WD 03/ 084292 PCT/ US03/ 09619 LI GHT EM TTI NG DEVI CE | NCLUDI NG SEM CONDUCTOR
NANOCRYSTALS TECHNI CAL FI ELD The present invention relates to |ight

em tting wewsoee9t ncl uding 5 sem conduct or nanocryst al s. PEEDERNY6Y
SPONSORED RESEARCH OR DEVELOPMENT The U.S. Governnent may have certain
rights in this invention pursuant to Gant No. DVR-9808941 fromthe

Nat i onal Sci ence Foundation. BACKGROUND 10 Light-emtting devices can be
used, for exanple, in displays (e.g., flat-panel displays), screens (e.g.,

conput er screens), rl_ch}@g[LE?rEM N@DEWEE TN(IJL% on. Accordingly,

t he brightness of the device 1s oneé |rrp rtant feature of the

device. Al so, |ow opergimy @T@WN)&%;Q{QE] es can inprove the
i abili t-emt

viability of producing em ssive devices | ng devi ces can

rel ease phot to excitation of an active conponent of the
device. Em sgﬁﬁ%&@g%ﬁnpul ated by applying a voI tage across the active
conmponent (e. lectro ent the device. The

el ectrol um ne@le’emf’se gWSWé%mgéﬁ%%g gt E%%edr% %J conj ugat ed organic

pol ymer gfmicond0étsr®inoeBRtal. Ni ng el ect roI um nescent noi etl es or layers of
organi ¢ 20 nol ecul es. Typically, the em ssion can occur by radiative

reconmbi nat i oNFEHERALEY SHONSORBIYRESHAREN ORWEVEORVIRNT ce. The enitted
| ight has an emi ssion profile that includes a maxi mum em ssion wavel engt h,

and an em ssipue Wit @B%ﬁﬂhenﬂﬁ@?ﬁé@dcerﬁaiﬂﬁgh@1’1’&%1’1‘&%\(&1681@5!11%&&&%“e et er
(cd/n2) or power flux (WnR)). The em ssion profile, and other physical

char act eGIaQtNQSDMR-PW%é\ﬂmthedMIOMI Seiense Edutlativhe 25 el ectronic
structure (e. ener aps) of the material. For exanple, the brightness,
range of col o&AC&GRQ y, operating voltage, and operating half-1ives of
light-emtting devices can vary based on the structure of the device. WO
03/ 084292 PCTligoaniyees devigsmmbeyused, feaeanaple, in displgys (esi, flai-panetevi ce

i ncl Udesdlgplgsﬁ',rs%}eeﬁél (e(.)gf., cso%u%%@gl%gﬁs&r and other items that require illumination.

Accordingly, the brightness of the light-emitting device is one important feature of the

device. Also, low operating voltages and high efficiencies can improve the viability

of producing emissive devices.

15 Light-emitting devices can release photons in response to excitation of an
active component of the device. Emission can be stimulated by applying a voltage
across the active component (e.g., an electroluminescent component) of the device.
The electroluminescent component can be a polymer, such as a conjugated organic
polymer or a polymer containing electroluminescent moieties or layers of organic

20  molecules. Typically, the emission can occur by radiative recombination of an
excited charge between layers of a device. The emitted light has an emission profile
that includes a maximum emission wavelength, and an emission intensity, measured
in luminance (candelas/square meter (cd/m>) or power flux (W/m?)). The emission
profile, and other physical characteristics of the device, can be altered by the

25  electronic structure (e.g., energy gaps) of the material. For example, the brightness,
range of color, efficiency, operating voltage, and operating half-lives of light-emitting

devices can vary based on the structure of the device.



nanocrystal s. Sem conductor nanocrystals consist of 1-10 nm di aneter

i norgani ¢ sem conductor particles decorated with a |ayer of organic

| i gands. Wbases«er o 5 di mensi onal sem conductor structur e®CIHusns/et1ong
guantum confi nenment effects that can be harnessed in designing bottomup
chem cal approaches to create conplex heterostructures with electronic and
optical properties that are tunable with the size of the nanocrystals. The
light emtting device can include a layer of a matrix. The matrix can be
non- pol ymer i SUMMARYanpl e, a snmall nolecule. The light emtting 1 o device
can include a first electrode proximate to a surface of the |ayer. A second
| ayer can corih gederdlheliplayntitting deeivo mctheles a phoaléty odrethgopdustirmat e to t he
second | ayer. _The sem conductor nanocr t?L Gan have a.CdSe.core and a ZnS
shel | . PADQME¥stls pRepicondyciofNaneFry§ig ﬁ@“%si\‘? A0 FRELer QBN o) ectrode, a
| ayer i J L ko, widh b i 1§ ReMhds 2 TaERGREh-el ectr ode
opposed S%idéﬂg%&gpﬁi% %Elég%%érﬂové?g?‘%%goﬁrgﬁfi y of sem conduct or

nanosr y sliimbssiatiab grnsiechduetonsemcteiee sliaw strongajuertunpepniingaentrdfostsdbatd

el ectrode. The el ectrodes.can be arranged .to appl | t drop across
the | ay&fnbf a@ﬁﬁf‘ﬁ@r BN "N ﬁﬁengﬁgtapprr?f}&geesé? gréa\é%ncg %g%g{s a hole

t r ans poreidiekttuBdiBls wikd ¥tieHi@atdopichl preper@tschbt 06l amableavigettie sizeiofit r oduce

holes in the hole transporting 0 layer, an electron transporting |ayer

pr oxi mattke nanoarystatsorichedight emitiag devieatiadneleds HyeRfcenarEct!®sns in the
el ectron_tr.an in , | unal i L C Qmiti@nocrystal s
di spos ed” I,f‘\Xérgﬁé %‘#}Igg?Lb’@séﬁE’eﬁogg 7 oc}éel’ daﬁ%ll?ﬁglég{a%o?gggggct rlog%, and a
bl oclsi NgiekR¥eEn bretude arfirktheedtiods proxfimatt todsurfavd of Hes 18ypwordsesbett r ode. The
bl ocki I b hol | ocKi I n el | acki I
or 3 holleyeasi e fgriazs. B BERTPEIFETE-A ohBrBTBER (LT Ay aE BAR be (n
cont act -l ti&gldﬁciftfnsﬁan%#ﬁ%fa[ SHEnRE aldte BROMAG BiPgieniode. | n anot her
aspect, a Bt ho of manufacturing a light emtting device includes
deposi ting 2 jpip adhet afh%?l{rélﬁitIiﬁg/&éviceﬁiﬁaﬁééstd gt dedttddedd labyr of
sem conductor  nanocrystals over a first electrode, and placing a second
el ect r odaclodiag atihe npdtrix,al fitsyeledtrodepa sespd elaeftasie@pposedde thesfitst s. 2 WO
03/ 084292 PCI/ USD3/ 09619 .In yet.another a ] nerating
i ghte i eqtipde a]b(? 69&6{3}]‘% ogs Iéfn&délcpor nanocrys%:ﬂg 81tspos%d ’BE&%%H ’cl&)ef fidf

electrode and the second electrode. The electrodes can be arranged to apply a voltage

drop across the layer.

In another aspect, a light emitting device includes a hole transporting layer
proximate to a first electrode arranged to introduce holes in the hole transporting
20 layer, an electron transporting layer proximate to a second electrode arranged to
introduce electrons in the electron transporting layer, a plurality of semiconductor
nanocrystals disposed between the first electrode and the second electrode, and a
blocking layer between the first electrode and the second electrode. The blocking
layer can be a hole blocking layer, an electron blocking layer, or a hole and electron
25  blocking layer. The blocking layer can be in contact with the first electrode or the

second electrode.

In another aspect, a method of manufacturing a light emitting device includes
depositing a matrix to form a layer, depositing a plurality of semiconductor
nanocrystals over a first electrode, and placing a second electrode over the plurality of

30  semiconductor nanocrystals.



including a first electrode, a second electrode, a |ayer including a
matrix, and a plurality of sem conductor nanocrystals di sposed between the
first el ewOrogsigs2and t he second el ectrode, and appl yi ng aPCirgisn3/gsmer at i ng
potential across the first electrode 5 and the second el ectrode. The
matri x can be non-polyneric. A non-polynmeric material can have a nol ecul ar
wei ght |less than 2,000. The plurality of sem conductor nanocrystals can be
a substantially nonodi sperse popul ati on of sem conduct or nanocrystals, or
nmore than ofieygepothat aspect, 4 fhefiod df gpaeratienlight irchiiek praviding pdevicelg | ayer .

The device gan include an el ectron ransporting | aye an.el ectron
bl ocki n&lq?‘é@’ég?ﬁ&“ﬁrﬂ%o =6€R‘i°ﬂé e&&f}@ﬁ&?’ a a%('ill@lhﬁﬁ%gaéaéﬁ’%%abl ocki ng | ayer,
or CO”b'Pﬁﬁaﬁtial%% s&ﬁr%ﬁ}dﬁfctcfil%imystalbaisﬁbgeatbe@b&ﬁ&ﬁm@t doétrddeand gl e

transporting’| ayer. e light emtting device can have_an external quantum
ef fi ci enespndfelegtrede, and apElyingaright-gegerafinganosentighanmoss thefirsyeleetrede t han 0. 3%
greater t&a{ 0.4% .or _qgreater than 0.6%at a current density of 7 md& cnk,
or greaf® er?&ﬁorif‘ﬂ@/% ®a current density of 1 mAcn2. The light emtting

devi ce can haye a device | um nance of qreater than 100 , or between
1200 and 150% d’farﬁxﬁ?nlée’&(ﬂ’rﬂ?‘gﬁ?leﬂ%‘néi VR W%W%%QC%H‘P%% £rgevi ce can

have a lMLABSGRASE 165shai 2000 THe pluRligddfAemidhdeotrinecrysials cdabice can 20
have a maxi mum en ssi on wavel ength of 570 nm and can have a fu]l w dth at
hal f  masuhsiantisily3sonpdispause PoREALPIAISPMIRORENEHIAPPCTYRIS NP thetbat er t han
90% Narrow size distribution, high quality nanocrystals wi th high

f 1 uor es CBREGPERFTE | ency are first prepared using previously established

al - 03 oy T ROyl lyfRue By R i iR AR ER ity Myrey

Phys. Chemkpdatid®Bier, 10 tecRdbBlocleag fayef, atbleblotling hyer, phoktand by reference
inits entirety. The organic, _su_rfa%g- p?ﬁsi vat | ngf I ieg%nda ar(gt t hen
exchangedectren blagking lpxer; preombinatioys thereot betwsen the Ty Jesirege Ben the

mat ri x. . [nclude greater than 0.001 % greater than 0.01 %
greater }igﬁtﬁmé&}%%qﬁ'reéat er than 1% greater than 5% greater than 10%

Panocr yst ar . TR T B e s bCT) L3/ 09619
15  than 0.1%, greater than 0.2%, greater than 0.3%, greater than 0.4%, or greater than
0.6% at a current density of 7 mA/em?, or greater than 1.0% at a current density of 1
mA/cm?. The light emitting device can have a device luminance of greater than 1000
cd/m?, or between 1200 and 1500 cd/m? at a current density of 125 mA/cm?. The
device can have a luminescence efficiency of 1.2 cd/A. For example, the device can

20  have a maximum emission wavelength of 570 nm and can have a full width at half

maximum of 36 nm. The yield over hundreds of devices is greater than 90%.

Narrow size distribution, high quality nanocrystals with high fluorescence
efficiency are first prepared using previously established literature procedures and
used as the building blocks. See, C.B. Murray et al., J. Amer. Chem. Soc. 1993, 115,
25 8706, B.O. Dabbousi et al., J. Phys. Chem. B 1997, 101, 9463, eacil of which is
incorporated by reference in its entirety. The organic, surface-passivating ligands are

then exchanged to stabilize the nanocrystals in polar solvents and in the matrix.

The layer can include greater than 0.001%, greater than 0.01%, greater than
0.1%, greater than 1%, greater than 5%, greater than 10%, greater than 50%, or

30  greater than 90% by volume semiconductor nanocrystals. A layer can be a monolayer
3



of sem conductor nanocrystals. Each of the plurality of sem conductor
nanocrystals includes a first sem conductor nmaterial. Each first

sem conduwOams/os®pEri al can be overcoated with a same or acfusegoteisecond
sem conductor material. Each first sem conductor filmhas a first band gap
and each second sem conductor material has a 5 second band gap. The second
band gap can be |l arger than the first band gap. Each nanocrystal can have
a dianeter of |ess than about 10 nanoneters. The plurality of nanocrystals
can havef genibowdtictyyemnsecrystals.r Ebatafde pliradity eSsenlitenduclonsaivetistad i ncr easi ng

interest in light em.tting devices d.on .organic materials, notivated
in part 1@“‘1&5\%%{;@ ﬁe’éﬁ‘"g).é‘dl'}. 0 %ﬁepelarb{)agﬁgl,rstis%}cga éorflfl?;\tf’n? 16" B&nel di spl ays.
Advant ageglisiiiy witie @St derbieBuRaGhakoffudtbiembleall MihiEkitng devi ces

i ncl udi ng nanocrystals can be tuned w thout changing the structure of the

devi ce. s@nicondutabr flenhasarfisthand gap Aat eachisapandeemitondueprmaigapldivgant opti cal

properties e to stron uant um canf f e, sgion colors
bt " Chse seipafong Eets LECRROUEREAE B PEETES el hE I pod EnE BaRE, D0 PRl

si ze. Thghdcrfftalsah Gavd S dRARE: balBathan kboutI0aana@etenw Theydshlty dfi newi dt hs,
whi ch can be less than 30 run. The addjtiagn of a shell of ZnS around CdSe
cores r@eudarystiln caybreranercdispsese dstnbytion of §izes-ar e hi ghly st abl e,

| um nescent and can be di spersed. in a_ra_n%e of .organic, environnents. These
feat ures enhdets hasdeprar insreaping ineresidn hightepitiang deviges basedoRe  enitting

material _in.light. emtft. evi ' ght emtting
devi ces of%a(g]ﬂ%%%%&a%arﬁgé%}g%%gﬁg@ﬁ% Wég rgllll %eg(%qaﬁ%né‘{lt%gggg&gtgﬂﬂ%%l g{r]i al can be
pr ep@r echahél dsploRt ralvasdeéaily, tetemssiqr bepeacieeofithe tighteemittigi ch can enhance
device lifetinme, The tunabi | iqtg% of tEe. m s&i on. fllae uenci egthof t he
nanocr ystesicss wglnding raposkysials @B pe funef Jathoyhanging § eaé}gm °Be™®pr epar ed
usi gt e 2 @olbi¥al sdhfiBbmfubior nakAftat: xdilsl A6V adcalas opfica he | nventi on

ent from the

wi || be appar escrllﬁptl on and draw ngs, and fromthe clains.
DESCRI PTirGériis DRAVSNGE, @aBiun cofingmsohefifests. cTheremipsion erlpisof Gdgea

1 gt - eriepperaga gt darvdret Bl A e ShBpRR SRR AT TR R

15  spectra can also show narrow Gaussian linewidths, which can be less than 30 nm.

