﬁqehﬂ Qubslidr opsy 3885 $ak ¥oa ﬁéﬁﬂa Hgteﬁfdg Bfver that

net wor . The nanot ube network 301 on
has betmsétfrealt wawﬁonhéiesrowdlﬁepmm toi shan ptdaped ssmn ombsltﬂa@ layer 306.

i gh d th ot e
paltadif ok S0S 0B ER 7S plsaap e Rbimi gl PR B oRrrgide lctrica
contadtGo 8BE RaMithied hethdds 2016 FRP ALASLEBL ﬁétvdo'?l@s‘ BOPQﬂerﬂra&fd across the

cl osest (ﬂar oach by appr oxi mat el %0&1 cm A snall

contagi steshpdad04 yglovin appitheiroeilivendlq teeprevide suinzatelcantart hetween
the n&%&(ﬁ%‘é k33)1( 41}11@ tlllfb %111%' C§0r odgg 3‘13;9‘[%) O%Pcdht 1%? &Bhd %BE sa%rate each
neasur ed. e curren path % tfr'o ﬂ he &7 |

nanotabechetheiked0ar erhehianotgbe hé’tﬁzoﬂﬁﬂ@l bhbﬁre&bﬂt li CBi ginBlc@ l'af; &ﬁ:&;ource and
ach side. Segar ate power sbgpl ies apply gate

on :
the n%%@rgrﬁqlansthﬁ sig8aisHicrigpEpd avdictitie diemangtbbectiethcift on each

side are not physically connected to each other; they are separated at their point of closest
approach by approximately 1 cm. A small potential, Vgp, is applied between the source and
drain networks (via the electrodes 304) and the current Isp measured. The current path goes

through the silicon and therefore through the nanotube-silicon interface on each side.
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301 and Si substrate 306 via the ionic liquid drops
302. These power supplies connect electrically on one
W@ 2@e/03607t he nanot ube networks 301 (via Pd el eRCT/U82908/075866
304) and on the other side to a counter el ectrode 303
contacting only the ionic |Ikquid 302. Figure 4 shows
s SR LS00 SRR UP BRI OLE Sl Bognpg pevor
301 andoSidsubkeaterilosaarthe iarailiqupbtiemsi3Rs Ghesd. bwanduPplBs connect

clectrieAlly SGRE SHRLD e EnSEPG Be e g fhQECrope04) and on the other

side th Qgéﬁﬂtﬁm&ro@HB{)?@&nté‘&ﬁ L&nPf £:2864:i8 1ikix@ 308 9ni t ude of
t he nodul ation. In the enbodl ment of Figure 3, the

ndingitre e shvatswibe ksodulgionhinckerwithalre sdnoavgat rvoﬂmageu mppld to each

nd have a..much urfa e density.than sho i
nano R RS O SREVE R R RRrHER Ry g tng el 1 and 03
volts. 3%6%&: Yd1R1gbd Yieshly Ynodlilatd el @alisort btk S@b& cach interface. The
el ectrode all ow access to the nanotube network-silicon
logarilyierquaient snaleckresensy e reaenetndd o€ thehmoddlpiaar. | Irrrﬂp@ embodlment of
r I ' her e and..bel
pigurf 4" B8 Hon R LA, SE SR Wal B EI i WL B RO targer

surfadéeddh@lltﬂ( tHaastdwh iiglFiket e dleverthbighss tiey SorodiReoMhn thbﬂﬁk 301 and
etworks of the present do not lie as close to the

the ﬂb@#t&cﬂféw e ligiud gade elspivedn alnvalacersnét thsenanetuRe mesvork-silicon
Mo e network based field effect
mterfgér%ans%g%{%rﬁg It&%%tde%ggff?&c enbodi nents of the subject
i Mhentukrent, mdiduleddn dmiubai haw afl Helvev RBnOd nbeba ebﬂﬁnséd with that
conduct ance contri butes only smal |l fractign to th
seen \FRRYTICROTER SIS RetyoBtbssd ficlheif e framsitiviar R naspgRetworks
of thd FPEERAE UORoDAS aHBNLE R @6 %Fcto[éﬁoﬂslnﬁl@ §§ u')rﬁlegﬁ(%éﬁ Sambtube networks
ere the nanotube network has a surface density as
for camyemtpinaf hawtibe riat\gmkéoa.@ed ﬁﬁlgmf&cstramdlan@”s I doespaifsecohodiments

of tn TR P AP hem sl ahe PPt A Plie g gy contibutes

only D&3all FrERIAIE MM Y xhdsm;lgwnvﬁad&deaeS) lies on top of a
200 nmthick, gatedielectric Sig c |ayer 502 on a

p- o cgibodinest phithe iBCNtiDnAes devies seomey agatb@ in Figure 5, where
the na 09.1%% % Ork-ggg a%&tfé eﬁglrtn gsog d Cth? ed 1r‘;Jl ¥1 reSZQ 4 &5 illustrates a
SSleDty & iy i

um nesce ex
seconﬁ I’ﬁi@ﬁpmﬁﬁémbb&nﬁﬁi Mfz( 96\8@@1 bf) ﬂiey;irééent mventlon In thls case, the dilute
uorenyl -2, 7-diyl)-co-(9-hexyl -3, 6-carbazol e)

nanot b0 G PRGK 5%@6@6@@&6&%@@ v | Ipieak fisuan op earienm thick, gate-
o) f
dlClCCItIﬁfy §f0>h ?Ereé— érr di (?0%%? %Qtrtd&%ﬁ t\ﬁhtcgct@{l] t(’];iF %Sﬂ{grel%%fo'ae. The

platinumlies mic
activet kmnlho@uemr lauymmeﬂ mleetroﬁluﬂnn@bdmttmﬂyr(ld:ﬂg\wm)ch)flntdmeexemplary

ol r than_ its | noc ul ar
embof ot TG-S WA R UEerel e ch s RO bAoA kY (PF-9HK),
The tdMatad R€a fEMKESR ene%n@d§ RryeAb L dhih ke Rl thd@¥i&Sof Figure 1 in

(transport”in the polymer is restricted to the HOMO

that tmaemmelqui@)tf pd_:aﬁm,mj ligghmpclo bhqsa*t forthe thihghestemdupiod molecular orbital

nspar e atel and sub e .of FEi.gur
OMOPHEREE ST B 7L Tro B PBThBRnERRy P gl EUMO)
Wlth(ﬁftfdl&ﬁ@Mhlﬁfecﬁ&ﬁ iigatthe iIUNMOd uhatdetide tihQ sPRLREt“HRBS LhEP device
across the
(transport in the polymer is restricted to the HOMO) and does not emit light, obviating the
need for transparency of the gate layer and substrate of Figure 1. This construction is useful

for demonstrating the efficacy of the gate in modulating the contact barrier across the

nanotube-polymer interface.
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nanot ube- pol yner interface. Figure 6 shows the transfer
curve for the device of Figure 5. The gate potentia
W0 pdo3®78 two order of magnitude change in t hBCT/US2008/075866
sour ce-drai n (nanot ube-plati num el ectrode) current.
The | arge gate voltage needgd to nodul ate the
S@E#l\?@ cAheW e bR dSvaug e ddiRer & Pfg'ui/ee'Sy ThE Giie potential
Sig c gate dielectric layer. Many enbodi nents
inducesf a e ofdey ehtriagnitidecthadge inhidesorrcofdrain tnanosper@atinum electrode)

B OB B RSB SRR BB S B e et e

relatiielBi dkO DO avh (990 € ghRIdMd1écirid N§edevi ce to function as a
gat e-vol tage nodul ated |ight emtting diode. Suitable

&\éamsfpﬁ@?@dtmwbgf thetiagention neledgythgsise af@ tprngparent substrate and a
t r anpl e. abl e transpar
“anspéi‘*%? e e L S L TN T

functia® chthdie perinify ¥ iddeicorno tirgfispals Qflgatélafﬁﬁigﬂlﬁioﬁmlhﬂé& light emitting
such as described in the '546 application, for

dlodeexgwfﬂ le trgpspagnb subHalR nekde ralass axdcpiaglisc sybstates, for example.
h r

R o U e R R
oxide S ¢clangmrdaa Nandtove Bhaypheh asTdwcrlbxdkinftba C546oaipghf:ati0n, for example.
The o5 ORBESY AERCONHERAE A P B 18R o1 OB 4 PolBRSh gePrzanie
moledult 8¢ §Q&fv9ﬂtléﬂa?§olﬁil KPRE Eexﬁﬁoﬁ&lﬁt&%{l@ﬂ RN, BF HNR. of

most el ectrol um nescent (EL) materials, enbodinents of

t Abe iwuknfunctionape ameeghérg @pepalr acd/whemé pumidiedi datham nanotubes

sych nanot ubes t rovid ol e
placeq ek gh TR Gotrioeny mlt ST it Fresg drecPrt - Bh Tepband. or
HOMOe¥T £8stafl cdnlotimiiBestedth®s.) %@éﬂa@é esbbiighRRY SRS ik Bt Re readily
|nject|on bet ween t he nanot ubes and the EL material .