The addition of a shell of ZnS around CdSe cores results in overcoated nanocrystals
that are highly stable, luminescent and can be dispersed in a range of organic
environments. These features enhance the feasibility of using nandcrystals as the

emitting material in light emitting devices.

20 Electrically pumped light emitting devices including nanocrystals as the
electroluminescent material can be prepared in a controlled fabrication process
environment which can enhance device lifetime. The tunability of the emission
frequencies of the nanocrystals can allow multi-color flat panel disI')lays to be

prepared using them.

25 Other features, objects, and advantages of the invention will be apparent from

the description and drawings, and from the claims.
DESCRIPTION OF DRAWINGS
FIG. 1 is a schematic drawing depicting a light-emitting device.

FIGS. 2A-G are schematic drawings depicting light-emitting device structures.
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FIG 3 is a graph depicting an el ectrol um nescence spectrumof a
nanocrystal |ight emtting device. FIG 4A-B are a graphs depicting

ext ernal woanwsurweffici ency and current- voltage plots foPCrAso®096$4 al
light emtting devices. 5 FIG 5 is a graph depicting photol um nescence
spectra of single conmponent filns, a host:guest

N, N - di phenyl - N, N - bi s(3-net hyl phenyl)-(l, 1" - bi phenyl)-4, 4" -

di am ne: nanocrystal film and the device in the inset of FIG 2. FIG 6 is
a graph depi piG.mdisa gpaphdepasding ae eipetrbmvihesdeneg ispeotmin ofmenatoviystal of FIG 2.
10 DETAILED DESCRI PTION A light emtting device can include two | ayers
separ at lighf emiging|ds¥icodes of the device. The material of one |ayer can be
chosen based on the material's abili t%/ to transiﬁgrt holcfsli OF] t he hol e

t ranspor t i ngFIGyAsk-B(anT e graphs depighing PEemplauepgmyeiiiene Lt U pe chosen
based op i.al. iikd ort electrons, or the electron 15
transpo}"fllEa %ﬁ@égd;rn%mﬁm éltté 3@?%gﬁn§§énsporti ng | ayer typically

i ncl udes an ro ] e 2481k Sodpiidned, one

el ectrode i nfgéféfsﬁoér%'gsﬂ E‘%‘pg%gghhng%%glfég%ﬁ%ar@%%é) into tﬁe hol e

t r anspoFilrh§lG HosyQlest NN déptichgl-Ni¥ichis(@teahylpbmyl)-(ij bbipheaylddi¥-ons into the
el ectron transporting |ayer. The . njected hal nd el ectrons each mgrate
t owar d ﬂW@“—lﬁﬁﬁwc’{}@Fagf@Ha GBP‘QE‘? Jr“(}g‘:é?nswgﬁéhiel ectron and hole 20

| ocalize on the sane nul ecul e, an exciton is forned i econbine to
emit |ight. FAGI6 i sraph ?Hl?fH‘goeeWPB%seéﬁﬂerﬁﬁ\?/eé’ egdlgﬁaalc&t}bgﬁg‘ﬁgﬁogs shown in
FIG 1, ggg yhich a first electrode 2, a first layer 3 in contact with the
el ectroge 2, a second layer 4 in contact with the layer 3, and a second

el e%rode 5 im@@@tDMQmﬁmeecond | ayer 4. 25 First layer 3 can be a
hol e transporting layer and second | ayer 4 can be an electron transporting

| ayer. At | eagt; : 2RaP FrcNRIR 1RE IWREY deparatihd BV d@lbotvsley of thesepar at e
em ssive Iaygtgi1 lﬁo%&lgﬁ%\%evﬁn FI Gc 1) can be igcl uded bet ween the hole

t r anspordeiieg. THeayeterialnd onbdayet eant eorhosendrasprben thegnateja’s abilfetanf t he
el ectrodes of the structure is in .con g & ach
el ect r od@neRgst BlFH AR the Dol FsPRiigg I3y Qﬁig‘tr)o\ﬁh gm %e@%&%%t}t@gﬁl%%

PCT/ US03LQ96 LRosen based on the material's ability to transport electrons, or the electron
15  transporting layer (ETL). The electron transporting layer typically includes an

electroluminescent layer. When a voltage is applied, one electrode injects holes
(positive charge carriers) into the hole transporting layer, while the other electrode
injects electrons into the electron transporting layer. The injected holes and electrons
each migrate toward the oppositely charged electrode. When an elgctron and hole
20  localize on the same molecule, an exciton is formed, which can recombine to emit
light.
A light emitting device can have a structure such as shown in FIG. 1, in which
a first electrode 2, a first layer 3 in contact with the electrode 2, a second layer 4 in
contact with the layer 3, and a second electrode 5 in contact with the second layer 4.
25  Tirst layer 3 can be a hole transporting layer and second layer 4 can be an electron
transporting layer. At least one layer can be non-polymeric. Alternatively, a separate
emissive layer (not shown in FIG. 1) can be included between the hole transporting
layer and the electron transporting layer. One of the electrodes of the structure is in

contact with a substrate 1. Bach electrode can contact a power supply to provide a

5



vol tage across the structure. Electrolum nescence can be produced by the

em ssive |layer of the heterostructure when a voltage of proper polarity is
appl i ed awpwes®se2br heterostructure. First |ayer 3 can i neCudsoxnophural ity
of sem conductor nanocrystals, for exanple, a substantially nonodi sperse
popul ati on of nanocrystals. Alternatively, 5 a separate em ssive |ayer can
include the plurality of nanocrystals. A layer that includes nanocrystals
can be a nonol ayer of nanocrystals. The substrate can be opaque or '

t r ansparelidge athes shesttucate Klacirdiemimegéeicocan tid prriusied by theeisyiser at e can be

| ast | t al | ass. The fi lectrod be. le, a high
or k. 1 ubet BhiA BPstAT R WA et of Dpacee A s et arof R0 e 10

(1TO | a¥efostr RS Hitst Blyed 661 ihoMBe APhRAlite|of séaRorductod dan@aydtalsim i ndi um tin
oxide, zinc i1ndiumtin-oxide, titaniumnitride, or polyaniline. The second

el ect r odier examplee a shlgatantislymeinedispersepppitationfof nanqcsrstale . flternptieedyst han 4.0

eV), electron-inj.ectin net a c , i thium al um num
al | oy (BiScpgrgtee Ssé"eﬂﬁg?{é?ﬁ H@%ﬁﬁﬁ@@%ﬁ%@“ﬁ“@?ﬂéﬁ A%ge@g%:ﬂond el ect rode,
such as ;MG n Q1515 eVied £ehonblaheradT napedyeald5 protective nmetal layer, for
exanple, a layer of Ag for protecting the cathode |layer from atnospheric

oxi dation, orrR siBdtakd MBIt dphiie drayeEpaénts s abstrarel day bt rigics@ar ent | TO
The first el ectrode can have a thickness of about ?00 Angst og;rs to 4000
Angst r offsxiblahBhe substrate agrebe plastiongptal g1 ghast k echiodtifabee: Affyst roms to

about 1000 Angs I L0 S5 I WY €n 8xidBi ckness of
about SGX%QQGt?%%W%Ikgg%&Oﬁﬁg% %&Rﬁ%%‘%@gég".‘" S‘?’%Iggssﬁggﬂd_ | ayer can have a
t hi qlsneglsr@)‘ 126610 O th&OfidNgattrodrmat eviakentinclidOgrlburg sndiwmdin orinds, gimeond

el ectrode can_have a thickness of ggﬁl 5(% Angst (éf%s (Lo ar ga{,o?r t han about
1000 Andedipsyin oxife tg%‘@?r"&ﬁdﬁroérﬁ’gg' fiy P& né PodeSRA0& 2 ol ecul ar
matrix. ol ple’® llcﬁfWo@lE fRliéA (%.%,al@sﬁﬁalmm'em)' sB@FonCinjedtige, Adtsicstcar mat ri x
can include a small 25 nolecule, for exanple, a nmetal conpl ex. For

exanpl e,astAleBagYal Cx edithion-auminven aloyed &ALs o7p magnesiung-sHy«IrdRY qui nol i ne.

Th t I f 8- ' ' Bl i
ndi m - HGR2Yr THagHeS T Eacs 1 M g pedvagg BTl L1 um

tri s58- Ryt GicembP]aly e for AbEBlk, a Bybest A¢ &spesteaingtht eathedeslayer the ETL can
i ncl ude ‘netal thioxinoid conpounds,_ oxadiazole netal chel ates Ellt'(ir’l azol es,

30 sexi tivmphmerpherde pyidatiopear a lativehniemn layer of syhsEnsaAlly HaRPAEREEY Pvat i ves.
The hol CheXfirst electrode can have a thickness of about 500 Angstroms to 4000 Angstroms.

The first layer can have a thickness of about 50 Angstroms to about 1000 Angstroms.
The separate emissive layer can have a thickness of about 50 Angstroms to about 200

20  Angstroms. The second layer can have a thickness of about 50 Angstroms to about
1000 Angstroms. The second electrode can have a thickness of about 50 Angstroms
to greater than about 1000 Angstroms.

The electron transporting layer (ETL) can be a molecular matrix. The
molecular matrix can be non-polymeric. The molecular matrix can include a small
25  molecule, for example, a metal complex. For example, the metal complex can be a
metal complex of 8-hydroxyquinoline. The metal complex of 8-hydroxyquinoline can
be an aluminum, gallium, indium, zinc or magnesium complex, for example,
aluminum tris(8-hydroxyquinoline) (Algs). Other classes of materials in the ETL can
include metal thioxinoid compounds, oxadiazole metal chelates, triazoles,

30  sexithiophene derivatives, pyrazine, and styrylanthracene derivatives. The hole

6



WO 03/084292 PCT/ US03/ 09619 transporting |layer can include an organic
chronophore. The organi c chronophore can be a phenyl am ne, such as, for
exanpl e, WoN3/ogl2phenyl - N, N - bi s(3- met hyl phenyl ) - (1, PCT/US03/09619

1' - bi phenyl )-4,4"-diamne (TPD). The HTL can include a polyaniline, a
pol ypyrrol e, a poly(phenyl ene vinyl ene), copper phthal ocyanine, an 5
aromatic tertiary am ne or polynucluear aromatic tertiary amne, a

4,4' -bis(9- carbazolyl)- 1, 1'-biphenyl conpound, or an

N, N, N, Ntansmirtingfaybbendndiidean qgenit shromopbers. Tde degrodd cheemephose sur f ace of

one of the, el ectrqdes by in. coatin i p .coaf{NG,.vapor deposition, or
ot her t 2R bP ialpﬁ'f’ [?BEPGE"SB%P?PEf%gﬁgppl?hglg’lg'sdg%}gﬁﬁﬂgrr%clflsf(gde can be

sandw cheghylpRHyE(1SH-bighen -aﬁmﬂﬁ&ﬁﬂe ). TR Kpoaethchdeaur f ace of the
solid Iayer}.,_?Owequ(;g botllﬁf O?Mt e el ect?lgzie)s can be patterned. The

el ect r odwiyailineha polyyyzelecaipolyehewnenccivyena). erpe Rigkalowgnineanyy

electrically. ¢ Lve . I an, afp fhe_vol tage, |ight
is ge5 neraﬁ?ne%tl% tre %}%‘{1}9 emeooggjl%ﬁjeh%%\ﬁaernap@ﬁ%@ﬁgg{:ﬁ%{H{ngh%jgﬁoFlE@I ocalize on a
nanocr ysfafazol§lii § $iiphedghc@npatmdadr aarN,NIN', Wt sirpibemmdiabengt h. The eni ssion
has a frequency that corresponds to the band gap of the quantum confined
seni conduct orTHElhgdrs 8dn beldepobitaticbngequriase af dnensftthoeledfodehby sinze of the

nanocrystal. Nanocrystals having snmall di.aneters can haye .prperties
i nt er medioatiag &R ARAEHEAPEE AenesTiaRTINRGE thlﬁgﬁ%‘ ‘{5“?0%?1% et Oﬁ‘gr anpl e,

nanocrysgal.s elgtﬁ'%gg cQﬁ"Fé SHHIGAGHH Cgpﬁfteﬁ&tcﬁreivﬁ‘[%o?atgéﬁhﬂaghé BBJokedli anet ers can

exhi bit quantum confinement of "both the el ectron and hole in all three
di memsi csusfacebii thh sbléhbigert dOmnor biotlcofdhs electmode eaebé pasternad. Jdwd gap of the

material with decreasi.ng crystallite size. Consequentl. both the opti cal
absor pt | DFFIRAES %ﬁti%g gf’ﬂﬁgﬁ"’fn g&%&ﬁ??%‘ftglasvogﬁg? fOLF%eetf%ﬁgec%?{%Q, or to higher
ener gi eSoon@ctiveatividys OUpbRapslickfibmbs the QSIt&E%?Ii%ﬂS@genefehai £6msbe on fromthe
nanocrystal can be a narrow Gaussi an em ssion band 25 that can be tuned

t hr ough deviceconpl et e wavel ength range of the ultraviolet, visible, or
infrared regions of the spectrum by varying the size of the nanocrystal,
the conposi t Wiwn dfe eletronanddeledeedlize on ap@noprystyly craisaifp can oysat #an be

tuned in the visihble regiaon. I i daa,ed region.
The. fiar revieepy ¥ efeafipr g SHADR oaf STisEthey Buk SR b O MUBREC LI "
em ssi onofahe igimiconfinedvehiyondicispmeaterial. Tirrtgad gdhes apipetiamtdfdie can be
nonodi sperse_and can exhibit less than a 15% .

size of the nanocrystal. Nanocrystals having small diameters can have properties

intermediate between molecular and bulk forms of matter. For example, nanocrystals

based on semiconductor materials having small diameters can exhibit quantum

20 confinement of both the electron and hole in all three dimensions, which leads to an
increase in the effective band gap of the material with decreasing crystallite size.

Consequently, both the optical absorption and emission of nanocrystals shift to the

blue, or to higher energies, as the size of the crystallites decreases.