prepalled v@a@meadlyn@ Rt risnmede framt $1@h|t@n¢tyb@uﬁhafamowdﬁmole injection
o RSB SNE IR FOBILAR 25, EQR A, Byk bl B

hole nfeetion IblathdeﬁSthe hBbtibed @mEkhe Eﬂlemﬁ&ﬂ@[ Ubﬁ%xﬁﬁ%ﬁl@ﬁf‘enﬁ)odiments,
|OMIdenSIé%LOf electronic states. This neans that the

partichlary suikblFBE materelehave dnlaangdn o HOW @yevahethat ligpgap the nanotube
Fernn'f ligléﬁq C tF'oP Qialts \x‘/i'h{x]!ﬂ q fz'i‘%"of tlgquﬁl%&é’ F!ﬁrﬁﬁ Q{zve? l gg %ﬁﬁ&ubes rPossess a

due to the source-drain potentia
low derhwégtqf ietectromik dgtesCorisegqugent thyt the aangabeFemd l]e\&xﬂ can be sh1fted by

nodul ati on, exe Iar nts of th i ce se EL
the CIFRB s SO BT b RSP RRNDEICEvSI K3 (44 10 e pgurse-drain
poten@éf Qxﬁd b’fy %Mn(g]%‘fécﬂgc @@ | e@@xllsé qet a?‘e% agggiutlndt%e@ ‘modulation,

Anot her consi lon foor th
exemlslemyt @ibb@ll@bl@@torf chaidenes umeLnaatenalalmtlsh@lhdiandst sr HOMO levels

oo [ 09 SR S S8 Y PR 4 S S50

WiAGbtheP Eoﬂst&redﬁﬂ' Bt {Rensultame relécﬁ@tunﬁﬁé’s@ént URatbhB 1D @ak i€ fintrinsic
to hole transport between the nanotubes and the EL

carriefrgensity aiot bg pemticalarlxHpige. dn|the gesedurslarge imfrinsay edraesdensity, the

Wldth\%?ﬁ eciseB elﬁgn ?aﬁrte thajt 1%' ?ﬁhst t?g b?l%%? E]_nﬁoqe Era%n oPteo%ﬁsﬁé’en then fanotubes

apprec e dep
and tlef EECﬁlSteﬁalnlsm&kf; wiie: gahge rdeduityabf ofriets thigeLtfegnt field to be

screenedgfrorrcl: %re;xétgrtmgev{fll?ﬂ tz%prgclz_laﬁg d%{s{halln%o %he ]EIL material. These effects can
make the gate modulation in the case of high-carrier-density EL materials small.

Moreover, the nanotubes can cause electrostatic screening of the gate field from the
region of the EL material directly above them (on their side nearest the top contact). Such

screening makes it difficult for the gate field to turn off a current channel directly above the
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Mor eover, the nanotubes can cause el ectrostatic
screening of the gate field fromthe region of the EL
worgiogos@r1 di rectly above them (on their side neEF/ES1008/075866
the top contact). Such screening makes it difficult
for the gate field to turn off a current channel
nanot@bds 88t iy nFRANEG cHBENBNOLIEER Erﬁ%dﬂn%ntﬂO{Héalchﬁeﬁp%ﬂanﬂep that is
a specific enbodi ment, the current channel tha
normadbfrqimetiwla:@wwdpaﬁhwawwm tipasiesanfshé yanmgﬂtes, WIImee the gate field

i des o ano bes ere, the te fi
has ag e g be, biieel 0 FH IR Rsrt: RSl etk Enmpodirents Possess a HOMO
that 1i8PEGE e RIFRQUVRES tBe RATI®ES. @ HOMD that |ies bel ow
the Ferm |evel of the nanotubes. Suitable exanple EL

mitgztilalesample| kld enatenads inchdete rva&ﬁfnunﬁlleeeﬁ Inzrigcular, polymeric and
neric and ol igoneric ed or

oieo G PP P k0L Bhuidy 1 TRt ShfRlfge have HOMO

energy?m%f/@y thev ehs, that asamyghf u@mzlas dV gR. ascudn Of@ VadMsral poly(3,4-

acuum for neutral oI y(3,4- ethyl enedi ox t hi ophene)
ethyle@p@g‘g@mph@e&s(PEQ\Q ds ta @gs '}0\@\p5f ¢/ eV for po y(dlcyanothlophene) In

B CH@n S S !
manyclggtj){%%gt 4 g P ‘% ol)Jg%tr.ﬂ%g% 103%){%]1_ %)Pg(ﬁg 3nd e'i‘e%tr% luminescent as
illustrefed dtyrtbe knammegmém‘bla:% iSokiesémigidielenty of e imtgtionahsorpdrate EL

rFEE hg 1. Sonme enbodi nents of the invention i ncor por at e
mate Yiag i3 FOMY PRy esocEnergyY rigndged &ivs-% lfhef\vetcem»ldered
lat ARG FANST HOREL SRR YEL Yin
rea“;-elg\/o rr\éé{uégr\@a [s. I'n et hese enb é‘%oﬁ nent s, ¢ E%Wfsjﬁrééggnd ggomers
can bclmégiamelasVdarpMe and e stdblatandethgl iguingc a:adlealdonedna’atxm are low,
the intrinsi.c caprjier c trt

leadint 0§ WP e B i QBEEH I SSo Sh et feb¥p gt Feespayecessible
matena@s QuiRté, chhhlk €n @fg%n%%ﬂﬁcﬁ%ﬁ%ﬂlgmhmb%\%l t&yén@ubsd

ch anges in organic structure can allow the HOVO | evel

to be tuned. Table 1. HOMO values for a series of

r dpbles ént HOM®@ caugsufyat & deps! yivepsesandtiod icgujnpated polymers and

. i tabl nb d t f .the gat age
oligois T LEDD LHORYIEL | ROR e B N YD O ENLED
vi nyl ene) (MEH-PPV) -5.1 eV to -5.4 eV Oxadi azol e
MethPSMERROK QJOY}((BI%@'Y&E Q’fny‘l’én@)’ I\QEQ)- PP) 3 eV 51eVig-5.4eV

e V|nylene) 3to
8@? bigp é‘%la fgd %ﬁ]e%z ~dI ]Fégne di phenyl vi n§/ §ﬁies)sev
A (0] Iquorenes) -5.7
Poly(g ¢ 'gygyé‘leﬁ es) with BTD: %’
Poly( P éne 5 to -5.7 eV Di phenyl oxadi az I(é Efidant

Ao,
Poly(bjp pgabylifledhiophensslwith BID or @Nnqxalieidi t i on t oty heYic
Diphemgloapdiagode perentepcdyssyrangser ous smal | nol ecul-é torfgday c
em tters i ncludi ng netal chel ates, distyryl benzenes,

R T R LR .

emittedé, TRAIINY SRthIORhIRRP! AReRyehM @ cdBhT il 0? ansl e 1 ‘
HOVD | ev ﬂ%\/s are |IeSt ed ?Sﬁﬁ&rabl e 2. Table 2. }—I()\/Dbéls POSSessing

charagrgiligies stiseble foprtheglegicer Bipeteerenn atthqree@hdhineml ef¢ thee invention.
Repregcgnga%ve matenalg z?rpd fieir HOMO levels are listed in Table 2.

Table 2. HOMO values for a series of representative small molecule organics suitable

for use in embodiments of the gate-voltage controlled LED.

5,6,11,12- Tetraphenylnaphthacene -54eV
Bis(4’,6’-Difluorophenylpyridinato) -
4,9-bis-[4-(2,2-diphenyl-vinyl)-phenyl]-
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for use in enbodi nents of the gate-voltage controlled
LED. 5,6,1 1,12- Tetraphenyl napht hacene -5.4 eV
w®@®0436061 - Di f | uor ophenyl pyri di nato) - PCT/US2008/075866
4,9-bis-[4-(2, 2-di phenyl -vi nyl ) -phenyl ] ~napht ho[ 2, 3-c]
[1,2,5]thiadi azole -5.8 evl()
naphtﬂf@é 3'&[?2% tgladfé&&laenyl vinyl' -1 -, 1" -spirobi phggyl, -5. 9
4.4 B Eaaqp Dy RkgILN Gy p&sbgh%p@ iridium[lr(ppyis] doped
Fact dme’ It 3@(}? grﬂenyl -6.3 eV
r}é %déf“f él?pél Qi el ect rlé ayer
H ge of |nsulat|ng ceram é such as
Sl O( AI GS Sl 3N4, Y20, Taz205, PbOTi Ox, Al Ti Ox,
gRepEseentatiregasipdals Srmpbudigecsisdhy e snayangndne bivefl yange of
&n I
nmub?ﬂ%%&%%hyr%g?%§5%9?4§Q1ﬁ$ uoﬁga%fﬂgnghg% o Su[ 10w glasses,

organAs@@ipolueds shak Bygtdde @B@Iﬁﬁﬁﬂ"@bf}atylr@f@ poélgiieefpolyvinylphenol,
Repr es ntailve materials for the glﬂte el ectrode.  may

polyrr}eﬁmhe}s afftakt: UeEPPY iR SeHcrseem tlepegnelrysts pad %cmlbmatlons
theredtonducting oxi des such as ZnO In @3, Sn®2, CdO doped

wth metals such as Al, Sn, Y, Sc and Ga and any
conbl nati ons thereof. Repr esent ati ve mat eri al s may
so include net 1%Jch as,

RO cqutat T gip Fratedrisey eflidsmeiatlcidobag and

un- dogecpﬁ%séa%p&ﬁqu&t@r&l&g %ﬂcha& Pn®1nf0I8R6Y Rio, dBp& with metals
doped The representative material s above are

such gsefls 88Nt St audeGmcbanyadombﬁlmtlom thereof hBepresantive araterials may

o 0881 R0 S, D2 RIS B TS S RS

therecTPRCGVEL & dpedBéBicbAduckTesichGaD driC@pR®Satptordidpbe thagn
transport |ayer between |ayers 105 and 106, and/or one

or nore hole transport |ayers between |ayer 104 (the
ndhotrefyesntativg miteridl abayerc 1gBeschatve mabatiatrefor szvhich the device

can GRS NG, B5L b PRl L Bh PR A0 henion

depenldtige6t ItB& shédific tHE nlh@ial ivsed, &l Richi@RSP Aht elb@AT transport Iayer
rather than into the EL Iayer Advant ages provi ded by

betweep dayget H5asdi A 08t el oroime drpase thobmiranspert iaygrsMegmen layer 104 (the
nanot?lggn_? aﬁ% tﬁg \ﬁIF E%e& % Udﬁ r ?HEO&%%H%O@F%?%? Iﬁg&m & transport layers

rove I Mes an

betweeh énjer 004 andl theVEL $z§>j&ﬁl1&5, thAgatei fid efddvited Mol ed@echb@nto the the
is detrinental to em. ssion |ifetime of LED devices due

first h’lf)f? EngRqTt @ﬂ?rgﬁaﬁlef B‘ﬁnéfﬁﬂ theelak 1HG phenonena, the
\@%Eﬁtggr% {wo@ dell eoe))/ me g&g IQb@LﬁatgH' 1@ 119_1@5tﬁ)n n% Ghe light emitter

ennance InJeCtlon can 1npro
devict¢s frefudvpduofare rmmdmamessmslyohnnwd ol b;rgn:dwedehfeuﬁ&s ofnd simplified

e SROEATEL S O LAY g0, EUC R ot ey 00 e ime of
LED 8évi&dsefleton&troMirh@in %eatnﬁg pReNdif&ha, the lowering of drive voltage
bias due to gate field enhancement of the hole injection can improve lifetimes of
embodiments of the subject devices of embodiments of the invention. Furthermore, gate
voltage induced hole injection provides another degree of electronic control over the device
operation, allowing simplification of the electronics for turning pixels on and off for display
device applications according to embodiments of the invention.

A TFT is a field effect transistor (FET) in which a gate field induces carriers in the
active layer permitting current to flow between the source and drain electrodes. Figures 7A

and 7B compare, in schematic form, a conventional prior art TFT and the architecture of a
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operation, allowng sinplification of the electronics
for turning pixels on and off for display device
W@pPbos@ri ons according to enbodi nents of the PCT/US2008/075866

invention. A TFT is a field effect transistor (FET) in
which a gate field induces garriers in the active

TFT @g&rgr&%ﬁm it B9 eGibohfint (2 fthgﬁ\‘n@ﬁﬁty}g Eﬁ] chllfas? Q)U{h%econventlonal

rain el ectrodes. Figures and conpar e,
TFT iscttehmthecofme 1 actoniagynt T@nald drindi03aird edFﬁl'Enam\dltlh htspect to the

ar.c TFT i n _accordance w th an_enbodi nen )
dieleciiS P STETAETID A SO UGHET S B E ey S B SUTeRH . active
layer WTZ Whil it he3 S84SRy FQkiveab ithy Batk RY@EctriOF1 40864 gﬁt%'emectrode 715,
03 are co-planar with respect to the dielectric
henceeth@l deragmtip0Bs a vhgicalrfodid efedt lmraaSISthDWIF ER. Fmgtlme & FH archltecture a

acks t.h 711 | 71
e B SRS B B S e v
layer,0®th€c & h@@dsia@g €cqlirm ehERE s bfi@faﬂ@ﬁ; isnat theBodse @lectrode b_le in some

verti cal d effect transistor (VFET). For the VI
sense gregfarateds tygkang itcraseisniolhs gt Gelds dbe seured elacirodie 7wo gheivn as a

l.d £
regulsz %Rl gtﬁ%&c Z%gg ﬁx{ee%étgtgacr%% tmseldeantélgnt?s ulla ? ﬁe J[a%gn li erzgh/ In an

embotBndninaf tHehifv&oivh Cﬂ?luﬁirz&éd fmﬂguﬂ:@@ nhé gﬁfe-ffeﬁilﬁ@rous source electrode
perforated ﬁHkIh%»l porous to the gate field. The

721 i3 g AEEORY el singldevall abRp Mnatbes. NejUharn g iadcqniagtingd ragong the

oGP SR 055 s SO 0L oy,

netwdrk Icall$ be atchhiltd hy& thyatrie Wi, altolre tigapeedlagdrdthpesholds Sotartha for the

| ectrod s a. n sin wal |, .car bon
VFET 6%?}5@ leh CigH P Vﬁﬁ)eaaceaﬁéaae{ %%éhla%ﬂ@% ghich can be made
almos@%bx%ﬁfyy 184, mﬁoﬁeﬁﬂecﬁeeﬁhﬁir Hgh G@&ﬂﬁl&hae&%&t ?Q?emmg for an

source €l ectrode to the power Supply. The netwotk can
equblentadrehml 2B egdtagetectrivat24iand wetel cletode 72he per col ati on

h th f he VFE h h | t
R E S R, T R LV e
emboM s SfahRe bE ABGE ildlsiagt iRFRiukd AC] ﬁsYng ;%Hl{/[@ Wcﬁ&@ﬂtﬂﬁ(ﬁgnyl 2,7-

need for high resol uti on el ectrode erning for an

diyl)-glgrgpy &ibextl-wo-anhazdg) (%@HKduaélﬂwtq’mVe smwoach@tcgdmeer and gold as
the dr gé{}%ﬁg\@g’ 'Shgé){'lgﬁltr ﬁ%r%?ﬁd%q%gav%)wivn f(s{étr a g’ur% in Figure 8C)

for Nﬂﬁtlﬁ(dl-lﬁ@ht}@d)om N'hﬂ&pheﬁy}enﬂ Ldipheniyl-ll MSﬂIaﬁilﬁfq (NPU'_)I @Bd &s the active
7C, using 9,9-dioctyl-fluorenyl -2
Semwapwtordwe%hwa hEXNAZe 3VeR MOHRASS ¢ m{rmm gHpoth ghanngklayers by
two eré V¢ t dlﬁﬁ%@a{ é@éﬁﬁ eQMd %gd g 83 (?1(;1]@6 eﬁ‘eenof the relatively
ectro So S Wﬁ I gure K Ist ansf e
thick SL@z\/gm{ du:iqatﬂc wsgdy én IordeFlt(g avad @@le Ibdtage, a thicker dlelectnc layer can

N -di (I - napht hyl N, - enyl r-d nyl -1, 4" -dj
be s kaiingqeBPRLER. kesras Ter ey B dute BB B1cq diptcictistics can

be impR&edak ehy Ald 8% SWRER Rdl aheSnthg 6 UWkhaMd F@F@%H&re the on-
channel layers by two orders of magnitude. The |arge

currers sbalby with @ledd@hmﬁ @wd@ (a lmearsbla}lm@é ofrranhin thelbaltjesté/KET scales
[ t
with t&le overlaéaazkrg%ge Wg“"i‘ ﬁ?ug&e i;n ?rg eee:l{a?tf()éief g%/]g‘?g% gﬁn%%%?ss&&ared) The

on- cuﬁdéﬁltl inngls€ @aEk i it itaN deds@gasfhAGnibee islend courtaRtdctdle (up to a
The device characteristics can be |ngroved as the
F

limitigg density pi which thpagpée field bagins ta be garmedlby themagpabeaathgmselves).
| :
Zﬁgﬁiﬁnmefh% ttrzl}l%f grb%y\;ers ept 1%&1% &8 1¥V|at ]ilar te?lﬁ%s?eg]%%{,] g%:ktely caused by

near I Mensi on curren
chargd/felaps cha}thSctlve layers employed The hysteresis is substantially smaller for the
NPD device over the PF-9HK based device, indicating that the hysteresis can be reduced by

modification of the active layer.
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with the overlap area between source and drain
el ectrodes (a linear dinension squared). The
wW@eo0gnsaoent can al so scale with the density ofPCT/US2008/075866
nanot ubes in the source electrode (up to a limting
density at which the gate fjel d begins to be screened
by, hRenaaaaiuhes TtPheméqerﬁ?) levieW St shikct RRd td'iaﬁﬂ%ie%frodes are

curves in Figure 8Ais a large hysteresis, likely
select@h%@@iclbwbc hagrgd wittagiher thet lighest bcwmdayehegulenmbayle(dﬂOMO) or