The emission from the nanocrystal can be a narrow Gaussian emission band
25  that can be tuned through the complete wavelength range of the ultraviolet, visible, or
infrared regions of the spectrum by varying the size of the nanocrystal, the
composition of the nanocrystal, or both. For example, CdSe can be tuned in the
visible region and InAs can be tuned in the infrared region. The narrow size
distribution of a population of nanocrystals can result in emission of light in a narrow

30  spectral range. The population can be monodisperse and can exhibit less than a 15%

7



7 WO 03/084292 PCT/US03/09619 rns deviation in dianeter of the
nanocrystals, preferably less than 10% nore preferably I ess than 5%
Spectral wWoi0s®80ps in a narrow range of no greater than OOASOYE6MM
preferably 60 nm nore preferably 40 nm and nost preferably 30 ran full
wi dth at half max (FWHM can be observed. The breadth of the em ssion 5
decreases as the dispersity of nanocrystal dianeters decreases.

Sem conductor nanocrystals can have hi gh em ssion quantum efficiencies
such asrgs amlmomhalmmﬁ%ofm@ﬁar@e@ﬂsW/@mlﬂ@%ssm 187,809 The

sem conduct or for m n Jhg nan stal s can include U |  conpounds,
G oup | prefe SB?P“] f %FIOB%Wp%’EﬁY{%V TaRge ohg gﬁepﬁ\?{ ﬁmg}{ conpounds,

Goup | elnte) &'é}%bl (PMR, thotel ref\!fabwmﬂﬂnﬁﬁi,m@t(puﬁeﬂabkyl%ﬂh conpounds,
or Gougb(?qﬁ corrpoﬁ%ls for eeﬂxarrpl zZnS, ZnSe, ZnTe, .CdS, CdSe, CdTe,

HgS, Hgﬁdl widjiTet ha&ﬂmax GTWHM) oxs b e,cqbgpyVe(taiFhe aith hike e Gase. I nN
i ésﬁg%%ﬁs,&thgd%};g%bg ofﬂiﬁ% s{rg 2R RS deciiisEs. SEBT&ndeéto{“ xt ures

ther%of I'sperse sem conduct or nanocrystals

i ncl ude n&l%d@ysrtﬂb yaﬁi avehigh @mﬁa@qwum efficdgeivs syctsascdreater Hamd0%y| cadmi um
injected into coordi nating solvent. This permts discrete

nucl eat Q@%,éﬂ% Aﬁé)u}ﬁ(?%) @Min%r@r/bl led growth of macroscopi ¢ quantities
of nanocrystals. Preparation and mani pul ation,of nocrilgltlal s are

descri bed, fdmhessmiponductorformigg themanqerygtalypan ippfudefroup Y1 ncor porat ed by

T TRy R LS Yo T T asb Gegp mgenoc vt el 20 1

rocess growt h occurs by I’aﬁl dI |nj ecting an
M  denorcogipduads, GrcdxprIMVi[ndbmpmﬂds,tGmprIdHﬂ‘él ¢omaposvfls; érrpup ke j ection

produces a nucleu in a 7154 to forma
nanocr y SPEIPOUNdeOr %‘Pﬁﬁ\?% H‘g’@%wg%ﬂ ?Itn@ zgg t’gé(gsr ’ow and anneal
the nanqgq Sbﬁ’fe %Seqigv@memm AmsbtdmslapeGdAstceastasa of the
nanocrysta &7 in’a sanpl e are dependént on the 25 grow h tenperature. The

growt h tIaNphlPaInASehl’S@ciéﬂtélHE 'JEIAS,rPélShﬂ%hSa PBS@&’WGQQTGWXHJW% tHereahses wit h
increasing average crystal size. The nanocr&/stal is a nmepber of a
popul ati on ofMa&nd&mﬁmbmrmg mienodisperse bgmigen uﬁ@rm@s Hstdgat i on and
controlled

opul atl on a narrow,
nonddi sﬁ’é’ir%]éfglsa %rtgf"il?}ﬁ? F@ﬁ TEEC 33 m%;emgmno Eeaér?%g i E‘tﬂrg‘f bution of
di anet er g offfatgS6Ivest. This permits discrete nucleation and results in the controlled

growth of macroscopic quantities of nanocrystals. Preparation and manipulation of
nanocrystals are described, for example, in U.S. Patent 6,322,901, which is
incorporated by reference in its entirety. The method of manufacturing a nanocrystal

20 is a colloidal growth process. Colloidal growth occurs by rapidly inj ecting an M
donor and an X donor into a hot coordinating solvent. The injection produces a
nucleus that can be grown in a controlled manner to form a nanocrystal. The reaction
mixture can be gently heated to grow and anneal the nanocrystal. Both the average
size and the size distribution of the nanocrystals in a sample are dependent on the

25  growth temperature. The growth temperature necessary to maintain steady growth
increases with increasing average crystal size. The nanocrystal is a member of a
population of nanocrystals. As a result of the discrete nucleation and controlled
growth, the population of nanocrystals obtained has a narrow, monodisperse
distribution of diameters. The monodisperse distribution of diameters can also be

30  referred to as a size. The process of controlled growth and annealing of the
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30 referred to as a size. The process of controlled growth and anneal i ng of
the 8 WD 03/084292 PCT/ US03/09619 nanocrystals in the coordinating

sol vent twato3f®i2bows nucl eati on can al so result in uniforwCIAISHZHE®19
derivatization and regular core structures. As the size distribution
sharpens, the tenperature can be raised to maintain steady growth. By
adding nore M donor or X donor, the growth period can be shortened. 5 The
M donor can be an inorganic corrpound an organonetal I'ic conpound, or

el ement ahnovefstdls invhe so@dthatingisolvém that ﬁﬂlgxmmuulwatlmaﬁwgp resyliimi num gal | i um
indiumor_ thallium_ The X.donor a co o acting with the
M donor uniferny gprfacy dggydizpten %dtrﬁg‘?lﬁ%coé%g%} eé%ﬁdflst‘f@‘b}"é“m ly, the X
donor §hﬁgerfshﬁ1eqaﬁ§alaﬂ?e GRMRTaiREd B Mathtd éi@ad@%‘i‘@mh Bickidase Mmophosphi ne
chal cogeni a brs(silyl) 10 chal cogeni de, di oxygen, an ammoni um salt, or
a tris( 3 dyhor quiX dencigthe stowthperodcanchsrsberenede| ude di oxygen,

bi s(trimethylsilyl) selenide ((TM5)2Se), trial kyl phosphine selenides such
as (&ri-n- octT)hleM(dspquaa)oezaallrmﬁgamc Qm}l morgamqmqtalbgtcgmp%@pm ne)

| d T | k hosphi tell d C
?terlemn g%“&i&%%ﬂl ?Sctéﬁng? ‘g e u%‘IF Fe@ gﬁl‘r 5'b1§§rﬁﬁosmﬂor ustri am de

tel luri gy %H%Dﬁ?feﬁmuml Thbixsddor m&byﬁlﬁiuh& kagadld dﬂredﬁng witi3ha Mejlonor
bis(trinethylsilyl)sulfide ((TI\/B)ZSQ) tr| al kyI ? gsphl ne sul fide such as

(tri-n- co@fqrnpmmmahmthéhﬂ gengral forop)MXa nl il th 0P 1Sd ch as an
[id MB) 3P)
EroCt r EERGE G or Shtifrhde qdll Shiif SFSHRELEht Vol URRRIAIA Big(lIVHVE) SP)
ant isponicliglcégehid) gioﬂx}zg?ﬂhﬁnamniommn eait)@r:lammlﬁslt,yl) prhalddéd?@lmbleéﬁd ][ he i( donor
b t1es W n e coQr di nat i ol vent can
f\glnp go rrjﬂglﬂglls mcﬂed@qhem?nokﬂs{ﬁﬁ@e%aﬁﬁ&f@%‘?}ﬁ ?@ﬁ@)z@% iPF‘%SS lvent is a
Cormoun%e#ﬁﬁepguc% a@c(ﬂ'f)- 0 §rtﬂﬁ1 Qﬁﬂlﬁe)ts@f%hldef(’@OPSéPde’trﬁn—Uﬂ@ﬂpl@osphﬁBﬁ el ectron

pair aval e to coor e to a’surface of the grow ng nanocrystal.

Sol vent selaiddi(TBPSe) tmzahylmasphnnezrellmr&@s grdvas{yi-nebdphipsphine) telhwidey)

coordin 5 sol vent Iud h al kyl phosphi ne oxi des,
al kyl ﬁ@@%ﬁaﬁf’%h%m?ygb?sp AR "m}ﬁ Bﬁn @ﬁl@?@ however, ot her

coordi naglé(&gngtg&}éﬁpfgﬁnuwms)m) lbﬁb(ﬁmsethylﬁllyﬂﬁﬁﬁidemmﬁ)ﬂﬂ)maﬂkyl al so be
suitabl e for the nanocrystal producti on, sui t abl e ffoor di nati ng

ol vent Honghinaleilige suskids (it bo DGR RBUR CREP DT Py Firh
such as an ammonium halide (e.g., NH4Cl), tris(trimethylsilyl) phosphide ((TMS)3P),

tris(trimethylsilyl) arsenide ((TMS)3As), or tris(trimethylsilyl) antimonide
((TMS)3Sb). In certain embodiments, the M donor and the X donor can be moieties

20  within the same molecule.

A coordinating solvent can help control the growth of the nanocrystal. The
coordinating solvent is a compound having a donor lone pair that, for example, has a
lone electron pair available to coordinate to a surface of the growing nanocrystal.
Solvent coordination can stabilize the growing nanocrystal. Typical coordinating

25  solvents include alkyl phosphines, alkyl phosphine oxides, alkyl phosphonic acids, or
alkyl phosphinic acids, however, other coordinating solvents, such as pyridines,
furans, and amines may also be suitable for the nanocrystal production. Examples of
suitable coordinating solvents include pyridine, tri-n-octyl phosphine (TOP), tri-n-
octyl phosphine oxide (TOPO) and tris-hydroxylpropylphosphine (tHPP). Technical

30 grade TOPO can be used. ‘



octyl phosphi ne oxide (TOPO) and tris-hydroxyl propyl phosphi ne (tHPP).
Technical 30 grade TOPO can be used. 9 WO 03/084292 PCT/ US03/09619 Size
di st ri butwor3dsdng the grow h stage of the reaction can peTasvd/omied by
nonitoring the absorption line widths of the particles. Mdification of the
reaction tenperature in response to changes in the absorption spectrum of
the particles allows the naintenance of a sharp particle size distribution
during growth. Reactants can be 5 added to the nucleation solution during

crystal grow Rizedligrbutianadugiog the growsh sageByf the respiivmepndrecsatimater by parti cul ar
con conatopifiie A¥anHBaS] fhe AfENIRE LD MEREon SPERAFEIORS can be

tuned comnpeuaue!is résperiseltb ehmgeehﬁﬁhhbsom&gﬁspeétrﬁﬁef thefpattitlds alloGikoNs, or
from 40Q urn to 800 nmfor CdSe and CdTe. The nanocrystal has a dianeter

of |ess thednainignamg ok a shaspseficle sighdistribption dwjrg @Wﬂhagemﬁ%fge bgi amet er s
in the rangq Qnemicfatifn F&laﬁo ur};&ecrg)ﬁﬁfg%%ﬁ{[tﬁ oW lar ? of a

popul ati on of nanocrysta avi ng a oW sl t| on The
nanocr ysstapping Igrdwethat 8 phwticelar namhcr}d;tzﬂ byerage ditineter sﬁrhgdmosmghlm prapacr yst al
can include a.cor

a seni conduc terj al crystal can 15
o Ute BorBRfe St G sEREoRgedas B L GBlsioh Sesia il Uk habptrasiaRagnea um
mercury, <& %ﬂ%oﬂﬁhbﬁﬁ%véﬁﬂé %Hirel&rﬂg@ﬁ fdn'ggbf 900 Atn%d %ﬁ%rotn@ecfr%m and X is
oxygen, sulfu selenium tellurium ™nitrogen, phosphorus, ar seni c,

ant i nnny40(bmnrtp>800ma'sfortqqi§p@ud CdTheTh@n@ocmtahhasea @ﬁmatﬁepf:bsahhﬁg on a
f teh t 20 d I
A T e B i BB AR b A SRS

over coat 19§ Aa sem conductor material on a surface of the nanocrystal can
include a Goup Il-VI conmpounds, Goup II-V conmpounds, Goup IIl-VI

conpounds, G qup nhhdcry4t4l @aR BY Aahfembel 68 pdpilMionceifanedifigals Gaddpal - 111 - VI
conmpounds, Goup |I-NVI conpounds, and Goup |I-NYV conmpounds, for
exanpl e, 12Bow se disidautionn fide nepesrystel san beg saherpgad. dighser ofhgmshapain, Al P,

A As, A nggg@ 83008 4 Gaondh 1 PSS nanb Bl TN TI P,
TlAs, Tlig? n%dgfysﬁagggl? ! 3 n% xt ur%ns eﬁ}{ar eoétf—ral For e%?ar%ﬁpg, nS, ZnSe
or Cds owehcieat dom@ha\(ingltﬁedormula MX, where M is cadmium, zinc, magnesium,

mercury, aluminum, gallium, indium, thallium, or mixtures thereof, and X is oxygen,

sulfur, selenium, tellurium, nitrogen, phosphorus, arsenic, antimony, or mixtures

thereof.