The stere 1S,1S, su j or th
the o3 EPSb AT psoptal GPRLEDLURIQLOf IR, otk Bt ifriireacing to o
hole daﬁ@er"()bsc%fﬁﬂ)elﬁla% &&fﬂro‘ﬂecaﬁ*@&%e@pQYddml fdspadtivery. ®br ke nominal
active layer.In a standard organic TFT the Ferm
sourcq-giagl ¥oltge thregasofield anedwinter the nawice densttlés a dhin regipe et té@l active-
layer/&% e%%ucl §?6§%L% @h 91?% th%I c,tr]urllr%Fl% &Illeag tf{]obzvgsggeitt e gﬁltp source and
drain. rT]ih| e@ittast; for Rinbadin{dntdVoy '[l(i)filc nixhzﬁtl@@tﬂh\é eVFBY edpe@&ﬁ difedrently, as
| eading. to a hole carrier é or_an el ectron
indicagegh exrerimantallypayd gavibheatetip sﬁl@éfﬂmgm Whilggpodstion of the carrier
densﬂ?‘?ﬁ?oﬂgl@u%ﬁfé 8 GF @k Ay lta?%els Erpﬁca%t {1&%&1‘&0{{%1 gl B&s%ﬁ)le in the
rrier enS|ty I'na thinreg
VFETagtometayar fergi thine attivieclayatse Itﬁeamulting usurrand uﬂlcaiuﬂan@nt Rea steep

current that flo bet ween the source and drain
functigp, of ﬁ%esﬁctIVF&ﬁyeéﬁﬁ% SIUSE CRHISTY BRASHALE ﬁearﬁtﬁéhw@f? electrode
screerpﬁfér E€%icll Hbgr &’é’ébéxy regﬁﬁls'dethQ ateek %?Qle rEERE Al lla)&e@ﬂgcknesses
eoretical nodeling. Wile nodul ation of the
>100 cmrsulcb scrdemnsg wutdmesxughmrﬂy tarsalallimeimooﬁe ohihe aotice@rain current to
Ia e ated |on tob ossible in the
the o2 st st SRS DB SiseRRatSs 29 0PI uffs® falert Wi only

weak ESAdE R IGHE ERBL NP ivbRhinOBn ithe ActSba@Rer ftkiRAdsON Hhice, the gate
the active |ayer thickness because cartiers generated

inducerapdyatiqrhed f@atcenteqttéwrm@d@t\@@qnetén n@mmu@tﬁta@dfth@ a@ilwerlaaynr Gated
ee i ons, of th tiyv yer . r active | aye
o AR B B, 5Fal R P BRAL R AR st

appre€ibly @rgABloduRSipe NEeosef netnbﬁlb% OﬂLHT@Srk@ r @biir€sU ticefdnotube surface
the gate field. However, hwge nodul ati on i s observed

density b vSry1ear Hig Restlapion yis pechvibatthe firgshakhrerer pégidesteways bridge
acrosso entuEgncﬂl%ﬁ" fnh&ltgbés (\é.%r tRE %é?%h& m%nétﬁ{)é Vecohﬁéf&&% al(ﬁle must lie

ness nce, at e 1 nduces nodufl ation
belowc tret paxtolb@rr tleeshbki)w@ﬁmnt he inametylkedbodinttnthef aled insention, the

et B R S e B S BR Bh pge. v bove

percol%ﬁ@ﬁ ﬁﬁhtag{eecu&%rf &iithe WHRLAII @R %‘éﬁ&ﬁ&sr@ﬁ QhHPLcount for about 67
net wor kS requires the nanotube“surface densi'ty be very

percered the hedipeiaodtatived Hénviet the dehiceshfanctidreast dyp-egieoBchottky barrier

rer L RUELLR, PN 5 S SRR, SO RO o e conc

barrieRhtORE nakBise/dcti®e REEOMdrhRe PRIKIRIIAL bPhetiffe@sMbaier and the effect
Wien, as_in many enbodi nents of the invention, the

of gatereld] anj iEindigstes thigusi thhicasee typi cal Iy about 1/3 of the
”%”t%“&{%%nél atl nglsgcﬁlt %Qﬁltaﬁ(’)n @Le soa}%)dv elé cl;']o%sﬂ%teenﬁ a{l} R4 ecgnhbrlum

Urn on O e sem con nan
carrieosthiystias oD thatpol aneralhantic] @dd PRy €@0tube fcoﬁﬁaet fopd lattrﬁ&thfbnas shown in

observed. Henc the devices function as a p-t
the insgt ﬁgftw %alﬁrqrgqr tesipaplify thinmerclang adrrapivbe theaask @ﬁai ghysics, the

follow(iHlf doRdiBoBatferd | Rhddlagu 5 oo duh&tb O heRlodkh g]%]gea% that an

individual nanotube is studied for electrostatics in each region. (ii) A 2D cross-section in a
vertical plane perpendicular to a nanotube long axis is simulated. (iii) The nanotube is an

individual single-walled metallic tube. A semiconducting nanotube or a small bundle has a
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barrier at the nanotube/active |ayer interface.
Model i ng of the injection barrier and the effect of
wQ@2100/086021 d on it indicates this is the case. PCT/US2008/075866

t wo- di nensi onal Poi sson equation was sol ved
self-consistently with the ﬁﬂuilibriun1carrier

differ&it aHéncsit!y C3f OtatbfiepROYERME NARAG. a1 LA AN QEéﬁlﬂg Figure 9
contact “for a structure as showt in the inset of

showsmthg bred Bending air e natasulss/anpve flayet gertadeks ianfgnetiva of the gate field,

cap t.he e entlal physi cs, the follow ng
displa éﬁ?ﬁgﬁgﬂﬁgﬁ aBhsi dered: (i) The nanotube network

| &1 SRBSEMER Sk iAlertiBg] etk ainsianQl Hg%ltz%fssftéiéﬁ @s0s) for the
for electrostatics in each region (ii

nanotighes psovidastane o1 meraadiantageas fpdtarse. Ipeaop@aﬁﬂ it uetts, pich possess a

high lﬂég r%bfeex{g(im% ?X%SIP I ﬁ)W | A dg%%lg’t%’i(eﬂcé’)l & I eergg %‘Hoatp%remalblsé shift in

respon?seﬁb ¢langhie Ficlig Hwéwinudlﬁltwn ta thealihniby od bR dasact barrier due to the
adi fferent density of states but does not change the

gate igdyard band bandimgs thetbarriqr hgighe (G5 eles lpwereﬂah@erb@mdqsgnpﬁons of

conta&tba%rae% et U gt?o%i%t%%étél}ﬁg p# g . glc:(?qtjigcrt% gl%??fg %at]jﬁfatmilcg chorrectly,

labeleﬂrhsmlhﬁ@ht sl dioe WHéMGJﬁKdt Q€ reallfenéant id BHier WRMh modulation
density of statesg&%?%éﬁfor t he nanot ubes provi des one

due togpangperdipgvHia gl ttalsdloes nof newittaaskermg lavst €l necessary

o+ R0 RS R95 J0E PP LSt ol LBl | B

modula@spomske hppréchae@ ditoen fhleeﬂeiﬂ:trob]ﬁm&eallmlnadcﬂdtﬂaﬁﬁerﬂmghh éhodulation

t hi nni ng of { ?ontact barrier due to the
in an; 3y sestiVisa RALBRFARGTNIE HBolyEPFioss) msdym P{“f’ﬂﬂi}dq) Cogfagh barrier
r i r e [ 0
s e T &L Py et 7 PR AR Ric system i
not nma?é]uml | Ynlilen¢he mysoem et Lwergabeﬂhechaastubasr reingployleéi lghthe present

dul ati on what real ant barri er
invenfiBE et 1O a e YRy SHERD Bt Bog biet gpgems in
embo@@RAtsNA the QhRrltioh N&L IR 1His h@%@'ScﬁBﬂﬂE}I c&ﬁﬁ?&%@iﬁéf 1{19&111&1011 in a

change in the barrier height. For reference to

metalligh ain siablramaterial. ué hb SWN @rnehw@mdemdb@d dietadn wﬂanh tpesses this low