The core can have an overcoating on a surface of the core. The overcoating
20 can be a semiconductor material having a composition different from the composition
of the core. The overcoat of a semiconductor material on a surface of the nanocrystal
can include a Group II-VI compounds, Group II-V compounds, Group III-VI
compounds, Group III-V compounds, Group IV-VI compounds, Group I-III-VI
compounds, Group II-IV-VI compounds, and Group II-IV-V compounds, for example,
25  ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN,
GaP, GaAs, GaSb, GaSe, InN, InP, InAs, InSb, TIN, TIP, TlAs, T1Sb, PbS, PbSe,
PbTe, or mixtures thereof. For example, ZnS, ZnSe or CdS overcoatings can be
grown on CdSe or CdTe nanocrystals. An overcoating process is described, for
example, in U.S. Patent 6,322,901. By adjusting the temperature of the reaction

30 mixture during overcoating and monitoring the absorption spectrum of the core, over
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grown on CdSe or CdTe nanocrystals. An overcoating process is described,
for exanple, in U S Patent 6,322,901. By adjusting the tenperature of the
reacti on 80 ogios4€202 e duri ng overcoating and nonitoring thePpPabasopodeon
spectrum of the core, over 10 WD 03/084292 PCT/ US03/ 09619 coated

mat eri al s having high em ssion quantum efficiencies and narrow si ze

di stributions can be obtained. The overcoating can be between 1 and 10
nonol ayers thick. The particle size distribution can be further refined by
si ze set&@géd matebiaRmavinghig émission thardupefiicieviesend nhwewtsfre nanocryst al s,
such as net hanol / butanol, as__described in UbS. Paﬁenh 1@, 322,901, For

exanpl edistriingions eandeobiained, Shgoygrapaling gap bg bewsendianf 10 anol i n
hexane. hanol can be added dropwise to this stirring solution until

opal escencé persists. Separation of supernatant and fl occul ate by

centrifugati e Béﬁ%ﬁ%gﬁscgﬁgpggg#' dneSuRhdrirched B/y dite deliRtil:@r gest

crystallites’in I'S procedure can be repeated until no
f ur t her pededimeion ndgthaf pdoh eolugitiforthe namwoysals, shchsgsanethanalibytanel asd. :

Si ze-sel ectjve.precipitaj] be carried qut.in VAl .
sol vent ﬂﬁ%?ﬁ’?&‘? %H%' %gﬁe Eékfﬁgﬁigf %gexfr?’?{edflﬁgfwg&agsncgg é’ﬁéﬁg ek il
chl or of QpitiBR LR butahBEinckEnes Vedhes] chabesdddtdbpwisptd thisistiniman have no
nore than a 15%rns deviation fromnmean di aneter, pref e]r&%btlﬁy 10% r s
r

devi at i solution ietlnpaleScenad persists. Hreptatempisugomatant fpdAlocey | ess. The
outer surface af the nanocry. I [Fale) unds derived
e e e e B S R

from t h& use process. The surface
canhe spmdid ik RYcdpeantt repg@asiumil ho fiathee Xieepening ofthe optied i ng

coordi nating group to, forman overlayer.. For exalrggl e,. disper sion of the
capped mhsepligrinsrtrands peed, axpsgleody S RTEHPIAIOGSRY ﬁ?linﬁg o8t Ydhi ¢ conmpound,
such as AYEL HdBhelihoRLATURGaRE MRLALE poAGIHEShme dhgper se readily in

pyri di ne, t anoF, and arormatics but no |onger, disperse in aliphatic
sol vent shicsofomAnaharfohc Ehesictraelgaepnaowerystat pepuhationpen hbave BNt t h any

d I f. coardi.nati : b ' o . f f
Che.  nadbe § esrmsriaEmaes rom o dadin SPRag, ik But URaRRSIr B 20 0y

phOSIBhata‘fla-m%??r&éam?rgo/@M§ua¢ia@@ﬁoﬂess,exposed to short chain polynmers which
exhibit an affinity for the surface and which termnate in a noiety having

an affinity fpl. AGUSRBESdTARe Binocrystal can include a layer of compounds derived

from the coordinating solvent used during the growth process. The surface can be
modified by repeated exposure to an excess of a competing coordinating group to
form an overlayer. For example, a dispersion of the capped nanocrystal can be treated

20  with a coordinating organic compound, such as pyridine, to produce crystallites which
disperse readily in pyridine, methanol, and aromatics but no longer disperse in
aliphatic solvents. Such a surface exchange process can be carried out with any
compound capable of coordinating to or bonding with the outer surface of the
nanocrystal, including, for example, phosphines, thiols, amines and phosphates. The

25  mnanocrystal can be exposed to short chain polymers which exhibit an affinity for the
surface and which terminate in a moiety having an affinity for a suspension or
dispersion medium. Such affinity improves the stability of the suspension and
discourages flocculation of the nanocrystal. Nanocrystal outer layers are described in

U.S. Patent 6,251,303, which is incorporated by reference in its entirety.
30 More specifically, the coordinating ligand can have the formula:
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di spersion medium Such affinity inproves the stability of the suspension
and discourages floccul ation of the nanocrystal. Nanocrystal outer |ayers
are descrwbed/os4291). S. Patent 6, 251,303, which is incorpor @CedShy0ed er ence
inits entirety. 30 Mire specifically, the coordinating |igand can have
the formula: 11 WO 03/084292 PCT/ US03/09619 (Y+x+L) k-n n wherein k is 2,
3or 5 and nis 1, 2, 3, 4 or 5 such that k-n is not |less than zero; X is
0, S, S=0 S, Se, Se=0O N, N=O, P, P=O As, or As=0 each of Y and L,

i ndependently, is aryl, heteroaryl, orya strayght\or branched C2_12

hydr ocarbon chain 5 optionally contai r{%&dzz) one doubl e bond, at

| east one triple bond, or at | east one‘' d | @ boad and one triple bond,

t he hydrocarbon chain_ being optional ly substituted, with one or nore Cl_4
al kyl , ®herpimkieta or Tand ikl P; 4 €492 au%tg%&l} I§RA4 5% Phan Zﬁ%ﬂa&? 1S ani no,
nitro, nQ,_ 5 o8/l =3P SpL; I het ‘ Ikkyl, aryl,

het eroa%%,’g 8%?2’a$%§kg§?lg’§ﬁy?b§%—t%1@§ Og?xﬁyléb%ggg}oﬁa LI,(’ Cl 4

al kyl caidtepyhdently, it aryiyletaoayl bea iaiphicr beancbehCehdiydraserbeg cbni onal |y
interrupted by -0-, -S-, -N(Ra)-, .-N - ) - O: - O-.C(O.~N -,

- N( R&) - epiagnalypentamingeidessy g”@‘? 2,1011-%&‘( ]?éﬁﬁ?z‘t 18%5?95? apeﬁ&%qd%%%tdeaégg%e of Ra and
Rb, ind ' ; 8h kB4 bbein@lolstionally sabdtivxtrd
hydroxylﬂgﬁ@gﬁ%i%?gﬁ?ﬁ%@ﬁgﬁhggp%ﬁrbm aryl elé]?ggp isyaS substituted or
unsubst iwtitit @ ayodieEantkybitGao afreonb Caa plyexh s ekoxndiydesybkelyy| | benzyl ,

napht hyl , .tolyl , anthracyl LLr n aryl grou

is an araﬁﬂm‘br%‘ﬁ% PN (%ﬁézyg}p%lr g%@?ﬁr’%ﬁ?%ﬁ%@ka@ !F}gﬁ?‘/ %W&@e%géﬁ%st ;ncg P

L uryl, E}{Lrgggmarbﬁm@@lr l;zﬂM ammwrm%yl,bcla a&lcggcpabcbrgfl,amcﬁmmﬁyﬂandﬂ@ ligand can
e purchased ‘commercially or prepare rdi_na yng i rgani c

t ecHhi qiydrochonshaimberg %OEI@B’CIPF%@HWF%YJ%W%’CMR%IB r}lﬂg@ﬁﬁggg'(?} gani c

Chemi stry, ' hS ] K _by. eHENPER N o) BY.f Bid¥each Layer s

ot udi i R S AN OO R R RO RO P B gl PO, ideae

seni condf®*and RAnadepeatattly, ddydragomchllghoalkernyh, adkyayl, wkokysyst em and dr op

casting_ filnms _of the nanogrystals fromthe dispersien. The sol vent system
for droﬁlYé%%YWﬁYL@éﬁ%’W&Ofgﬁi}Y%ahﬁéﬁ-chem cal character of the outer surface of

the nanocrys tlglll bryil gso'u’p is a substituted or unsubstituted cyclic aromatic group.

15  Examples include phenyl, benzyl, naphthyl, tolyl, anthracyl, nitrophenyl, or
halophenyl. A heteroaryl group is an aryl group with one or more heteroatoms in the
ring, for instance furyl, pyiridyl, pyrrolyl, phenanthryl.

A suitable coordinating ligand can be purchased commercially or prepared by

ordinary synthetic organic techniques, for example, as described in J. March,

20  Advanced Organic Chemistry, which is incorporated by reference in its entirety.

Layers including nanocrystals can be formed by redispersing the powder
semiconductor nanocrystals described above in a solvent system and drop casting
films of the nanocrystals from the dispersion. The solvent system for drop casting
depends on the chemical character of the outer surface of the nanocrystal, i.e.,

25  whether or not the nanocrystal is readily dispersible in the solvent system. The drop
cast films are dried in an inert atmosphere for about 12 to 24 hours before being dried

under vacuum. Typically, the films are formed on substrates.

Transmission electron microscopy (TEM) can provide information about the

size, shape, and distribution of the nanocrystal population. Powder x-ray diffraction
12



25 whether or not the nanocrystal is readily dispersible in the sol vent
system The drop cast filns are dried in an inert atnosphere for about 12
to 24 houwe ibe8weE being dried under vacuum Typically, wPea/Sod/osiare
formed on substrates. Transm ssion el ectron mcroscopy (TEM can provide

i nformati on about the size, shape, and distribution of the nanocrystal
popul ati on. Powder x-ray diffraction 12 WO 03/084292 PCT/ US03/ 09619 ( XRD)
patterns can provi de the nost conplete information regarding the type and
qual ity peti@hy Sdreproside tied mos cofpieeinfiamatioy s¢gatding Gettypeesnds of size are
al so possible since particle I the X-ray

ianeter | s inversely.related, vi
coher en@gality e§ths cryalstuctyreef tﬂ‘?\P%ﬂoﬁl.’ys ﬂesggwbqsg f)éltzﬁ & edql%lor%qséﬁlb?eof t he

Nanocry stigh nfdBlcARallBREN RS} R/ vhithe X3 R8fitreaBnah a6 hofealll O 0SCODY

or estinate rom x-ray raction data u5|agj%, for exanple, the Scherrer
equat i oRvidtht Fak sxampin, the dizsteiteraif §u rfenosrysthlecau\se vieasuiied dirpetlydty  spect rum

For exanpl e,, nanogcrystal.s can be dispersed . in_a. . - di -N, N' - bi s(3-
met hy| pHSAYRSIPR P%“E;B‘? PHERSAOPY 27 23111&??%{#?% x(%%_)‘%orr} é)l(aqj.é' gaﬁ%lde}l‘ transport
or gani ¢ g Wfnleaie Schéttdrleqhion. at Sls@Eantef dstimamil ftdng tie ©@WIViL bigrpdioni ce. A
di spersi on Pncl udi ng the nanocrystals in a HTL not only circunvents the
rel ati vepsctimoor conducti on observed in nanocrystal solids, but can al so

reduce the nunber of pinhole shorts in the nanocrystal l|ayer, The
di sper si on ofFonaxauplysnanbsrystals cen padisaersed g NN hipheayl-N.N %{Wé? (EM.). TPD

is a wide band- enial ~that.. can N i bggLion 15 into
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: , . .TP[%aand
nanocr yStabaysials iba FH lanaipabseirumyents the felatigely nogr ¢ heosPyFdrmin this

case); t.he_m it i LA Rh8fe shbFefl ganed | TO
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by the nehatrysthEayeodheldispersiorarfmandraystale pusformdmanzissivemairulevapor at i on.

The device i s gro in acontrolled (o en-free.a St -free
envi ron Yﬁr,(ENﬁf)e |]R 1Sﬁgwpﬁg’aﬁ‘gg?ﬂzlﬁ‘ﬁ%8é%tﬁatl Gt cglétgge&%lgg#%ﬁ@?%hofgy d?Jri ng the
fabr jcatihprnpIRe ?ﬁEﬁﬂlanm@s?éﬁ’Dalk:ﬁcetaae;glgm,vemlidavbfmth&@asapﬁm atthan el ectron

transport | ayer This separation of function allows placenent of the
hol e/ el a(amOmUsmb@oistibndNarmfprxséqlgqapped with, for example, TORO, can accept

injection of holes, electrons, or excitons. TPD and nanocrystals are both dispersed in a

suitable solvent (chloroform in this case); the mixed solution is spin-coated on top of
precleaned ITO substrates. A layer of aluminum tris(8-hydroxyquinoline) (Alqs)
20 followed by the metal electrode layers are then deposited via thermal evaporation.
The device is grown in a controlled (oxygen-free and moisture—ﬂeq) environment,
preventing the quenching of luminescent efficiency during the fabrication process.
The TPD is the HTL while the Alqs acts as an electron transport layer (ETL). This
separation of function allows placement of the hole/electron recombination (e.g.,
25  exciton) recombination zone. The Algs layer thickness is chosen to separate the
hole/electron recombination zone from the metal electrode that wogld otherwise
quench the radiative recombination. Device structures are shown in FIGS. 2A-G.
Other multilayer structures may be used to improve the device performance. An
electron blocking layer (EBL), a hole blocking layer (HBL) or a hole and electron
30  blocking layer (eBL), can be introduced in the structure as shown, for example, in

FIGS. 2C-G. A blocking layer can include 3-(4-bipheny1yl)-4-phe{1y1-5 ~tert-
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Charle aastalipiecgiode Byess in prieg ta Rlgck Abohqle EArHSES SRMPIMR B B He host
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an exciton may be created 1n the organic host matrix 15 and transferred via

Forster or Dexfen hReray nﬁﬁ@é}%tﬁrenﬁﬁdi@r%énybetr@aﬁzﬁ&_ camg@elcxsbalirestlyvi a  a |

| i gand coval entﬁ’/ attached to”the nanocrystal, which then emits at its
char act dnjesteil tnto fircammeenyytals@mne thel host metmks, weawting ireexciips fanagigasnd)| | v

injected_into the nangcrystal, the el eciron- (W (4 i can
r ecombi ACFORFIHETIOR | ‘gﬁ?ﬂi‘ t1%q"i:¥,tan§x&ﬁo& B E?:g%at}ég kl?g]% %\%\%an?cil}%f{t {ﬁ% (?Xn‘i ssi on
Specfsr u %a%néﬁa)rea b ToiEesHD SeReneRy raabti direugyo feafanbey@l @biai ned from
the nanocrystal light emtting devices described above. The, s gct rum is
domi nat edligapdichealenthioiaphedio themansrrytaliwueh thep Fmys ﬁbﬂt%&h%ﬁ?@ fral I Al ga
em ssio Repr oduci bl o Esicefeda8Ube darfd%ysaal be
obt ai ned eq]aﬁlé&i. 8(?1"].'0_6 glr?]ec?rogé( L& Daks b kh&e&nalyes;eete ' e Bye
the electron-hole pair (exciton) can recombine radiatively and emit a photon. FIG. 3
shows (a) the emission spectrum and (b) the current dependent efficiency profile
20  obtained from the nanocrystal light emitting devices described above. The spectrum
is dominated by the nanocrystal emission mixed with a relatively small Alqs emission.
Reproducible external efficiencies of about 1.0% can be obtained. The turn-on

voltage is about 6V for a current density of 0.1 mA/cm?.

The performance of organic light emitting devices can be improved by
25  increasing their efficiency, narrowing or broadening their emission spectra, or
polarizing their emission. See, for example, Bulovi¢ et al., Semiconductors and
Semimetals 64, 255 (2000), Adachi et al., Appl. Phys. Lett. 78, 1622 (2001),
Yamasaki ef al., Appl. Phys. Lett. 76, 1243 (2000), Dirr et al., Jpn. J. Appl. Phys. 37,
1457 (1998), and D’Andrade ef al., MRS Fall Meeting, BB6.2 (2001), each of which
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when device including more than one size of nanocrystal can emit light in more than one
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AL

narrow range of wavelengths. The color of emitted light perceived by a viewer can be
controlled by selecting appropriate combinations of nanocrystal sizes and materials in

20  the device. Furthermore, environmental stability of covalently bonded inorganic
nanocrystals suggests that device lifetimes of hybrid organic/inorganic light emitting
devices should match or exceed that of all-organic light emitting devices, when
nanocrystals are used as luminescent centers. The degeneracy of the band edge
energy levels of nanocrystals facilitates capture and radiative recombination of all

25  possible excitons, whether generated by direct charge injection or energy transfer.
The maximum theoretical nanocrystal-light emitting device efficiencies are therefore
comparable to the unity efficiency of phosphorescent organic light ‘emitting devices.
The excited state lifetime (t) of the nanocrystal is much shorter (t ~ 10 ns) than a
typical phosphor (t > 0.5 ps), enabling nanocrystal-light emitting devices to operate

30 efficiently even at high current density.
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di aneter_P nan t . W i r. ' igd, and an ETL
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nol ecul aenedrgass svith 4 expbitgdaydr o€ bleiti av, sand andiftluof 8iq; camerotdight al s can form
organic light emtting devices that exhibit efficient electrolum nescence.
A dridwi igthor wavelprgth oB k3@ MRy device is shown in FIG 2A, along with A

schematic drawi ng of a core-shel |l type nanocrystal..passi.vat.ed with 15
trioctyl phos@?ﬁ@cﬁlﬁwfleﬁ@é?c"éa&&g c & e%IWCﬁ'IQB%Sr‘?Blé‘fongPaﬁG 3. The

nanocry s W hi€ Mo BEmiB e RSRAE Bt Bahibibermriont heti ¢ techni que of
Mur r ay, %%ﬁ&gys?&ls?rﬁhg%ﬁmfg%fgﬁ] gSoc..l 1?51?_ 8706 (1993), which is incorporated
by r ef eresvtrehinmine¢csnentA detwing hfw bghtemitipigslevicp dcthowntin G peMleng 562 run,

w th an absorptiion.maxi oumat 54 Th i ter is

appr oxi m}égf%ggnﬂ}cn%ﬁglqgso%pgeé%}gﬂ erp&p M oc%.égp%gﬁ%@g;@gg of 20 ZnS. The
sol ufy Oftriemmbbgﬂiﬁ@@;ﬁ@@gmp@)‘ dapks @Rty wafin tiensR POBIG ST, dlte nasedryital t hi s
device preparation is 30% By increasing the ,overP&ati ng tpijclgr}gss from1
to 6 solutions, which can be prepared by the synthefic technique of Murray, et al., J. .

Chem. Soc. 115, 8706 (1993), which is incorporated by reference in its entirety, have

emission spectra that peak at 562 nm, with an absorption maximum at 548 nm. The
CdSe core diameter is approximately 38 A, and is overcoated with 1.5 monolayers of
20  ZnS. The solution photoluminescence efficiency of the nanocrystals used in this
device preparation is 30%. By increasing the overcoating thickness from 1t0 6
monolayers, the efficiency of electroluminescence of a 48 A diameter CdSe core
nanocrystal increases by nearly a factor of two, which is greater than the increase in
efficiency of photoluminescence of the solutions of the nanocrystals. Thus the transfer
25  of excitons into the emissive semiconductor nanocrystals seems to have increased in
tandem with the increased efficiency of emission once the nanocrystal is excited.
This result suggests that the dominant nanocrystal excitation mechanism in these
devices is exciton energy transfer from neighboring organic molecules. The
nanocrystals are mixed in various concentrations into a chloroform solution of N,N'-
30  diphenyl-N,N"bis (3-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine (TPD), which is

then spin-cast onto clean, ITO coated glass substrates, resulting in a 40 nm thick film.
16
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and a nanocrystal component. Insets show the schematics of the device structure and

a core-shell type nanocrystal. The spectral peak at 562 nm is due to the nanocrystals,
20  and the broader shoulder centered at 530 nm, attributable to Alqs emission. The

dashed lines show the decomposition of the electroluminescence spectrum into Algs

and nanocrystal contributions. The integrated intensity of nanocrystal emission was

60% of the total device luminescence.

The external quantum efficiency of nanocrystal-light emitting devices as a
o5  function of current is shown in FIG. 4. An efficiency of 0.45% is obtained at 7
mA/cm?® and 10.5 V. The quantum efficiency was above 0.5% for a broad range of
device luminances (from 5 to 1900 cd/m?). The quantum efficiency was 0.61% at 21
mA/cm?®. At 125 mA/cm?, the light emitting device luminance was 1900 cd/m?,
which corresponds to a luminescence efficiency of 1.5 cd/A. This is a 25 fold

30  improvement over the best previously reported nanocrystal-light emitting device
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t he best previou reported nanocrystal-light emtting device 17 WO
03/ 08429pstdT/ US03/ 09619 result. See, for exanple, Schlanp, et al., J.
Appl . Phys. 82, 5837 (1997). The peak external quantumefficiency was
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is to use a hole and ectron bl ocking.l aver, s trd | e between
the Al gab‘]ﬁham’tsﬁiﬂ?lngﬂbﬁwléﬂa rrfegli‘f’grccg ?ﬁ%ﬁréﬁégwec% ﬁgl\?\sfss ?%%‘gh@g‘gct ral purity
t hats0ne womrlifs 8FRESky idMotRe 80%cahd thetrembrskiap lhel sghdue ttiolhe
nanocrystals. gl'he peak external quantumeffici en%éf/ Els 1.0%in.such a
devi ce, hehwesn the AdgurasidSERDnangcrystal layers. The device shows the spectral purity

that one would expect, with 90% of the emiss\ion being due to the nanocrystals. The

peak external quantum efficiency is 1.0% in such a device, which is consistent with

two thirds of the emission of the 0.61% efficient devices being due to nanocrystals.

20 The observed spectra also show a minimal dependence on current density.
Deep trap emission from the nanocrystals is always present as a weak
electroluminescence tail red-shifted from the main emission peak, but it saturates at

| very low currents (<1 mA/cm?). This deep trap emission is enhanced when
incorporating core only nanocrystals, rather than core-shell type nanocrystals. With

o5  the less stable nanocrystals, the deep trap emission saturates at much higher current
densities (~100 mA/ cm?), resulting in light emitting devices with significant emission
in the infrared. For optimum visible light emitting device performance the overcoated

nanocrystals can be used.

Absorption and photoluminescence measurements of thin films, and

30 electroluminescence from device structures were analyzed. FIG. 5 shows thin film
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two thirds of the emi ssion of the 0.61% efficient devices being due to
nanocrystals. 20 The observed spectra al so show a m ni nal dependence on
current dwOIBH§4292 Deep trap em ssion fromthe nanocryst al PCrasal/owmys
present as a weak electrolum nescence tail red-shifted fromthe main

em ssion peak, but it saturates at very low currents (<1 mA/cnR). This
deep trap em ssion is enhanced when incorporating core only nanocrystals,
rat her than core-shell type nanocrystals. Wth 25 the | ess stable

nanocr ysisationtahé pleemiinegoesrs of sieatrfilemtofi Adq:e TPRY andmeanopiygtals current

S oni 1 G vaihasmorr~l e 1R gt EEPD feoollatl R SR RS e 11 ng

devi ce pard ol fBNESs (L8 iPHRIEIRE SEbwinAIG, YAt 2Boftion hecaysethent8bsor pti on and
phot ol um nescence neasurenents of thin filnms, and 30 el ectrol um nescence

f r om deiridiatest thatotano@ystaks nekamalophedls byiveluns: efibad0Q A fins (This 18 wo

03/ 084292 PCT/ US03/.09619, . Lot Qn - i f.neat filns of
A odt TRErERRIS AR Dot R BkE HPRE RS SIEACCAE Aot lleRt |
( TPD: napRels¥Redhn 590V dik@@iet i lriiEthe 90brdbiting anti atganicsscapse@husy t he devi ce

shown in FIG 2A. Absorption neasurenents | ndicated that .napgcrystal s make
up onl ytiEmangcrysialymeayotot bp erraagsd Anio;a GeRpletpiayes apd FaRIB AL 37 | ayer t hat
is 20 A_thick, which s . j ' 14 BRashd M tdhSthetiiP®Bel Ves are
50 A i nr%lFél?’r%?nchﬁlor?Cfet%‘llﬁg{etrﬁaggéj\}/g[%%gg%n?%e %Edasor g%ﬁléc caps. Thus, the
nanocr y ghiahs tHeapinadls grecas.r Anigebeiwithon simglangstuetuge fcethet showmdn &8 pl ay a

i it ed i ducti on, if tal h

seofibgald. Prowtk R saprnaiap hgt TR depssied RG RFOYCY PSRl BbbLeh "2

Sim L ar Sl H5LUER hoAld)HasHhgHRed. Mnfalsfnpid APRAAIQdevivk o amiseidliniab onal 50 A
ted by thermal” eva

of TPD depos poration between the spun |ayer and the
Al ga wasbgsreahfren.thd TPR. JiheysifereTiPappriars3hetalliod dhe isitany WeieEH obser ved

f the TPD. Ther ef it t : i : t ed
w thin oripoperarcemersy berdfERES (e BlupRE R SRR o See
addi ng #ibise SOPH 17y, duB¥BhtialBLISsaNE extlitoys @inlbeatedtdtboreongatiosecan be

created on organic sites 15 (both TPD and. Al ga are Eos%i b(i}ee.sites). The
em 95i orfbeth IR and Alds stacpesaiblfetitedle The|saUFP DRGTET PHEICHAHE I nocr yst al s

b o el 3380 Olnat b Hon S S5 0 LS\ corBARAGHNP s 1h 1 such

devi ce) . S exciton transter fromTPD to
nanocrystals in such a device). There is exciton energy transfer from TPD to

nanocrystals in this device. It is also possible that excitons can be created directly on
the nanocrystals in the other device structure. These two processes can compete in

o0  the different device structures. Photoluminescence spectra are consistent with energy
transfer occurring because if it does not, less nanocrystal emission would take place
from the nanocrystal: TPD films. The enhancement in nanocrystal gmission is
consistent with a Forster energy transfer radius of 30 A for nanocrystals that are 10%
quantum efficient in solid state. This solid state quantum efficiency of was

o5 determined for a neat film of nanocrystals relative to a neat film of TPD. Variation of

the ZnS overcoating thickness can also be made.

FIG. 6 shows a proposed energy level diagram for the device of FIG. 2B.
Where possible, values are taken from ultraviolet photoelectron spectroscopy (UPS)
measurements. See, for example, Hill et al., J. Appl. Phys. 86, 4515 (1999), which is
30  incorporated by reference in its entirety. Nanocrystal levels shown are from

calculated values. Electrons can be injected from the Mg cathode into the Algs and
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nanocrystals in this device. It is also possible that excitons can be
created directly on the nanocrystals in the other device structure. These
two proceweag/ogam conpete in 20 the different device stru®CHGSe3/09619

Phot ol um nescence spectra are consistent with energy transfer occurring
because if it does not, |ess nanocrystal em ssion would take place from
t he nanocrystal : TPD fil ns. The enhancenent in nanocrystal em ssion is
consistent with a Forster energy transfer radius of 30 A for_nanocrystals
that ar gre¥spartedrod tim letdrojonetivn. iSimgetly,dodasaen be MhededtpmdheIEPe quant um

efficiency of was. 25 det 1hed for a neat fil f. n 2 relative to
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can be ifiQkhSthr BYTRDEs dYbatBarehacte. iUpoa acteptailcgaf holes fra® THI,03/ 084292

PCT/ US03/ 09619 are transported to the heterojunc i.onr S'%.m' | a , hol es can

be i nj ecx&tdns foym et the|mEyCTyE#E.ae R SYRsPAUSALlY feeombie BRIk Tt ri x, and
are transporte ; LUNELdBA of HaGtonS bt fodBesiElEAIg) | gnment of the
| owest ﬁ%é’%"‘pﬁeﬁc}%\{\n’gﬂ%@ﬁ %ﬁh&(‘)}[ﬁ%&a}? (OLUI\/D) | evel s of Al gaqgand t he

nanocr y sicdécdildsesatittisuting te tecdnissisn of gopelighit HavevemdBEr ystals that 5 are

| ocat ed near_ this heterojunction. .Fgr. these charged,.n t he

bar P er elestrAbMENesCERGEYASERt PRSSIRCAR AR sé?lfg@'ﬁg 911(}1%%{31%3%%36 pooﬁlsaccept ance
of hol eg,fr AP GihSr fitfefBPdhet NEr RNP €6 Kids pdrSecaibinean subsequent |y
r econbi E%Jtra |O§§Ri/gfy. The rspeec ruméliﬁtrFl G 3 ir?di cates that a fraction of
exci t onnoaradidtioelyed on the Alga nolecules, contributing to the em ssion of
green light. However, TPD | o el ectrol um nescence was not observed in this
devi ce st r uctTieshaigediapping mpechinismallews Hrrghe engationfexeilonse® tBH TPD ei t her
undergo energy transfer to. Al ga, .econbi 38kt t¥igd a1 ofhe charge
trappi n&%%ﬁéﬂﬁé‘?w &1 Bt hoefq%:?éelgﬁfé?dg{gegéggﬁe%%g on the Onanocrystal s

whi ¢B Caphie i rédondite @fentihgpkitait Séolist cteppleKahe eandc It CherstRityes, al | of
15 which may reconbine to emt a photon. See, .for .exanHl.e .KLdno et al., J.
Chem PH{$, 9869 (1997), which is incorporated by reference mn its entirety. 1his 1s in direct

contrast to organic fluorescent lumophores where only one in four electrically

generated excitons can recombine radiatively. See, for example, Baldo et al., Nature,
395, 151 (1998), which is incorporated by reference in its entirety. However, there

20  are other inherent limits to the quantum efficiency of any device utilizing nanocrystals
as the emitting centers. Besides the unoptimized initial nanocrystal
photoluminescence efficiency (in the devices n=30%), it has previously been reported
that an exciton located on a charged nanocrystal is not likely to radiatively recombine.
See, for example, Shimazu et al., Phys. Rev. B, 63, 205316-1 (2001), which is