DOS %BID & %{ha} gl%l f rl?nrg nts %f a:%(:i‘rg\}e:n 191, De §u[%| J[l‘é(ltf:drllgj}}'I g%glg eaérraphene film,

semlc@ﬁﬂu)éffﬁg hhﬂlﬁﬁ@i&ﬂ bﬁcdrﬁi@bﬁ&{g()ﬂafnbﬁhl%);/ Whérd dfobl Rk phpIs AR Bowires can
contact barrier disclosed in Lonergan Sci ence 1997,

besiliggy 2103, al though this pol ymer/inorganic systemis
n?&r tﬂ@t\?ﬁl:h* &ccoyﬂh Iﬁ)eer{'lp(ﬁ n?%ﬁtts %@qt]?é Ile%ﬁ?{irg%ﬂhor{ I"Eﬁe semiconductor
nanot ubes enploy e presen PRVention are a true

layer camttal deiected ffsine the dgsonpedamsistigg yi:t(heatriaso bubdkind eff \hﬁééﬂy condensed
ﬁfed systenms in i odi rents of the %gventlon exhi bi t

POlyeYQhF TR CSEMBERK yaReBR (CABPOBAY) 1Fet5Hb oMt o RIqun ggnsisting of

naphtmérfél Lﬂtﬁra@ér{e sdablie. BBiREd.al hexgg&eSMd&%ﬁ@ésktﬁerelo% (2) at least

descri bed herein, which posses this [ow DOS can
one kwh@rplgmbmssah@mdsfrom thhezroupy enrtsizting dfecoppdrshithalowydnipy (CuPe)-
m_.senj conduct i

raphene fil ng, nan
based SR B R RGO P, PR ETSL R0 SO BRaNBe S AHETSH Peof: ()
at lead@@RnOEkiRd | H1CRRv- n@éou‘ﬁeco%ﬁ%ﬂnﬁcﬁé&édqg‘r&@ BebadirRBhSisting of

of the present invention, the sem conductor
hydrazone compounds, triphenyl methane-based compounds, diphenylmethane-based
compounds, stilbene-based compounds, arylvinyl compounds, pyrazoline-based compounds,
triphenyl amine deriviative (TPD), arylamine compounds, low-molecular weight arylamine
derivatives (a.-NPD), 2,2°,7,7’-tetrakis(diphenylamino)-9,9’-spirobifluorene (Spiro-TAD),

N,N’-di(1-naphthyl)-N,N’-diphenyl-4,4’-diamonobiphenyl (Spiro-NPB),4,4°4”-tris[N-3-
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| ayer can be selected fromthe group consisting of:

(1) at |least one kind of linearly condensed pol ycyclic
W@ e@as6otlt conpound (acene conpound) sel ected fPOIUSI088/075866

group consi sting of naphthal ene, anthracene,

tetracene, pentacene, hexacgpe, and derivatives

meth}llﬁ%?pf\hp}fe%gllaﬂltmd east one Ki l’hq Fﬁ\gﬁ"ﬁcAt § 2,2°,7.7-

om t he group conS|st|ng of yani n

tetrak(s(i;Pd)phebm\adyla;-@]ﬁammbﬁluoaﬂlw c O np 0 ljﬁ}ilsq D’B’é/ﬂ@l} ene- bas€dbis(2,2-

d tives thereof; (3) at |east
dlpheﬂﬁ%l EP H?’S’?/ﬁ I g‘?ﬁf\’ﬁ @o%ﬂ‘ngg?@@é@@“m%ﬂ% t he(Ag‘i)oup tris(8-
quinofifStalosdhmthuef fxdfpz %@(4%%2H@§iﬁnolﬁﬂoﬁ£@§ﬁ)ﬂmum (Almgqs), and
net hane- based conpounds, di phenyhnet hane-based

derivagiyap 6\5’1’@1&,, argk (4) ot eastbasddnd oﬁpdcm@s coxapgdmh seldcted from the group

Q P al i ne-base heny
consi iR G Ty e R SR PER RETommbinas, iR, befd - erous.
polymwd g@i’zmgrd&lﬁﬂk)ﬂ%r | ‘dﬂtbky;ﬁﬁ:nﬁdaPPWPP}lenyl PPV, phenyl/dialkoxy-PPV

L7, 7' -tetraki s(di phenyl am no) -9, 9' -splroblfluorene
copohgrgﬁq r opqip(@ methoxy-5-(2° ethylhexyloxy) 1 4- phenylenevmylene) (MEH-PPV),

poly(%rene%hw&gg&py l(i’]IEHdﬁ;) %ggagt enes f‘eé')ﬁilc]dlaaﬂ h@’%§$2§$ﬁ{ganiline)

(PAN]); palihenmylcarbapee), ﬁM]IDé’eWed %OB/(N7Vllelcarbazole) poly(vinylpyrene),
t.etraki s(2,2-di phenylivinyl)-9,9-spirobifluorence

p OIY(‘(lg}f)l??tng )pdyl(auf(y ﬂ510§‘(nfs)2 pweﬁﬁ&{ma{ﬁehyic) HPfﬁﬁae rfyfirylcarbazole-
folma(dg%/(% 1)esm( ﬁlﬂkﬂ)ﬁ'ﬂﬁ@& dn@ é?éoq) ;’ll um num (Al q), tris(8-

qui nol i nol at um num
t The gdte meddvyd b&@bmﬂing’mﬂd&ﬁaﬂ)al heighn urod(Atioh gf hanoaﬂﬁ:s employed
) i vatives thereof at | east e kind
in emBENTER Yo FHAES o RN 3 BH et 6  eirgeppt 1 nm
from ﬂfé‘ %ﬁt@ @Q@M%%@Mh@ﬁﬁ@ 3& @5’ Ft’é/)whlgﬁ’ltﬂé'r%f@ctg QREA Hé&gds on the
enyl groups, po yners havi ng koxy groups,
d15t3n9¢ lﬁr@xyfbhmw -SPFf\ﬂCYQOleg)HY-tﬁﬁ"il@nqﬂhb%ybﬂlmealtﬂeogzye RRVt arm in going

from &L\’O&)_%B:ﬁlél nil?i ﬁ %?(1%' crtlgﬁt )nezt %éﬁ\ﬁlec?rgch%ygre@/ ltg t(}/}) side. This has the

1mp11d&ﬁbly (teathinldengd Qﬁﬁ&tﬁb&pﬁ&nﬁkf&%m nanotube bundles since the top
| y(styrenesul fonic acid) (PSS), goly(anl i ne)

nanotle‘tpANpl) a ‘tp\mdy( RESy iSeTgPedr ﬁ"glz]ophg gatﬁa glgebmt@derlymg nanotubes and
partlclg)g{ey§LM~ %ﬁhpé(llif 25596% O[h? )m cRﬁ%t%)gx[ )ﬁ}%/aflﬁ%[)g 3rks in accordance with

Vi ny racene uor enes

embodiyfeatscofftht irmlegehy e forsidby etthyhitayiaz o efahimbddehydein Wu e
resin ﬁnd mpdi fications thereof. The gate induced
al., Scieaee 2PUh $0RG AR ting Plssd lassrgpoTiASEAR SEqvahnagptubes. All high yield

nanotﬁWk?thlle§§ n?e%d@%ﬁgiuhgbm&% l(:};x?%glamtei(}f %&]%ﬁﬁé hgﬁi&ﬂ?ﬁtlon in

shown in Figure 9, as simulate ance o
surfaCfantﬂTpltONBieg at meahueé eﬁ buhdle dlisdssmebly TAEMI @gageg taad Meighh analysis

e _effects occ ends 0 e di fromthe
Staﬂsttfatsléms ot B?“Pﬂ%e%rf%fh &&F@ga%%rapﬁ@gga@@meters
from 1 BVEAmAaiM éﬁezﬂk@eﬁﬁrefdré?m§ﬂ§ bottom side of a nanot ube,

nearest the dielectric layer, to its top side. This

hbsertpradino gl pﬁéleum‘rﬁntlhatusr:fmdi nawmlaYer magtoiaibles carlBOMO that lays

refer d ove ot u nce
witinb PR EE PP TRams b e or Bl Ry 858 fisos g g active
layer IHQ)M[D qhes hydvRghdaaphibaRraNdvpiatid gitdRdie nadbsdndpkd @bhifier at the
less in the nodul ati on. Nanot ube networks in

accumgatign daveE ani-PATERbOE hekse while it e dchiveraicoAQYE lies below the
nanotJebt%rffE?‘Igi @(/elathg 'gLuterrﬂﬁét %Hutcg %Sgrg X{EEBE %gm%? i ndpe% nalnotu\éws in the

network can impose more severe constraints on the active layer materials that will yield
useful transconductance. For active layers possessing a normally on (anti-barrier) band line-

up, the top nanotubes in a bundle screened from the gate, can not switch their barriers off.
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al, Science 2004, 305, 1273, using pul sed | aser
vapori zation grown nanotubes. All high yield nanotube
waewhea®rs net hods produce bundl es of varyi ng RGCEIE20088/075866
and while ultrasoni cation in surfactants provides a
measure of bundl e di sassenblsy. AFM i magi ng and hei ght
Becawd®ats | @r&had | 8idobshes hPWanit NeaReMeNrikEedeBddR of the gate field,
conprised of a bundle distribution ranging in
such rmr@ﬁﬁy ensieficenean nap bg tumﬁd\pfﬂﬁf‘é@cpe%lk, geathereducing the & /off ratio.
enbodi ment s _of a?%itlon useful acti