25  incorporated by reference in its entirety. Following an Auger recombination process,
the energy of the exciton is given to the second excited electron on the nanocrystal,
which could lead to the ejection of the second electron from the nanocrystal or its
non-radiative recombination. To achieve high external quantum efficiencies it is
therefore necessary to <;ptimize charge injection balance in nanocrystal-light emitting

30 devices, or to eliminate charge injection excitons as a possibility.
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106, 9869 (1997), which is incorporated by reference in its entirety. This
isin direct contrast to organic fluorescent |unophores where only one in
four el ecwoios@42y2 gener at ed excitons can reconbi ne radi aPcraisys/osee, for
exanple, Baldo et al., Nature, 395, 151 (1998), which is incorporated by
reference inits entirety. However, there 20 are other inherent limts to
the quantum efficiency of any device utilizing nanocrystals as the
emtting centers. Besides the unoptimzed initial nanocrystal
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reported that an exciton | ocated on .a.charged nanocrystal is not likely to
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exci t onkeths79 5pSEA08), land Kworprer b Gerndvsio LEFPP (LP5) 98 61 W8 1§ undanent al
limts of nangcrystal-light. eni.fti |.C f n be

signi fi H&ﬂm"&ﬁ&m&%&ﬁ? cﬁfqhaltns ﬁ][)me'n%?gg‘?ééh%a? fitg S?%Eeg%ﬁ@%l%?ng devi ces. The
nanocr y gtlamleh@D imeor Bandgridie Uhcairatipbeencachieved tirorghF#ktidt 31 nm | n

contrast, typical nolecular organic Jight en.ttin vi.ces h a FWHM of
bet ieenpBw2stign 3nd purieation) dhey atwt%&aﬁffag% %8%@915’%%&@? %rga%é?

hospho f RAsT Ovmasmpérarire. FS¥M See, for
Cxanpl oA geRgpS ERE s, nBek: chflsh oo R Kgng

exanpl e, Lett. 79, 578 (2001), and K\Ag g et al.,
Chem  Msbr exhihple3 Tamafat 904Y), 7. BayshChémwhilO, 1 000k edv¢iuis MOPHBYed BY er ence i n

its entirety. However, inp,all of these . i al limt on
bandwi dfﬁewagegn%ﬁ‘éﬁ&#%e@ﬁeé%ﬂ?@J@E&%?ﬁﬁgmpgﬁlé‘ﬂ@ 1% géepar ati on and
puri fi cafd9fhic Hoc il otk WMgdh shigleiednecsysal sgectoscopy khowd thaithee or gani cs
typically %enerat es broad single nolecule emssion s ecrlra at, room

t enpier atfundamestsd FWHNF linsvadii of 2 rrapsysel arogm lemppratie s 14 e ieen 104, 1
(2000), mwhich isdncar d r.ef A (i ewhiched y. The same is
not t r udooPAR e’rE; e ?ag%%tacﬁ'égwsyRgg'n]g%gﬁ?%ogrjgga(irll?%)h‘g%ocr 3/_sta_l, for which
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and size distribution of nanocrystals in a sample that yields further line broadening.

Consequently, the 31 nm linewidth corresponds to a size distribution of about 10%. It

20  is reasonable to expect that new techniques in nanocrystal preparation and processing
could lead to nanocrystal-light emitting device line widths that are as narrow as 25
am. This true color saturation would be ideal for many applications where efficient
production of narrowband light is desired. In particular, the creation of a high
luminescent efficiency red light emitting device can require both high external

25  quantum efficiency as well as narrowband emission, to prevent the bulk of emission
from occurring in the infrared. The deep trap emission that is typical of nanocrystals
could be problematic in achieving this goal, but the devices reported here already
show less than 1% of their total power emitted in the infrared. This deep trap
emission saturates at very low current densities. See, for example, Kuno et al., J.

30 Chem. Phys. 106, 9869 (1997). The spectral FWHM reported here is already an
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15 fundanmental FWHM | i newi dth of a nanocrystal at roomtenperature is 14
rim See, for exanple, Enpedocles et al., Phys. Rev. Lett. 77, 3873
(1996), wwwD®h/08492 i ncorporated by reference in its entirePgI/usn3/i®wie he
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t he 16 egédhnfyaks for ges@atitg handgeneausty dinmrgdfilns 6f SefenBfalnirnogmjet al s as the
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conpetitive wth state of the art organic and inorganic light emtting
devi ces.
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O her enbodi ments are within the scope of the followng clains. 15 22 WD
03/ 084292 PCT/ US03/09619 WHAT IS CLAIMED IS: 1. Alight emtting device
conpri si g0 o3asd29yer including a matrix; 5 a first el ectr ede/usdj/emsent to
the |l ayer; a second el ectrode opposed to the first electrode; and a
plurality of sem conductor nanocrystals di sposed between the first

el ectrode and the second el ectrode. 2. The device of claim1l, wherein the
matrix is non-polyneric. 10 3. The device of claim1l, wherein the matrix

i ncl udes an GWHAT IS CEAIMEDPASre. 4. The device of claim1, wherein the
plurality of sem conductor nanocrystals is a substantially nonodi sperse
popul ati on of sem conductor nanocrystals. 15 5. The device of claiml1,
wherein the plurality of sem conductor nanocrystals includes nore than one
subst anti al | y, monodiigipensginpdpricatomprisifig: sem conduct or nanocrystals. 6.
The device of claim1, wherein the plurality of sem conductor nanocrystals
enmit |ight oflaysrdnedudingd MaBtween 300 nm and 400 nm 20 7. The device of
claim1, wherei -al i i conductor nanocrystals emt |ight of
a vvaénel engt ha(l;ﬁe]C V\?teléel%m%g&%%n%odﬁ%%%ﬁ]m 8. The device of claim1, wherein
the pluralityseforsleitctrode uppased tatha dicsteiactibde; endt |i ght of a wavel ength

between 700 nm angd 1100 inn. 9. The devjce of ¢l aim rel e
plurality of aé%‘h‘iagﬁf &8@&9“‘%3%&%8&?@&#&’?@0 %ﬁ%e?\fl?eé]%tpe %%5%\9\%3%‘{]%& h

bet ween aﬁ&ﬂ% e PAEt%a80 nm 10. The device of claim 1, wherein the
plurality of sem conductor nanocrystals emt |ight of a wavel ength of 2500

nm or greatery 23 The device of claim 1, wherein the matrix is non-polymeric.

10 3. The device of claim 1, wherein the matrix includes an organic
chromophore.
4. The device of claim 1, wherein the plurality of semiconductor

nanocrystals is a substantially monodisperse population of semiconductor
nanocrystals.

15 5. The device of claim 1, wherein the plurality of semiconductor
nanocrystals includes more than one substantially monodisperse pqpulation of

semiconductor nanocrystals.

6. The device of claim 1, wherein the plurality of semiconductor

nanocrystals emit light of a wavelength between 300 nm and 400 nm.

20 7. The device of claim 1, wherein the plurality of semiconductor

nanocrystals emit light of a wavelength between 400 nm and 700 nm.

8. The device of claim 1, wherein the plurality of semiconductor

nanocrystals emit light of a wavelength between 700 nm and 1100 nm.

9. The device of claim 1, wherein the plurality of semiconductor

25  manocrystals emit light of a wavelength between 1100 nm and 2500 nm.

10.  The device of claim 1, wherein the plurality of semiconductor

nanocrystals emit light of a wavelength of 2500 nm or greater.
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WO 03/084292 PCT/ US03/09619 11. The device of claim1, wherein each

sem conduct or nanocrystal includes a coordinating ligand on the surface of
t he sem cwodaos€s2 nanocrystal. 12. The device of clai m 1PCTAises/aiom t he
coordinating ligand has the fornmula (Y+X+tL) n wherein k is 2, 3 or 5,
and nis 1, 2, 3, 4 or 5 such that k-n is not less than zero; Xis 0, S,
S=0 S, Se, Se=0, N, NO P, P=0O, As, or As=0 each of Y and L,

i ndependently, is aryl, heteroaryl, or a straight or branched C2-12

hydr ocar bon ¢hai nTaptédesdt gainohiviendingacht seheastlugnenaboatys@l bond, at | east
one 10 triple bond, or_ at |east o?e d ﬁ}bl e borﬁapa%nd one t{' pl e bond, the
hydr ocaiisbiles p apordpeting ligad Qi FYIacq s {14 TERWPRRP R eGP %ore C1_4 al kyl
C2_4 al kenyl, C2_4 al kynyl, d 4 al koxy, hydroxyl., halo,.am no, nitro,
cyano, C3 5 é¥cl oé{lflech%O%d#Bﬂ)]eﬁ’@@rm‘hﬁ%&%@?ﬁ%&éll@?ﬁ%@?, het eroaryl ,
Cl.4 al ga%ﬁ]?r bonyl oxy, Cl1_4 al kyl oxycarbonyl, Cl1.4 al kyl carbonyl, or
fornyl an he hydr ocarbon chain being optionally interrupted by 15 0-,

-S-, -N(Ra)-, -N(Rb)-(O-O, - O\-N(Ra) -\ -N(Ra)-(O N(R)-,
-0CO-0, -P(Ra)-, or -P(O( -Y \c)wof Ra and Rb, independently,
i's h%/idrogen, al kyl, al kenyl, al kyhyl /@l koxyn hydroxyl al kyl, hydroxyl, or
hal oal kyl . 13. The device of claiml erein | ayer .is..a hole

t ransport i ng Wheyain kis 2 arp, a‘T‘I’iélﬂé\%éeXme é"r‘@itf’r%%?‘?l R8N EHF i sing an
electron tra td LeRNNEDEPhPL®, A 3RaRe0t i ng | ayer and the
second el ect ??)%cet.s’ %?Qrﬁ?é’?ee\igge@gg’ claim 14,  further conprising an

el ectron bl ogkéngf Y auéd L, indepeneentlyt, liearhip hetetaagyl sqyor stiaight pabienchedd t he

el ectron transporting lLayer. 16. The. deyice of claim 14, r conprising
a hol e lﬂmckﬁ’ﬁ@ca}rﬁ%&a@é"tlﬂ’é‘?&%BWt?lﬁﬁlgﬁ‘ ?eé”tﬁngrﬁlg’ B@F ﬁ"‘:{‘g’ g géééti&%nd t he
el eclf) r on 416 RRE Vriak Nst! AY¥ bubld Bond ARl sleMtipR bohd chahydrbdarbbuichdver conpri si ng
a hol'e and el'ectron bl ocking layer between the hole rggns;i%tilgp | ayer and
the el eteimgopticaadpabsiitited vefhene orznorvxﬁlgaﬂtyéﬁzgztﬂﬁa“ﬁ 081085161
4 alkoxy, hydroxyl, halo, amino, nitro, cyano, Cs.5 cycloalkyl, 3-5 membered
heterocycloalkyl, aryl, heteroaryl, Ci4 alkylcarbonyloxy, C;.4 alkyloxycarbonyl, Ci.4
alkylcarbonyl, or formyl and the hydrocarbon chain being optionally interrupted by -
5 O-,-S-, NER)-, -NR)-C(0)-0-, -0-C(O}N®?)-, NR?)-C(0)NR)-, -0-C(0)-0-,
-P(R%-, or -P(O)R*)-; and
each of R* and R, independently, is hydrogen, alkyl, alkenyl, alkynyl, alkoxy,
hydroxylalkyl, hydroxyl, or haloalkyl.

13.  The device of claim 1, wherein the layer is a hole transporting layer.

20 14.  The device of claim 13, further comprising an electron transporting

layer between the hole transporting layer and the second electrode.

15.  The device of claim 14, further comprising an electron blocking layer
between the hole transporting layer and the electron transporting layer.

16.  The device of claim 14, further comprising a hole blocking layer
o5  between the hole transporting layer and the electron transporting layer.

17. The device of claim 14, further comprising a hole and electron

blocking layer between the hole transporting layer and the electron transporting layer.
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18. The device of claim1l, wherein the sem conductor nanocrystals conprise
at |l east one material selected fromthe group consisting of ZnS, ZnSe,
ZnTe, Cd8p oGuise92 CdTe, HgS, HgSe, HgTe, ALIN, Al P, Al As, ACShisofadd19 GaP,
GaAs, GaSb, GSe, InN, InP, InAs, InSb, TIN, TIP, T1As, T1Sb, PbS, PbSe,
and PbTe. 5 19. The device of claim18, wherein the sem conductor
nanocrystals further conprise an overcoating, the overcoating conprising
at | east one material selected fromthe group consisting of ZnS, ZnSe,
ZnTe, CdS, Cgge, GHIdevib& claiigSavhergiche sidicondhéor winksrysillsSb, GaN, GaP,

GaAs, &Sb, GSe, InN, InP, InAs, InSh, TIN, TIP, T T1S bS, PbSe,

and PhTeompidseoa leaat pnegneteratiselerisg ff&é‘%%ééfWFléﬁl%ﬁé%h&“éeh%ﬁés porting

| ayer 1 pagophaClodte! 18, fEde HoALeAIN.odp, AIASNASH CANIGAF, Bluge  holes i n the
"ng 1Ay Er: an elect

hol e transpor ron transporting |layer in contact with a
second €aSb}Gasks alyaRgkdst mSbj FIN, ddR.CEAs) ‘ElSby Bbg Pbite+dd Bilgct r on
transporting layer; and 15 a plurality of sem conductor nanocrystals

di spgsed between tithe devicsof ehiecl$,odereintie sehicadvgatinaiostistdde. 21. The

device of claim 20, further. comprising a |ayer. that in . matri x. 22.
The deviEEcHLORPEFGRDAVEIGRIHRS;t ?YFéC‘??g‘P PS%“’¥F— P%a@sa%r?ﬁ%?*%g%a? 20

chr omop \d Bi917R0e, ZMTR! €, CdBz, bdiTe, HgHinspor ti ng

| ayer iE@Fﬁa%é%gmn%%oﬁogﬁ%ﬁgc@mtri x.624. The_ _devi ce of clgai 20, wherein
t he pl uifigSes Hg®é, ARFIAIB A AISD, (3 £1a)'s GaNs, @%Sba@§6slp§ﬂﬁl)all‘l1§;’

nmonodi Sper.s o] \ on. &f Leon 25 nanocrystals. 25. The device of
claim 28?%%&&?@’%5’89%5%5@5%q"’s"‘giﬁﬂnﬁ)@%nduct or nanocrystal s includes
nore than one _substanti al. nodi .se_popul ati on of sem conduct or
nand8ryst al 53025 \zé‘)ﬁ /%ﬁ%ﬁ%ﬁ%ﬁ%ﬁ%‘GlQ 26. The device of claim 20,
wherein the pluyi@irhddpoRingIHFer aOESak wvith a first electrode arranged to introduce

holes in the hole transporting layer;

an electron transporting layer in contact with a second electrode arranged to

introduce electrons in the electron transporting layer; and

15 a plurality of semiconductor nanocrystals disposed between the first electrode
and the second electrode.
21.  The device of claim 20, further comprising a layer t%lat includes a
matrix.
22. The device of claim 21, wherein the matrix includes an organic
20  chromophore.
23. The device of claim 20, wherein the hole transporting layer includes a
non-polymeric matrix.
24. The device of claim 20, wherein the plurality of semiconductor
nanocrystals is a substantially monodisperse population of semiconductor

25  mnanocrystals.