For alls b PRRATE hBoRtabriC T Rl i, R g om by the

nanotlﬁﬂ’b@ manahe R ibar 61 theevehdiENr ARBdighngle! thpamPbtu®@dlig the bundles
gate fields. If the active |layer HOMO | i es above the

participgtsolitilse Fdhariswitehiag., theﬁedfgaxoé degesdg thesqn/@%r@wné rgfio. These
mfereﬁ@e{s a'rce El\l/@'i)r[%&] B}/ ﬂfehlla{fgaéccﬁit J)t? Dat ao?éo?)r ﬁ&%%rﬂ% i es agl\r,c\ll)lﬁi’]ﬁ r(HOMOS

~5.6 dvamat &li)& eVeraapectiesie] vdarfig a@ﬁit eurifledtp- d(ﬁﬁdmmﬁ(work function ~ 4.9
pre- eX|st|ng barrier. Bundl ed nanotubes in the network
eV) lélaﬁmil FAsbs'e ADPROTs QYEe At <t ielﬁtaulﬁt%bsewe@ hwith ctagigeragylpe r poly(3-
hexy R Eﬁé}'(ﬁdl\h‘@t b L) Ml A JUsed lﬁg?r} ransconductance. For
Ive 'layers posseSS|ng a nor y on (anti-barrier)
bkndnlbcndmlentp of thieentenpomandividnes(unburalldl) mdh@uisasrie @redurce layer

t he can not switch_thei barriers, . .
can efprd K RETGE e loh b Prpiaed oRHrals hrdn Woplgipctions
rangldgqﬂgﬁeﬂ%@t ef whitk 1Qﬁﬁ&sfm§itdele§f6‘é&1\7é%&?ilnleﬁé &M inorganic active

evices can not be turned effectively, greatly
layersr edngle hg/et Brapheeskh be alsq:cbm th@rapabcatmg ihgigeglr of the nanotubes where
t he, current

the QS TRRE NI e HARBUBBE ehr TEREABBY TSy Br ordhin that the

changh i € e Sraphin TR h1dvBleinH g dr N e URS fikld dabiees AN Bhi@i®r height with
articipate little in the switching, they do not

ﬂwzwg@@ma@§t@ﬁ@m@ﬁ/off current ratio. These inferences are

SHRBHC LRIRICBE L3008 B0l (A 88 2RREHVAY: hlicss o covalem

charaaftas iSact |czm{1@nt boadmm 1aqﬂﬂat|eﬂ| rih fal Rejuende pB@br&Mﬁser(sWﬁm‘ry of the
in contrast to a poor on/off ratio

barrieg H }ﬁl gmgsgéq @@d’v%ktfﬁn‘ft@@l %ffp@@aq: ?tWﬁ@l]l ;}{egmetal and semiconductor
(Ferm:ﬂ 28%“% 9‘%2%%11n§ 'E'%xbesSbQ Vﬁ‘\t{)e (Hstﬁgrw &%Fﬁs\égla{e@yﬁﬁphene -like

nts o telnventlon
surfaceudribnotdieadl)y foanebulles bomdst el Bouestbe bayier height mxdiepabed to gate

he r e of t e la ha n be used to
modulgffer AR gewao Rgligr e sidsells GhGImEuER oheapotss ogn by faken 1o
minimX &hhdaNgéude Shf@%o&t‘n@ﬁt& Bpﬁfetlh%%tl@ﬁl RIS MAfadvantage afforded
i norgani c active layers. Single |ayer graphene can %
by theradtubgs eei tbatatb@ Btrmth withiwlseleeatborf atohe anahdt widsn the nanotube

e the hene can be a.contin
&dew%? fice 1‘?ﬁ%‘3 Ihagﬁ Vg PErviQs, ﬂle],?csﬂlg{gr?tho& gﬁlécruﬁlg(gffers from
this llfdﬂln’iéﬁﬁnﬂﬁr@o B&ss Efbﬁéﬁved &V elost A ednfay: bdied @lcgohicalnd clectro-
~ causes the barrier height with the active |ayers to
optic dfdifgfe. Fuvieanareatke guasdpt igsprety Hondanomhatoatachiresilts in a
favordBEd 1j ‘?(r?ctloﬁygl{a I‘&S&%'.CS p?ﬁ? Siectde Cﬁ)é{@l £MheC Ié‘tﬁ"f%%t &F thes%%n(()jtube is
cov bonds are inplicated in a frequently observe
significastBn ehlidneed yuefto tibe nlramtdt@rschlei gldtusf t(hatrfﬁd't}ieﬁ red&enalik barrier

funct | di fference between the netal and
thlckngg.ltpé%q(iﬂ qﬁx}fr?er?mectlon éom the nanotube contact into the active channel.

PF-9HK, initially selected for its low lying HOMO, is also an electroluminescent

polymer. A modification of the top contact to an electron injecting, small work function metal
can create a gated, organic light emitting diode (OLED), where, for example, electrons

injected from the top contact and holes from the nanotubes recombine across the polymer
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(Ferm |level pinning). Pristine nanotubes, by virtue
of their highly passivated graphene-like surface, do
woeavosAadi | y f orm coval ent bonds and | eaves t hECTHS200%075866
hei ght predi sposed to gate nodul ation. Wth respect to
defects on the sidewal | s oflenanot ubes, neasures can be
bandghpkeprot@edTighit. 1z epibddaadnts eﬁ)ﬁﬂiesmvérﬂloﬁrdl)l@w ERMlos 00the emitted
the invention, an addjtional advantage afforded by the
light iniepgit e dieapaliechate vRkagss WaHE WFitHIeS Ahicetcat arageis light emitting
I t
tranmif%I C(ﬁﬁ)lﬁ%’ft% :i:g rﬁigrtn%ge}?tgghtgié%ﬂ%ggg olfl?ﬁe ?ésgg%v\@ éuré 7 Eﬂo%:‘s éa‘?ed light
emiss@heiata diffegenatsiygam astehedif Fanse fl f)B mvhdre STk f(&-thlyﬁﬁbxyqumohne)
SsS obse](rgved i.n_nost netal contact bas

chumigy e ApE RO BRgR S B 0L A sedic hels TREREIBE Bt and PF-
9HK gé"%ﬁi‘ gat!ephgﬁoﬂxﬁcﬁ}{ quéi‘ JIBNFoH tﬂ?e gentack Fﬁ%@rgl ltOS tbgi g‘mt light

favorable junction electrostatics. The elettric’f
extracipn ttheggecleattededf04tinEl @ @n@ttndmepar@atsu@s’mrata QIEmvitly a 160 nm, atomic

nhanced due to.itsS na sca t hat
tayer fCROSTE BT dcariBmpRie G O e AL s, ofrihich the nanotube
netwoﬂ@%’? Rlsith k@ alor @@vﬁcé@&ﬂcbﬂﬁn%ﬁb‘ G BHIem 5&5‘ bﬁﬁlte 1hﬂ$n@1oh hl? which the
active channel. PF-9HK, i ni selected for its | ow

NPD laypr@f2Hinotly icontaptsd thanasiogres aﬂmﬂnghéss:mmalboc’mxm@d bufdisplays a

|f|ca|on of theto ont act an el ec
qulcklyncgae Qe umlnanclelln \RBlt?(O 2, ong; tstn lsr{?agla opegaﬁlogroé‘gf?eeh(ge only VFETSs
using BEPDRY02 B Pt Contdd@Rtitheit b digbedivnd ein( L EbDodimber & thd Bfvention,
exanple, electrons injected fromthe top contact and

this lifgSiness 155%% fqﬁ@lvrﬁ@rbcyt fsonr eE bl -ABKaas aslgyerh®02 that contacts the

nanoup?%é I nventn?agﬁ’%alt OW COﬂ r 0}1{691?&%1 tgqggglr?t edqﬂer@ﬁgé 8[0 enhance the

abilityl totreoduility thybdrkier. apipd dﬁdcegﬂio@vnvml Rigge, l()‘BhWé‘d’lfabncated as a hybrid
constltu es a verti % organl c light emtt

polymer/sall modculeteriesy Thyd0GamonstHA léywr?é)?@wépam PRip thy nanotubes

907 ﬁ%&%ﬂ@ﬁé IRd N@Iﬁ%ﬁ 159 A’&g%& sh hﬂn? hig %kaﬁhfﬁ ah&‘A?909(100
ferent system | l'ust in Flgure

nm) lz(ygrsnyche @Hymnmhylenqc)orabdmﬂrdﬂwc(eﬁwu f)abmﬂtdwmth a p1xel of 2x2 mm?.