25. The device of claim 20, wherein the plurality of semiconductor
nanocrystals includes more than one substantially monodisperse population of

semiconductor nanocrystals.
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nanocrystals emt |ight of a wavel ength between 300 run and 400 nm 27. The
device of claim 20, wherein the plurality of sem conductor nanocrystals
emt |ighwoaBoss2emvel engt h bet ween 400 run and 700 nm 5 2P8T/USh&0weyi ce of
claim 20, wherein the plurality of sem conductor nanocrystals emt |ight

of a wavel ength between 700 urn and 1100 nm 29. The device of claim 20,
wherein the plurality of sem conductor nanocrystals emt light of a

wavel engt h between 1100 nm and 2500 run. 30. The device of claim 20,

wher ei n t he pé.ur alTht devite stulainn20) mdtepsin the@lmahitycfissmidogdesiot | i ght of a
wavel ength of 2500 rimor greater. 31. T devi f claim 20, wherein each
sem conwwt%%ﬁrhﬁgf%flaW?‘f?i?“@ﬁbge%‘é(e?fb%@o@ﬂéflﬁ?%%&?@gand on the surface of
t he sem conduct or nanocrystal.. _32. The de\ii c§ of. claim 3]t wherein the

coor di nat i ng2¥i gaf@eHgEce Pn’ce‘;lalflb?(?nﬂl}fre(m’ﬂ}?&)“a & QL sEICORARTRE n K s 2, 3 or
g ggg Hgﬁrﬁgge@g%ﬂt ﬁaﬁ&%}'&%}ﬁ%ﬁ%e&iﬁbd #mnad 70@am. t han zero; X is O,

. ; O As, or.As:O, each of Y and L,
i nde e“de““gﬁa ' Sﬁreﬂevicg"ﬁfgﬁﬁ?ﬁwwhe?&nﬂéetsﬂl’lﬁﬁ'ﬁ%fs@hiéﬂhﬁﬂ&hﬁd 2 12

hydrocar bon i n gptrona cont’al ni ng east one doubl e bond, at | east
one 20nhfdcpystalpomit, light ofd whedatgtiobewdenB0Enhand 140in@ne tripl e bond, the
hydr ocar bon chain being optionally substituted with one or nore Cl.4 alkyl,
C2_4 al kenyl 29C2_4rheldeyioy bf claiina 2@, wahdreir yhe plyrilitxgf sentiednductari no, nitro,

, C3 5 | [ kyl , -5 b h | |, het |,
CLL pwinghotl iR ar b PENELE Oy, o
or an e rocarpon _chal el n 1.0Nn | nNt.err -,
- 5- ,”y- N( Ra) - 30- N%/ Rehy-deyiey ofslaim df@&ﬁ?ﬁ&ylﬁﬁ-" %5?118“8518‘1‘\’!? Rb) -y,

-0 0 ; 3 lighP bt a RaE6EA of 25000hiB @€ Bre@fer.Ra and Rb, i ndependent |y,
i's %’/dr gg%eonc,ry%[tﬁéy ,t éﬁmen?/l , al{%nyl , al koxy,gr hydr oxyl al kyl, hydroxyl, or

hal oal kyl . 26,0 OR{0R4293 BiGth Y5ORNGSE LAch SebnicdtiRce ks rptalc] ai m 20,
further conprising an electron bl ocking |ayer.
includes a coordinating ligand on the surface of the semiconductor nanocrystal.

32.  The device of claim 31, wherein the coordinating ligand has the

(ke )

k-n n
whereink is 2,3 or 5, and nis 1, 2, 3, 4 or 5 such that k-n is not Iess than zero;
X is O, S, S=0, SO,, Se, Se=0, N, N=0, P, P=0, As, or As=0;
each of Y and L, independently, is aryl, heteroaryl, or a straight or branched

formula

15

C,.12 hydrocarbon chain optionally containing at least one double bond, at least one
20 triple bond, or at least one double bond and one triple bond, the hydrocarbon chain
being optionally substituted with one or more Ci.4 alkyl, C,.4 alkenyl, Cy4 alkynyl, Ci.
4 alkoxy, hydroxyl, halo, amino, nitro, cyano, Cs.s cycloalkyl, 3-5 membered
heterocycloalkyl, aryl, heteroaryl, Ci4 alkylcarbonyloxy, Ci-4 alkyloxycarbonyl, Ci.4
alkylcarbonyl, or formyl and the hydrocarbon chain being optionally interrupted by -
25 O-,-S-, -N(R?)-, -NR?)-C(0)-0-, -0-C(0)-NR?-, N(R?)-C(0)-N(RD)-, -0-C(0)-0-,
-P(R%-, or -P(O)(R%)-; and
each of R*and R, independently, is hydrogen, alkyl, alkenyl, alkynyl, alkoxy,
hydroxylalkyl, hydroxyl, or haloalkyl.
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between the hole transporting |ayer and the el ectron transporting |ayer.
34. The device of claim 20, further conprising a hole blocking |ayer

bet ween tWe obos£91ransporting |layer and the el ectron trangporusongseiayer. 5
35. The device of claim20, further conprising a hole and el ectron

bl ocki ng | ayer between the hole transporting | ayer and the el ectron
transporting layer. 36. The device of claim 20, wherein the sem conductor
nanocrystals conprise at |east one naterial selected fromthe group

consi sti ng ogsanThzmSapeMamzmd&the@@wpnﬁuganehg@nblg»g@ngﬂ@fpé AIN, Al P,
Al As, Al Sb, &N, GaP, &GAs InP, InAs, InSh, TIN, TIP,
T1As, Tb%ee@ﬂ@h%gétlsﬁﬁ@gwpéan‘?%?.e efﬁBhg ?pé’étm&fla%elral m 36, wherein the

sem conductor nanocrystals_further conprise. an.,over,cqati t he
over coat i ng éérrprl@ie%@"lé? of glaigy E(Eréﬂmfngmpgﬁlng@Qoge%lg‘g(l?g %&é’i he group
00”5' st @%&&@gﬁé&%@&ﬂ er GHPtheQ38on %ﬁ)orﬂﬁ'ﬁgaayeng Se, HgTe, AIN, AP,

Sb, GaSe, InN, I'nP, 1nAs, 15 InSb, TIN, TIP,
TlASs T13b, R Isngﬁlt?xa%evi%ggf HBike 20, fﬁﬁheﬁoiﬂp&@ﬁlg%rﬁolééﬂagelé&wnce conprising: a

hol e transpor yer proximat€ to a first €lectrode arran ged to

i nt r odudicktig legeribetwdee thohde traespopongtlayry ahd fhereleciian dragenoréie Byespor ti ng
llayer proximate to a second electrode arranged to 20 introduce el ectrons
in the el ect 3en t rirsfeoict ofiglaina@wheeipltor mqund@ﬁmsem(@@ﬁéhlﬁ:t or

nanocrystal s di sposed befween_t ir el ectrod

el ect r o§8MPHAERatIcH GRK T nﬁgi?é‘?"?ﬁge%%gﬁ §ReP ‘f’?q’s%s m%?gg? hzéne gﬁghe second

el ect rogess 2§%§ T@@ré’@t@scﬂg% 4R, mlﬁSAIPMMA@MSlbheaNJ GG]R,I(EL'QM ayer is a hole
ay

bl ocki ng arr el eéctron bl ockin or_a hole and el ectron

bl ocki ngErdSby@aSeélﬁN TiiPe Ity e, FINCTIR} S/bh@b&l’rbsteh@dolﬂ&qu ng |ayer is
in contact wwth the first el ectrode or the second electrod% 27 WO

03/ 084292 PCBJSOITEoEYRe of tlaiT A6, Whekinghe serpicondyctys naggeeySls, t he plurality

Of e conguct or, NanoClustaly. b ofaRbRRLANkLAHY LRAAYBHSIaRPoPUI al i on of
selected from the group consisting of ZnS, ZnSe, ZnTe, CdS, CdSe CdTe, HgS,
HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, GaSe, InN, InP, InAs,
15 InSb, TIN, TIP, T1As, TISb, PbS, PbSe, and PbTe.
38. A light emitting device comprising:
a hole transporting layer proximate to a first electrode arranged to introduce

holes in the hole transporting layer;

an electron transporting layer proximate to a second electrode arranged to

20 introduce electrons in the electron transporting layer;

a plurality of semiconductor nanocrystals disposed between the first electrode

and the second electrode; and .
a blocking layer between the first electrode and the second electrode.

39.  The device of claim 38, wherein the blocking layer is a hole blocking

25 layer, an electron blocking layer, or a hole and electron blocking layer.

40.  The device of claim 39, wherein the blocking layer is in contact with

the first electrode or the second electrode.
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42. The device of claim 38, wherein the plurality of sem conductor 5
nanocrystals includes nore than one substantially nonodi sperse popul ati on
of sem cwodawos4«p2 nanocrystals. 43. The device of clai m 38CTHises/eem t he
plurality of sem conductor nanocrystals emt |ight of a wavel ength between
300 urn and 400 nm 44. The device of claim38, wherein the plurality of
sem conductor 10 nanocrystals emt light of a wavel ength between 400 nm
and 700 nm 45. The device of claim 38, wherein the plurality of

sem conduct og1. namhe dysitabiclam 38, vtghdin tfe puratityedfsamtdendedtoieen 700 urn and
1100 nm 46. The,  device of claim 38, mhereln(ghe ﬁlu&alé}y of sem conduct or
nanocr yBECEystals is 4 Sugsently MoRadLaPets PAP A R P58 and 2500 nm 15 47.
The devh%f'chjsta%ai m 38, wherein the plurality of sem conduct or

nanocrystals emt |ight of a wavel ength of 2500 nm or greater. 48. The

devi ce of cl ghm 38y WherehRcihit®38 Qlifrdih ARSHBFkiLNEF sed¥dndhdtet udes  TPD, the
el ectron transporting layer 1ncludes Al ga, and the bl ocking_ |ayer includes
TAZ andnisoctyssyioiethdee moeethan hee substant podispersdopelePRobnd t he el ectron
20 transportiq? quer. 49. A nethod of manufacturing a light emtting

devi ce ETSPPYGHYy1anqemsalSt i ng a matrix to forma layer: depositing a

lurality of i gondyct tal.  fiFSL: de; and
bl acing & sedand dEckviaer gogt Sbnaharn R eyl S SxREueecT ™"
nanocr yiﬁﬁé&ystal%%né@%ghﬂiﬁa R Nek0bettleah BUGAM anid0@inm.t he matrix is

non- pol ymeric. . e met hod of claim49, wherein the matrix includes an

organi ¢ chr opDPhofiR. de¢fRe WE 1 08 4Bctcii@é ploEditYOtskthicdiductéhe met hod of
claim49, wherein providing the plurality of sem conductor nanocrystals

i ncliodenasedrestls eitlight b e wavelength basiesa #epamswd 798 3M- at i on of
sem conductor nanocrystals to select a wavel ength of light to be emtted
by the devi cet5.5 Sthe deviseméclana 38 whergintherpluralie pESHISIBNFSF ng t he

plurali trPlanggrystals emit light of a wavelength between 700 nm and 1100 nm.

46. The device of claim 38, wherein the plurality of semiconductor

nanocrystals emit light of a wavelength between 1100 nm and 2500 nm.

15 47.  The device of claim 38, wherein the plurality of semiconductor

nanocrystals emit light of a wavelength of 2500 nm or greater.

48.  The device of claim 38, wherein the hole transporting layer includes
TPD, the electron transporting layer includes Algs, and the blocking layer includes
TAZ and is disposed between the semiconductor nanocrystals and the electron

20 transporting layer.

49. A method of manufacturing a light emitting device comprising:
depositing a matrix to form a layer;
depositing a plurality of ssmiconductor nanocrystals over a first electrode; and

placing a second electrode over the plurality of semiconductor nanocrystals.

25 50.  The method of claim 49, wherein the matrix is non-polymeric.
51.  The method of claim 49, wherein the matrix includes an organic 4
chromophore.
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sem conductor nanocrystals includes selecting nore than one substantially
nonodi sper se popul ati on of sem conductor nanocrystals to select nore than
one wavelwogslsap2 | ight to be emtted by the device. 54. Poe/used/mod of

cl ai m49, wherein each senm conductor nanocrystal 10 includes a
coordinating ligand on the surface of the sem conductor nanocrystal. 55.
The nmet hod of claim54, wherein the coordinating |ligand has the fonnula
(Y+x+L) k-n n wherein k is 2, 3 or 5, and nis 1, 2, 3, 4 or 5 such that
k-n is not |gss tTaen®eod,of cllimX9] wheeingro@ding tBOplurdsy oBe=0, N, N=O, P,
P=O, As, or As=0 each of Y and L, indepe ge tly, is.aryl, heteroaryl, or a
st r ai ghtengieonshugtns memocrysals smefiidgs sleqting? S(‘}H ?‘ﬂlaltl)%ﬂ’il%’r?g}spésﬁont ai ni ng at

| east o | & 0R bdtla8y RN ethQdf 1aht fostisdmitteé doubl e
bond an@gpolﬁée)[@lr?efg 8@%&%&%@%?8@%&%&%%& ag?;ai n gbei-vn%hopti onal |y

substi t by @ devide. one or nore Cl_4 alkyl, C2.4 alkenyl, C2_4 alkynyl, d_ 20
4 al koxy, hydroxyl, halo, amno, nitro, cyano, C3.5 cycloal kyl, 3-5
menber ed hetgr oc Ttk aathod of chaiml 49, mberimpoyidingthe pluspliy o€ ar bony| oxy, Cl_4
al kyl oxycar bonyl, Cl_4 | kyl c rbqn |, or ftﬁr I agqa he_hydrocarbon chain
bei ng optmisABdUciorINRFLY S é%d s 5¢ Eﬁ%ﬂg—%‘?ﬁe T )OSt )-C(O)-0-,

-0 (O ; L5 erse i e 1Qrafb &stlts to sel&t Revre thaaroneP( O) (Ra) -; and
25 eaChn@%@%pgﬁ%wtfﬁﬁgg%ﬁﬁcf is %drogen, al kyl , al kenyl, al kynyl,
al koxy, walgldngthdf Silght/lo, betepditeddyy theglevigad oal kyl . 56. The met hod of cl ai m 49,
wherein depositing the matrix to forma layer _includes form png a hole
transporti ng ShayerThe2setidl oflgaush wheem emshsemironducternanetiysiadhi hod of cl ai m

56, further conprisi eposi t 1N e ' ayer between
Che ol &R esBPIREEd R ah e eE R bR RR AR & PECGeCt
claimb57, further gonprjsing.de itin =Te : ' | ayer between
the hole t rar?éportﬁﬁgg?th?fia?p%ﬁapfzﬁé’&h&eg%ﬁéocﬁoﬁ%%@gél |(ggégl tgser . y5 59. The
met hod gf,Gligi m 57, further conprising depositing a hole bl ocking

(e )

n n

wherein kis 2, 3 or 5, and nis 1, 2, 3, 4 or 5 such that k-n is not less than zero;
15 Xis 0, S, S=0, SOy, Se, Se=0, N, N=0, P, P=0, As, or As=0; |
each of Y and L, independently, is aryl, heteroaryl, or a straight or branched
C,.12 hydrocarbon chain optionally containing at least one double bond, at least one
triple bond, or at least one double bond and one triple bond, the hydrocarbon chain
being optionally substituted with one or more Ci.4 alkyl, Cy.4 alkenyl, Cz.4 alkynyl, Ci.
20 4 alkoxy, hydroxyl, halo, amino, nitro, cyano, Cs.s cycloalkyl, 3-5 membered
heterocycloalkyl, aryl, heteroaryl, C1.4 alkylcarbonyloxy, Ci.4 alkyloxycarbonyl, C1.4
alkylcarbonyl, or formyl and the hydrocarbon chain being optionaﬁy interrupted by -
0-, -S-, -N(R?-, -N(R?)-C(0)-0-, -O-C(0)-N(R?-, —N(Ra)-C(O)-N(Rb)-, -0-C(0)-0-,
-P(R")-, or -P(O)(R")-; and
25 each of R* and R®, independently, is hydrogen, alkyl, alkenyl, alkynyl, alkoxy,
hydroxylalkyl, hydroxyl, or haloalkyl.

56.  The method of claim 49, wherein depositing the matrix to form a layer

includes forming a hole transporting layer.
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| ayer between the hole transporting |layer and the el ectron transporting

| ayer. 60. The nethod of claim57, further conprising depositing a hole and
el ectron wWboskssang | ayer between the hol e transporting | ay@cTarsd3/odseo

el ectron transporting |layer. 10 61. The nethod of claim49, wherein the
sem conductor nanocrystals conprise at |east one material selected from
the group consisting of ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe,
ALN, AIP, AlAs, Al Sh, GaN, GaP, GaAs, GaSh, GaSe, InN, InP, InAs, InSb,
TIN, T1P, Tlgs, TIBbmeRd3 ofehbe 56afmthhdenpriing ddpesitig hodleotort| ai m 61,
wherein the sem conductor nangcrystals .15 fuﬁhher c%rgiri sg.an over coati ng,
the ovetawsaeitng lavsnbeivaendhediols wansporing 1y aps te seedl 8%+ om t he group
consi sting of ZnS, ZnSe, ZnTe, CdS Se, CdTe, S,. , Te, ALIN, Al P,
Al As, Al Sb, BN, Ehpmetiodof claimy’, ?CQIBN}SW%@?%FIHJ&%FQ%%%%{? TIN, TIP,
TIAs, T130,. P ' A @hadpoftthg Tagdt

conpri sﬁﬁgl.ﬂ%g%’&rg& ﬁgﬁé}c’ %%iﬁ?g%ﬁgﬁaﬁ%wgleﬁiercgts el egtor oﬁe,gtg second

el ectrode, a.laye i i : i : odtink ¥ Hole Hiestig@NduUCt Or
nanocr yst al SS%IT sp§$8ﬁ%m%%lﬁt% ﬁég% e e%ltlér)g e a,_ng t he secon%

el ect r otiger Berdreapietiotgtransporting layenandithe elpciyon tanspartingda¥ss the first

el ectrode and the second electrode. 25 64. The nethod of claim 63, wherein
the matrix i sonon-Iheysiesd of claifi5h7, Tirthemeothpdsiog depogitimg@dolegist ei n t he

matri x includes an qrganic chr hore. 30.WWD 03/08429 CT/ US03/ 09619

66. Thee}@éﬁﬁ’bbb@kméIl%)feﬁPBtf?{eeﬂ\ﬂ@ﬁg?%rWBW’&gA@'ef A tg‘g\(/elegéml?ncl udes sel ecting
a subst ép%uiﬁ/ ﬂg&pdi sperse popul ation of sem conductor nanocrystals to
sel ect the wavel e gth of light to be generated. 67. The nethod of claim 63,
wher, §" n proviging lgié%aﬁe(d GEc14iRCAdI SRR BRI seidoAdudiBY anbbigstaline

substanti al | y "monodi sperse popul ati on of sem conductor nanocrystals to

sel ect womerithatricmsh ensvenateriehpldutedf fror diet sroep pRusiFEAS PALBY, 2B Z¥h® et hod of

claim 63, ML Bytd A, HEsIFHSFEWIR, M, MR R148! 824! GaP, GaAs,
GaSh, GaSe, InN, TP, InAs, InSb, TIN, TIP, TlAs, TISb, PbS, PbSe, and PbTe.

62.  The method of claim 61, wherein the semiconductor nanocrystals
15  further comprise an overcoating, the overcoating comprising at least one material
selected from the group consisting of ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS,
HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, GaSe, InN, InP, InAs,
InSb, TIN, TIP, T1As, TISb, PbS, PbSe, and PbTe.

63. A method of generating light comprising:
20 providing a device including a first electrode, a second electrode, a layer
including a matrix, and a plurality of semiconductor nanocrystals disposed between

the first electrode and the second electrode; and

applying a light-generating potential across the first electrode and the second

electrode.
25 64.  The method of claim 63, wherein the matrix is non—l?)olymeric.
65.  The method of claim 63, wherein the matrix includes an organic
chromophore.
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of between 300 rimand 400 nm 69. The nethod of claim63, wherein [ight is
generated with a wavel ength 10 of between 400 nmand 700 nm 70. The

met hod ofwoloaiosn268, wherein light is generated with a wavecCarnpnieod
between 700 nm and 1100 nm 71. The nethod of claim63, wherein light is
generated with a wavel ength of between 1100 rimand 2500 nm 15 72. The
met hod of claim 63, wherein light is generated with a wavel ength of 2500
rimor greater. 73. The nethod of claim 63, wherein each sem conduct or
nanocrystal egncl (Itlzlesnahaszrwhmm M@tetenrgmdldmgiﬂlhde@mmb@e%f t he

sem conduct or nanocr%aé (4. The nethod. of .c |n t he

wh
coor di nBAleGiEe 3 PRGN mﬂ‘é’dls’.?ﬁrSF’BP té‘"“(“fﬁ)?ﬁﬁ%ﬁ&@@i %dn‘gcgyg 35103 or 5, and

nis 1, LermtB BER ﬁtf@@B edtrdtéd.not | ess than zero; X is 0 S S=0
SQ2, SeSégt%lg&’ﬁIQ 161%% s © , or As=Q each of Y and L, independently,

s aryl, het gpoar )ﬂhen‘?éth@c}éﬁcﬁﬁhﬂé’ﬁ wiordh BiOGRERE 892 Adnlaedr ocar bon chai
ond’

opt i onal |y containing at [ east one double b at | east one triple bond,
or ab Ieeiedstmgnﬁoﬂadhhﬂ endoabetantiadlyonenadispprse pppiHation ¢fsemjendedPhon chain

?:gl Zgalo%wgtég: %ﬂ IE%’{?%/ gﬂ\é’mﬂé g’)%v‘%] %Pg})glg%ﬁ])géen éfﬁr&o (c::zaf\foal ng
I y
O b oy "SRG %@%w ST B By Ty a R emaRys gol ot

al kyl car, ?BQBéJeen@boBﬁfiﬂEMO@riﬁ‘nt he hydr ocar bon chain being optionally

|nterrupted by O, -S, -N(Ra)-, -N(Ra)-C(O-0, -G C(O-NRa)-
-N(Ra) - C(O) - MoR) - .1 heQnQﬁSa oflaim 6?(\’&@}6111 light is Bé@étaa)iﬁﬂl aamaife&njgtte ach of Ra
and Rb, independently, hydrogen al kyl , al kenyl, al kynyl, al koxy,

hydr1oxy|o£bktyNeenr496mux§nd 7%)rnnhal oal kyl . 75. The net hod of cI ai m 63, wherein

the layer including a matrix is a hole transportlng % 6. . The net hod
of claim 75, Aher el pethod af ¢laim 6d veheveia Aightie icgprsated with'a wavelength

of between 700 nm and 1100 nm.

71.  The method of claim 63, wherein light is generated with a wavelength

of between 1100 nm and 2500 nm.

15 72. The method of claim 63, wherein light is generated with a wavelength
of 2500 nm or greater.
73. The method of claim 63, wherein each semiconductor nanocrystal

includes a coordinating ligand on the surface of the semiconductor nanocrystal.

74.  The method of claim 73, wherein the coordinating ligand has the

(vpete )

k-n n
wherein k is 2, 3 or 5, and n is 1, 2, 3, 4 or 5 such that k-n is not less than zero;
X is 0, S, S=0, SO,, Se, Se=0, N, N=0, P, P=0, As, or As=0;
each of Y and L, independently, is aryl, heteroaryl, or a straight or branched

20 formula

25  Cy.12 hydrocarbon chain optionally containing at least one double bond, at least one
triple bond, or at least one double bond and one triple bond, the hy&rocarbon chain
being optionally substituted with one or more Ci.4 alkyl, C>.4 alkenyl, Cs.4 alkynyl,

C1.4 alkoxy, hydroxyl, halo, amino, nitro, cyano, Cs.s cycloalkyl, 3-5 membered
31



10 device with a electron transporting | ayer between the first el ectrode
and the hole transporting layer. 77. The nethod of claim 76, wherein
provi di ngwoha/osieei ce includes a device with an el ectron pCoakosigechayer
between the hole transporting | ayer and the electron transporting |ayer.
15 78. The nethod of claim 76, wherein providing the device includes a
device with a hole blocking [ayer between the hole transporting layer and
the electron transporting layer. 79. The nethod of claim 76, wherein
provi di Agefobgclosi/L aryil tetavctasl, €, 4d1ky1caﬂaow1my,aclhmlleylmc¢aéiogﬁh £on bl ocki ng

ver sy icremgengur og] 56 bt anE in bfe B8 BBtk R et oy 0T
conpri sg_ag_| gga)_oquéégy@] _@QI;( m)* mﬁ)h@a@t}g@)go@&l(gymg of ZnS,

ZnSe, ZnTe, A P, Al As, Al Sb, &GN,
GaP, Ga&R)CﬂSB(O)’ERSe andnN, InP InAs InSb TIN, TIP, T1As, Tl Sb, PbS,

PbSe, and PbTe. S1.. The et cl onduct or'
nanoerystal s®© qu%@rndgonﬁfi?%e@ggﬂlyobsehrygg&é | hg,ylvﬁﬁé@}\l/ %?‘%H bnpri si ng
at | eas, QR8vIIRLE HydloxyE &) B8lbgltyf.r om t he group conS|st|ng of ZnS, ZnSe,
ZnTe, cg“é s y@cﬁfa} Fgs, Ek]g%e HgTe, AIN, AIP, AlAs, AlSb, GaN, GaP,

GaAs, (GaSb, @gSe, ’I‘H&%eth&f’efdlaﬂﬁﬁ& whfhn thEllNer Tﬂo%dlﬁgwmatrmsta,hoﬂ%as PbSe,
and PbTe. 32 WO 03/ 084292 PCT/ US03/ 09619 82. The nethod of clai m 63,

wher ei ntmanhspoetisg layes of |ight emitted is emitted by the seniconduct or

nanocrystals. 83. The nethod of claim63, wherein light is generated with a
full wdth af76 hal Fherrasthod ofdain % Heeais progidiag th?ﬁ*éVlﬁ%iI}? ®f cl ai m 63,

wherein |i er lecl8dd afiBife RH1e30 nm or | ess.
85. ?hedﬁ%‘g di%ho*\“gl q‘é“?hraé'gpc\)%mﬁgla e“q tﬂ%?r%tgnegr ated wth an exter nal
quant umigh§idtigntyeef 0.1 % or great er 86. The nethod of claim 63, wherein
light is generated with an external

77. The method of claim 76, wherein providing the device includes a
device with an electron blocking layer between the hole transporting layer and the
electron transporting layer.

15 78. The method of claim 76, wherein providing the device includes a
device with a hole blocking layer between the hole transporting la};er and the electron
transporting layer.

79.  The method of claim 76, wherein providing the device includes a
device with a hole and electron blocking layer between the hole transporting layer and

20  the electron transporting layer.

80. The method of claim 63, wherein the semiconductor nanocrystals
comprise at least one material selected from the group consisting of ZnS, ZnSe, ZnTe,
CdS, CdSe, CdTe, HeS, HgSe, HeTe, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs,
GaSb, GaSe, InN, InP, InAs, InSb, TIN, TIP, T1As, TISb, PbS, PbSe, and PbTe.

25 81.  The method of claim 80, wherein the semiconductor nanocrystals
further comprise an overcoating, the overcoating comprising at least one material
selected from the group consisting of ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS,
HgSe, HeTe, AIN, AlP, AlAs, AlSD, GaN, GaP, GaAs, GaSb, GaSe, InN, InP, InAs,
InSb, TIN, TIP, T1As, TiSb, PbS, PbSe, and PbTe.
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| o quantum efficiency of 1.0% or greater. 33
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82.  The method of claim 63, wherein at least 10% of light emitted is

emitted by the semiconductor nanocrystals.

83.  The method of claim 63, wherein light is generated with a full width at

half max of 40 nm or less.

5 84. The method of claim 63, wherein light is generated with a full width at

half max of 30 nm or less.

85. The method of claim 63, wherein light is generated with an external

quantum efficiency of 0.1% or greater.

86. The method of claim 63, wherein light is generated with an external

10 quantum efficiency of 1.0% or greater.
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