hot ogct i ve 01 NPD .as .t he ho transport | ayer
tn St Bt al S OS] Gie PG Ry pTegggrer at o
drain K8kadehs —@@VVCEtt]‘éf gatd EHoBlalifn ob&urRAr Eﬂﬂsﬂhé ®Bause the large source-

extraction, the gate el ectrode 904 is ITO on a
drain t\fplémp@feeqwn@ ubs tmaipe 9o P Itheabem@r, Anmiranoeric SHQysrm ™,

e ed | i umtltanlu
Curreng (ge)flo?{:%’ %6’ 21 P chm%nhe na %f’n(% ﬁ %?‘EAQO?@ ds @ value
comp&hblbad @ﬁ)waﬂ:QTOCtﬁ‘l\()klé ENPBCAIQY Bhdrd de@lc%mngQFbﬁ iffthd PRel zoom
invention in which the NPD | ayer 902 direct
were ehsatvae ferthe pedriraiserdanies thd pverk iy dus tp mamca{altgs that underlie the
C
oG S A ) /R, A BALYC SRS IR, s
obseerﬁEthwm corgisNRD Wii2 the pdincpat fabmé asddemof hhé Revices being direct
tubes 907, In an enbodi ment of the invention, thi s

clectrifhlrBp iy RErER e FRUTFEAENY EoByA oA il e rBRCt e B fRingsd
a Ah 3yt ggteﬁ‘p@ph%%lﬁc)%l%vfs%ap tc!a‘tl?(ﬁﬁ %7%uﬂlﬁatlons dreferred to

various enbodi nents ermedi ate | ayers cah be use

or citedcheemmareoecdrpera@dityi eferénge i thelranerdthendading efl fighhe and tables,
device shown in Figure cated.as a brid

to the S5 BT ARAR) InfoitilT &idhels SR GRS RBRe St Rge,
923hv@aa veRdeRRod thitehd aRat sbe snPBRbddifkhisUey@NRd RRSh are for

NPD 902 (100 nm, AIg3 903 (50 nm, LiF 908 ( 1 nm
illustrafifeg PIrPGOO Qlll(yomd that Varlous modifications or changes in light thereof will be

suggested to persons skilled in the art and are to be included within the spirit and purview of

this application.



nm |ayers were all thermally evaporated. A device was
fabricated with a pixel of 2x2 mmR2. In this exenplary
weniddsaent, because of the thinness of the naPOr/UL08/075866
source layer, at a drain voltage of -30 V, little gate
nodul ati on occurred, possiHdl7 because the |arge
sourcedrai n vol tage overcones the major fraction of
the barrier, lumnance is 540 Cd-m2 , at a current of
17.3 mMA-cm 2 , which is a current efficiency of 3.1
Cd-A 1 and is a value conparable to typical |1TO anode,
NPD/ Al g 3 based devices. Bright spots in the pixe
zoom wer e observed for tEARBWEi cated device that were
likely due to particulates that underlie the nanotube
network resulting in a local thinning of the
1. SauidecHidhp nahadbelohsighd. This is observation was
consistent Wth the principal failure node of the
devi ces giteichagtrdde focprtidiog pigemlficdhort s bet ween t he
source-draj n, el ectrodes. as the electroactive |ayers
© it ot 1R RSB0 Shctpin; D b A8 SRIPTBFY SHighpmotube
netwod@pl i cations, and publications referred to or cited
herein are incorporated by reference in their
ent i r et ylielgotied laaiemigteapdsed i/)gtwees thenghte elisbtessle and thBrst electrode,
Ee o Aty YL A PRSP DR SA bl biccaby e
first eldbi@IcS h@Dd t hat the exanpl es and enbodi ments descri bed
herein are for illustrative purposes only and that
var i oudn giselrelpmanasenis sgnicerdusiadayes dispgead intramediptethe first and
t : r il ed in.t n 0
secon HEHARES bR, BE AR Shony s PinBRt of WHRRLR MRronsan
whereaippthaegt | wiecChl bBwken Athd gfifst edlettiodrg dndanie StREtroluminescent
. copprising;, a te electrode for providing a gate
Smnw??ﬂgﬁ?iﬁ@ Fﬁ%W%@F%%P¥ &2iefiddein the first electrode
conprises a dilute nanotube network; a dielectric
| ayer interposed between the gate electrode and the
first electrode, a second electrode for injecting a

T AR L —

carbot.ayer disposed internediate the first and second
el ectrodes, wherein the conpl enentary charges conbi ne
to produce photonsand wherein charge injection between
ectrol yn nes

t N ectrode and the el nt :
- 0l CehtbuRURE MR LY il B BRG] MRPGREE Y vesvep omorises

single Wglel cgbbn amdttbedg transi stor of claim 1, wherein the
nanot ube network conprises carbon. 3. The |ight
emtting transistor of claiml1, wherein the nanotube

4. n?ﬁé’vﬁéﬁ{t eﬁﬁ&ﬁrgitrca%§ist0r of claim 1, wherein the first electrode inject holes and the

second electrode injects electrons.
5. The light emitting transistor of claim 1, wherein the gate electrode is transparent.

6. The light emitting transistor of claim 3, wherein the gate electrode comprises an

electrically conducting oxide.

7. The light emitting transistor of claim 4, wherein the gate electrode comprises indium

tin oxide.



single wal |l ed carbon nanotubes. 4. The light emtting
transistor of claim1l1, wherein the first el ectrode

WO njogossonol es and t he second el ectrode i nject SPCT/US2008/075866
electrons. 5. The light emtting transistor of claim
1, wherein the gate electrome is transparent. 6. The
light emtting transistor of claim3, wherein the gate

el ectrode conprises an el ectrically conducting oxide.
8. 7Thedight |€glhfttmé ﬁiaﬂlﬁllSWg of redavs &+ Birthet cemnaiising 2 tnspaent substrate
rises indiumtin oxide. 8. The
]ayer{lgrg Sggg n?% %%rea?%g(%[sgtaor of claim1, further
conpr|S|ng a transparent substrate |ayer disposed

a&éacent the gate electrode. 9. The I|ight en1tt|g%
9. fdicht sPitging dragsivior off iy fedieproonipriging »pritesinengjectrode
dj acent the second
layer ﬁklg{?tgé gg’%én@ws%ﬁdﬁl |%Cﬁ1? gm tting transistor of claim
1, wherein both the first and second el ectrodes
g@gg 'I ﬁr:elgga& tl%gl}%bsgq%t V}Dcial;}fc’n ll—th?I}F]gre]tltO%g ice? gqgﬁgdegecggd electrodes
fideARSbRHE he@Workd, @hdh bkindM¥GhELE TNE cent
compsemconducteoror | ayer pggsesses a Hdﬁ%#%&%%ﬁm% %@?
about -3 eV and about -7 eV. 12. The light emtting
t ransi.st or of cIa m 1, wherein the napot.ube, networ )
c ﬁ% '@%ts L rf‘)l}smrtr?ﬂ F8Y ’an%{‘]?fﬁlé‘s o e%@%’(]@f’%nescem
semlcbmcaire@}tef pbisBisBeSs H@Moa@m ceibids bbbut - A¥PTanBABSASFEY. a

HOMO | evel |ess than a Ferm |evel of the nanotube
network. 13. The light emtting transistor of claim1,

12. \MT‘% il g@te %Hl?tt Ek e[?atn/rs% I%Ix &c?giglelrl];(v%ﬁreehri/ lﬂ‘ggggr} uhb)?l %\é/))rk comprises

bundlédVE‘hIﬁR\K)'allddXMbﬁlbeé enpemeant tHotlydaeninesRat semiconductor layer
vi nyl ene ol i go(9, 9-di-n-octyl fluorene-2,7-vinyl ene),

POsse§sgy W@ gy ﬁ@ﬁ a8rid applesehalhayaneby nepopk) |

pol y(9, 9-di al kyl fl uorenes), poly(bis acetylide

t hi ophenes) wi th BTD or qui noxal i ne,
13.  dirphé&pitl axidtthigazmkistopeficlaint 1 pehgtsinthe slectr@ubjnksdend 2-

.tetra hen | napht hacene,
semicg of gy b m%&wr%ﬁﬁp&mg bépheaylsng vigyjene) MBH-PPV),
oxadlzgz'opsl ﬁéﬁﬁhﬁtgoﬁxgﬁenﬁéﬁ@% Iﬂyiéﬂ@}) ti!)‘h@@([929 i ;Ql)uglfglogénterﬁ @@hﬁ&%e}
| phénylvinyr-1 | pi r obi phenyl

poly(‘bﬂ ﬂlahertym@(demmwmmb ERIRY), ipolyvd?, O flkyl{ peyh &), mhduz(bnt

b he |i
s i Bt SO SR BERL SRS e d b e
5,6,11€12e €dtFapH J@ﬁﬁmfﬂa@&}% &s(mzaGaDm@oraﬁﬁéM}rﬂyndﬁla{@Mad-b{sL[m‘m 2-

sem conductin m or a seniconducti ng nanow re

dlphelmlwmyl)rsherryﬁélapg@lﬁﬁ Bl 25 il dekoBiOn chgtominyl-1 1
d
splrob&h[% V\gé or ﬁgzmsga—ﬁg?%g%ﬁﬁ i \ko{lg @r@@?}’& rpséd S aql,f” 9195\9 -

dicarbet@ebipbletyii nescent | ayer. 16. The light emtting
transistor of claim1l1, wherein the first el ectrode

COﬂprISES a
14. The light emitting transistor of claim 1, wherein the second electrode comprises a

nanotube network, a metal film, a semiconducting film or a semiconducting nanowire film.

15. The light emitting transistor of claim 1, wherein one or more hole transport layers are

disposed between the nanotube network and the electroluminescent layer.



conti nuous, or patterned single |ayer of graphene. 17.
The light emtting transistor of claim1, wherein the
WO 200803@Fect r ode conprises a continuous or patREr/H8W08/075866
| ow carrier density and | ow density of electronic
states material, wherein the® first el ectrode does not
16. THeargdk ehetiyg &@ﬁs@@d& dfiemigat e fivalettid fHRMrttectrode comprises a
electrolun1nescent sem conduct or | ayer. 18. A vertica
continupyy, gr patfesead sipgl§diver of 2EAET) | conprising: a gate
el ectrode for providing a gate field; a first
el ectrode, wherein the first el ectrode conprises a
17. Th@h@u&hhvmgﬁﬂhﬁﬁbﬁbfﬁamingm&xﬁﬁwhﬁﬁﬁfHEﬁHdERﬁhﬁymﬁﬂﬂ a
| ow density electronjc states; a dielectric |aye
continupspiRsEEmes g‘t%’@ﬁe’t drasiguend lovedinsiyel elpeiranirestples @@teﬂal

whereﬁl e tﬁrr%%?ectr@dé %8%’[ %b%ﬁt&&? & re@? %at% Cffﬂgﬁjlutﬁ{: or
[ ayer disposed internediate t t and second
electradhmiasomié ssminkiedueion lgyent act barri er nodul ati on
conprises barrier height (fbP) |Iowering of a Schottky
contact between the first electrode and the

18. SAN&HA ﬁ@fd%rffeeﬁ/traehsfﬁﬁwpmyedonfpwsfn 19. The VFET of

claim 18, wherein first el ectrode conprises a
d|Iutea@an@kwbedmétwunwhngega¢HémMFET of claim 19,
wher ei n

anot ube. networ k, conpri ses singl.e .
wa | ec et iodhov BRES MRS WS b GTrs S8 epr e materal
having A& W aebtd@Sity 8ndd lowlidrsity ©nklcBeHIE bthtés;t O be in
excess of an electrical percolation threshold. 21. The
VFET of digliesing lager lmafméﬁ:cﬁbqtvvéerf the gateelesgiode aied the first electrode;
conpri $6s..@ %k£§$£ Lgyer of graphene, conducting
nanow re neg OF sem conducti ng nanowi re networ K.
22. The sMhEcbndicted Ryen diSposad efiteiniedifie tikefitsn dnélseshdadietrodes,
conprises a nanotube network, a netal film a
whereite AP dRAET FIE AT Ip] CQIBRAHRFS tm@ernhmglw (V) d@wm& of gr Schottky
f Ialm
contadt G MM DS BRABINE Sl i oond ol UP iz oyl The
group consisting of: (1) at Ieast one kind of linearly
condensed polycycllc aromati c. conmpound(acene compound)
19, sdbecY &l 14 offitithd 8 g mbisisie ks ifigst; ﬁ@ct&denwmrrﬁsﬁ @ndilute nanotube
netwo@ht hracene, tetracene, pentacene, hexacene, and
derivatives thereof; (2) at |east one kind of pignent
sel ected fromthe group consisting of

Cg,ﬁg S{E};‘glh (t)fh cg . OC nﬁ{g)%g ég;jﬁgi}ﬁ%ased ~ V&Ol %%p}pgé?s‘lgggle walled

carboﬁ he{RAes vx(h%)eu@ﬁ nlcBABE p&en b B &Boﬂugm e %@fent quantity to be in
compound sel ected fromthe group consisting of

exceshyldamagentiecat pergolanas threshpldhenyl et hane- based
conmpounds, di phenyl net hane- based conpounds,
sti | bene-based conpounds,

21. The VFET of claim 18, wherein the first electrode comprises a single layer of

graphene, conducting nanowire network, or semiconducting nanowire network.

22. The VFET of claim 18, wherein the second electrode comprises a nanotube network,
a metal film, a semiconducting film a conducting nanowire network, or a semiconducting

nanowire film.

23. The VFET of claim 18, wherein the semiconductor layer selected from the group

consisting of: (1) at least one kind of linearly condensed polycyclic aromatic compound



aryl vinyl conmpounds, pyrazoline-based conpounds,
triphenyl am ne deriviative (TPD), arylam ne
w@wposhods, | ow nol ecul ar wei ght aryl am ne derPUEUS2088075866
(a.-NPD), 2,2',7,7" -
t et r aki s(di phenyl am no) - 9, @0- spi r obi f| uorene

(acend 8&hp(ﬂm_ﬂl\@}lcctkﬂ Nrorli the -dgda@ght b&ﬂs}sﬁ&ﬂgl\r of naphthalene, anthracene,
di phenyl - 4, 4' - di anmonaobi phenyl

tetracquegpperyaeqpp) hexageng: apgdi @pwtgzq&etbﬁrw% Hehy 1eash had finghph gigment

selectgéf g&&fﬂgi%aérﬂg%?&% P@)w]g loc am?e) (%HP&?S?GFO%)HHOHMS azo

compdtﬁﬂ@,@)e@&@lelilﬁksal’&tﬁnpounds and denvatlves thereof; (3) at least one kind of low-
b 2, 2-di ph I | ) bi ph | ( DPVBI
molectl]'gr ag}piagq({@ qeﬁﬁ‘;egtfg;%p%égrﬁﬂi);nc%&l%%é of(hydrazo%e compounds, triphenyl

methahé-bde8-QHipB dsnﬁ E 1RletEh OB T dAlo oun s, stilbene-based compounds,
Phy T

tris(4-nme I nol at 0) alum Alnq
arylvmj3ér compounds pmz@ufe-baaﬂbl c@@poandd etagheMaarkmadd@fvmwe (TPD),

nd sel cted fron1 ro consj s fo, -,

arylany e Y oo R oS R S5ty et iRy e Ny 1277

tetrak1|§ cmfeﬁ hmg{oq +spﬁ@hﬁfﬁ€fe%ehaV('SBﬁoq'Aﬁbj< OXYN B ngsnaphthyu N,N’-
nyl en | - PPV, phenyl /di al koxy-

dlphercdrﬂm yﬁ@ﬂonquhﬁ(lﬁ i ONBBISA. 2 rslot héHexiphemy N pheplamina]-

tnphegy %{_‘I&e R&@ﬂ"ﬁﬁg%t hﬁ%gg\%ﬁabﬁ%ﬁlphenylivinyl)-9 9-spirobifluorence

(SpiroPOPYBHL Wenes ) chﬁﬁhdilyﬂ@ﬁﬂ)b1ﬁlﬁﬁﬁ) (DIPOBIH( Wthnﬂﬁ)lmolato)alummum
N-V|nylcarbazoIeL hal ogenat ed

(Alg), po|t§}§()§pqy1pqﬁ)}1|n@}@f(aal@ml@)m p&AEENi nyigsHmeetlyl-8quinolinolato)aluminum
PRSI EGRE BVLENS AL AR 8 g o
from tt]ikergoﬁp consisting of poly(p-phenylenevinylene) (PPV), polymers containing
biphenyl groups, polymers having dialkoxy groups, alkoxyphenyl-PPV, phenyl-PPV,
phenyl/dialkoxy-PPV copolymer, poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-
phenylenevinylene) (MEH-PPV), poly(ethylenedioxythiophene) (PEDOT),
poly(styrenesulfonic acid) (PSS), poly(aniline) (PANI), poly(N-vinylcarbazole), halogenated
poly(N-vinylcarbazole), poly(vinylpyrene), poly(vinylanthracene), pyrene-folmaldehyde

resin, ethylcarbazole-folmaldehyde resin, and modifications thereof.



